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Metal-organic frameworks (MOFs) have shown great promise as efficient CO2 adsorbents, as well as an emerging class of 

heterogeneous catalysts for conversion of CO2 to other useful chemicals. In this work, we synthesized and characterized 

two isostructural hafnium-based MOFs, denoted as Hf-VPI-100 (Cu) and Hf-VPI-100 (Ni). Both frameworks demonstrated 

high catalytic efficiency for cycloaddition of CO2 to epoxides under ambient pressure. In situ PXRD, QCM and DRIFTs have 

been used to probe the interaction between the guest molecules (CO2/epoxide) and Hf-VPI-100. The crystal structures of 

these frameworks were preserved during the exposure to CO2 atmosphere up to 20 bar. The epoxide uptake per unit cell 

of VPI-100 and diffusion coefficients have been calculated by QCM analysis. Comparison of catalytic efficiency between Hf-

VPI-100 and the previously reported Zr-based VPI-100, aided by electronic structure calculations revealed that the open 

metal centers in the metallocyclam act as the primary Lewis acid sites to facilitate the catalytic conversion of CO2.

1. Introduction 

The rise of anthropogenic CO2 emissions1 has triggered a series of 
environmental problems, including global climate change2 and 
ocean acidification.3 As a result, our ability to manage and mitigate 
this by-product of industrial civilization will become increasingly 
important for combating these issues. An attractive option is to 
utilize CO2 as a chemical feedstock to produce a variety of 
important materials and chemical intermediates. While this 
approach is unlikely to usefully reduce the CO2 concentration in the 
atmosphere, it nevertheless targets a vast reservoir of inexpensive, 
renewable and non-toxic C1 resources.4-8 One of the most effective 
examples of CO2’s chemical utilization is its cycloaddition reaction 
with epoxide, a highly atom-economical reaction with minimal by-
products. The products of this chemical transformation, cyclic 
carbonates, find many applications, including polar aprotic solvents, 
electrolytes for lithium-ion batteries, and valuable intermediates for 
polycarbonate and polyurethane synthesis.9-10 Therefore, extensive 
research has focused on the development of efficient 
heterogeneous catalysts to promote these transformations.11-14 In 
particular, metal-organic frameworks (MOFs) are promising 
candidates for this application, due to their high internal surface 
area, chemical and structural tunability, high density of accessible 
catalytic sites, and high affinity towards CO2.6, 15-18  

The mechanism for the cycloaddition of CO2 to epoxides 

typically involves an acid catalyst (such as a metal ion or a proton) 
that activates epoxide for subsequent nucleophilic attack by the co-
catalyst (typically a tetraalkylammonium halide) to form a halo-
alkoxide. This intermediate further reacts with CO2 through 
cycloaddition liberating cyclic carbonate product and regenerating 
the tetraalkylammonium halide co-catalyst (Figure 1).15, 19 
Therefore, the reported catalytic MOFs usually contain structural 
defects, -OH hydrogen-bond donors, open metal sites from metal 
nodes (secondary building unit; SBU), and/or linkers to serve as 
Lewis acid sites. Although different active sites in MOFs have been 
proposed based on the mechanism mentioned above, it is generally 
difficult to precisely identify the location where the catalysis occurs 

 

Fig. 1 Proposed mechanism for the acid-catalysed (A) cyclic carbonate 
synthesis from epoxides and CO2 in the presence of a tetraalkylammonium 
halide (bromide). 
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inside the framework, especially when multiple Lewis acid sites are 
available in the same material.  

The ambiguity in determining the dominant reaction centre is 
readily apparent in zirconium MOFs with metallo-ligands. The 
nodes, depending on ligand connectivity, can feature both terminal 
and bridging hydroxides, which can act as Brønsted acid centres and 
engage cyclic epoxides via hydrogen-bond formation, thereby 
activating the addition of CO2. The hydroxide-mediated mechanistic 
pathway was investigated in detail by Farha et al. in a comparative 
study between the Zr and Hf analogues of NU-1000 (Hf-NU-1000).20 
Computational studies predicted that the hydroxyl protons on the 
Hf analogue were slightly more acidic than those on the Zr analogue, 
supporting the superior catalytic performance of Hf-NU-1000 at 
mild conditions compared to that of NU-1000. Zhou et al. reported 
the catalytic activity of PCN-224 (Co) toward the chemical 
transformation.21 PCN-224 (Co) features both hydroxide-terminated 
nodes and a porphyrin metallo-ligand, both of which could activate 
epoxides. Control experiments with the non-metallated ligand did 
not provide clear evidence of the actual active site (node vs. 
metallo-porphyrin), as the protonated, free-base porphyrin can also 
engage epoxide in hydrogen bonds, much as the SBU’s hydroxide 
ligands. Interestingly, despite the potential to provide active site 
determination, the interactions between epoxide/CO2 and the 
internal MOF environment has not been explored in detail in 
previous reports. 

We recently reported the synthesis and reactivity of VPI-100 
toward the catalytic transformation of epoxides.22 VPI-100 is 
characterized by zirconium oxide/hydroxide nodes and metallo-
cyclam ligands, representing a dual active site MOF. In this paper, 
we aim to answer the question as to the identity of the dominant 
reactive site in the VPI-100 series. To do so, we prepared and 
characterized hafnium analogues of VPI-100 MOFs (Hf-VPI-100). 
These structures are composed of Lewis acid containing linkers 
(metallo-cyclams) and active metal oxide/hydroxide nodes (Hf6). 
The interaction between epoxide/CO2 and the framework was 
probed by in situ powder X-ray diffraction (PXRD), diffuse 
reflectance infrared Fourier transform spectroscopy (DRIFTS), 
quartz crystal microbalance (QCM) studies, and electronic structure 
calculations. These materials demonstrated high CO2 uptake under 
ambient pressure and maintained structural integrity under 20 bar 
of CO2. The irreversible uptake of epoxide by the VPI-100 MOFs has 
been revealed by QCM, which indicates relatively strong binding 
between the epoxide and the frameworks. Coupled to the 
experimental data, the ab initio calculations helped identify the 
metal centres in the cyclam linkers as the dominant active sites for 
the epoxide activation.  

2. Results and discussion 

2.1 Synthesis and characterization  

Similar to previously reported VPI-100 MOFs, the Hf-VPI-100 
analogues were prepared using two-step modulated synthetic 
strategy.23 Formic acid was used as the modulator to pre-form the 
hafnium oxo-cluster in the first step, followed by the reaction with 
the metallo-cyclam ligands.22 Hf-VPI-100 (Cu) and Hf-VPI-100 (Ni) 
were obtained as violet and light pink crystalline powders, 
respectively, matching the appearances to the corresponding Zr 
frameworks. SEM images revealed the morphology of the MOF 
samples as quasi-spherical particles with diameters of 30-100 nm 
(Figure S3). Powder X-ray diffraction (PXRD) patterns (Figure 2A) 

collected using a synchrotron radiation source at the Argonne 
National Laboratory Beamline 17-BM showed that Hf-VPI-100 (Cu) 
and Hf-VPI-100 (Ni) are isostructural. Peak indexing and Rietveld 

analysis (Figure S1 and S2) confirmed that these frameworks have 
the same overall crystal structures (Figure 2), with a slight 
difference in unit cell parameters. Both MOFs crystallize in the I4/m 
space group with the same molecular formula, [Hf6(μ3-
OH)8(OH)8(ML)4], where M = Cu2+/Ni2+, L = 6,13-dicarboxy-1,4,8,11-
tetrazacyclotetradecan. Similar to other 8-connected Zr-MOFs, such 
as PCN-222,24 each Hf6 cluster is capped with eight μ3-OH ligands. 
Eight of the twelve octahedral edges are connected to cyclam 
ligands, while the remaining Hf sites are occupied by eight terminal 
-OH ligands (Figure 2B). Moreover, comparison of experimental 
PXRD patterns between Hf-VPI-100 and the parent VPI-100 showed 
that the Hf and Zr analogues are isostructural (Figure S4).  

The XPS spectra revealed the oxidation states of metals inside 
the Hf-VPI-100 MOFs to be Hf(IV), Ni(II), and Cu(II) (Figures S5 and 
S6), which is consistent with VPI-100. FT-IR spectra further 
confirmed the overall structural similarity of the VPI-100 analogues 
(Figure S7). Compared with metal-cyclam linkers, the carboxylic acid 
stretches in Hf-VPI-100 MOFs exhibited a redshift (from 1614 to 
1585 cm-1) due to the chelation of oxygen atoms to Hf6 clusters, 
which serve as a primary structural link. Thermogravimetric analysis 
(TGA) of the activated sample (Figure S8) showed that ligand loss 
occurred at 270 and 330 °C for Hf-VPI-100 (Cu) and Hf-VPI-100 (Ni), 
respectively. The Ni framework displayed higher thermal stability 
than the Cu analogue, which was further confirmed by variable 
temperature in situ PXRD. A similar trend has been also reported in 
Zr-based VPI-100 MOFs. The porosity of Hf-VPI-100 MOFs was 
studied by N2 adsorption-desorption experiments at 77 K with both 
frameworks exhibiting reversible type II isotherms (Figure S9). 
Brunauer-Emmett-Teller (BET) surface areas of 396 m2 g-1 and 399 
m2 g-1 were calculated from N2 isotherms for Hf-VPI-100 (Cu) and 
Hf-VPI-100 (Ni), respectively. Fourier Transform and Monte Carlo 
simulations revealed the pore diameters followed the same trend, 
7.7 Å and 7.2 Å.  

 
Fig. 2 (A) PXRD patterns of as-synthesized Hf-VPI-100 MOFs collected at 
room temperature. (B) The structure of the discrete Hf6 cluster, as viewed 
down the c axis. (C) Schematic structure of Hf-VPI-100 (Ni). (D) Packing 
diagram viewed down the c axis. Colour scheme: Hf, teal; C, grey; O, red; N, 
blue, Ni, dark green; Cl, green. 
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2.2 Catalytic studies – Cycloaddition of CO2 to epoxides   

Hf-VPI-100 (Cu) and Hf-VPI-100 (Ni) were investigated as 
heterogeneous catalysts for cycloaddition of CO2 to epoxides in the 
presence of tetrabutylammonium bromide (TBAB) as co-catalyst 
under relatively low CO2 pressure (1.5 bar). In a typical catalysis 
experiment, the Hf-VPI-100 powder (0.008 mmol), co-catalyst TBAB 
(0.31 mmol), and an epoxide (31.3 mmol) were placed in a 20 mL 
stainless steel autoclave reactor. The catalytic reaction was carried 
out at 90 °C and 1.5 bar CO2 for 6 h, and the resulting mixture was 
analysed by 1H NMR to determine the conversion yield and the 
selectivity of cycloaddition products (Supporting information, 
Section 3).25 For epoxide substrates, epichlorohydrin (boiling point = 
118 °C) and 1,2-epoxybutane (boiling point = 63 °C) were selected 
due to their lack of volatility, which precludes the evaporation of 
unreacted epoxide during the workup procedure and thus, 
minimized inaccuracy in yield calculations.  

Table 1 Cycloaddition of CO2 and epichlorohydrin run in the presence 
of different catalystsa  

Catalyst Run Yield (%)b 

TBAB ---- 16.2 
[CuL(ClO4)2] and TBAB ---- 90.2 

Hf-VPI-100 (Cu) and TBAB 1 97.2 
Hf-VPI-100 (Cu) and TBAB 2 95.6 
Hf-VPI-100 (Ni) and TBAB 1 89.5 

Hf-VPI-100 (Ni) and TBAB 2 86.2 
a Reaction conditions: 31.3 mmol epoxide, 0.008 mmol Hf-VPI-100 
MOF and 0.31 mmol TBAB (1% mol) under 1.5 bar CO2 and 90 °C for 6 
h. b Conversion was evaluated from the 1H NMR spectra by integration 
of epoxide versus cyclic carbonate peaks. (Figure S9 - 14) 

As shown in Table 1, Hf-VPI-100 demonstrated high 
catalytic activity for cycloaddition of epichlorohydrin and CO2. 
At relatively mild conditions (1.5 bar CO2, 90 °C, 6 h) yields 
were 95(±2)% and 90(±3)% for Cu and Ni analogues, 
respectively. Control experiments performed without the MOF 
catalyst and only TBAB present led to a low yield of 16.2%. In 
the absence of the TBAB co-catalyst, no conversion was 
detected for the cycloaddition reaction. Moreover, Hf-VPI-100 
(Cu) outperformed the Cu(II)-cyclam ligand, which was run as 
molecular catalyst control and achieved 90% yield for the 
formation of cyclic carbonate under the same reaction 
conditions. We reasoned that the catalytic efficiency of 
molecular catalyst was limited by its low solubility in the 
epoxide substrates.22 In contrast, the heterogeneous MOF 
catalyst contains more accessible active Lewis acid sites inside 
its structure.  

Additionally, the Hf-VPI-100 MOFs demonstrated 
recyclability. The frameworks were straightforwardly 
separated from the reaction and reused without substantial 
loss of catalytic activity, Table 1. The recycled MOF powders 
retained their crystallinity, as evidenced by the retention of 
the major diffraction peaks compared with the MOF sample 
before catalysis (Figure S16). ICP-MS analysis of the reaction 
mixture filtrate revealed no metal ions leached from the 
sample during the reaction, indicating the MOF did not 
dissolve/degrade under the reaction conditions. The ICP 
results also confirm that the catalytic reaction is 
heterogeneous in nature.     

Given that the yields for epichlorohydrin are close to 100% 
within the time-frame of the reactivity, we chose to investigate CO2 
chemical fixation with 1,2-epoxybutane under the same conditions 
(1.5 bar CO2, 90 °C, 6 h). For this substrate, Zr-based VPI-100 MOFs 
exhibited lower catalytic conversions compared to 

epichlorohydrin.22 Therefore, clear trends could be observed 
between the Hf and Zr VPI-100 analogues, as opposed to concerns 
that reaction times should be adjusted. A similar decrease in yield 
compared to those for epichlorohydrin was observed for the Hf-VPI-
100 analogues. Both Hf-VPI-100 (Cu) and Hf-VPI-100 (Ni) 
demonstrated higher catalytic activity than the TBAB control (Figure 
S21) towards the formation of butylene carbonate with a yield of 
43.8% and 39.4%, respectively (Figures S17 and 18). Interestingly, 
similar conversion yields were obtained using Zr-VPI-100 using the 
same reaction conditions (Figure S19 and 20), despite the Hf node 
being more oxophilic than the Zr node. This observation suggests 
that activation of epoxides proceeds through coordination to the 
open metal centres on the cyclam ligand, as opposed to the node. 
To probe such a hypothesis, the interactions of CO2/epoxide were 
investigated with in situ powder X-ray diffraction (PXRD), diffuse 
reflectance infrared Fourier transform spectroscopy (DRIFTS), 
quartz crystal microbalance (QCM) studies, and electronic structure 
calculations. 

2.3 Carbon Dioxide – MOF Interaction   

The CO2 capture properties of the Hf-VPI-100 MOFs were 
investigated at 273 K and 296 K under ambient pressure (Figure 3). 
Both MOFs exhibited characteristic type I isotherms indicative of 
microporous materials. The Hf-based materials reached a CO2 
uptake capacity of 42 cm3 g-1 (8.3 wt%) and 46 cm3 g-1 (9.1 wt%) at 
273 K for Hf-VPI-100 (Cu) and Hf-VPI-100 (Ni), respectively. 
Compared with VPI-100 under the same activation and 
measurement conditions, the hafnium analogues exhibited 
significant increase in CO2 uptake capability (Table S2). This 

behaviour is attributed to the more polarized nature of µ3-OH 
groups around Hf6 clusters, which strengthens the interactions 
between CO2 and MOFs.26 

To probe the specific interaction between CO2 and Hf-VPI-100 
MOFs, in situ PXRD experiments were performed under CO2 
atmosphere. Powder patterns of Hf-VPI-100 under helium and CO2 
from 1 to 20 bar were collected at 298 K. As shown in Figure 4, no 
significant phase change has been observed, as evident from the 
high degree of similarity between diffraction patterns of both 
frameworks under He and 20 bar of CO2. For Hf-VPI-100 (Cu), two 
small peaks (2θ = 2.8 and 3.1°) emerged in the presence of CO2 in 
the low angle region. The peak intensity gradually increased with 
the increase of CO2 pressure. A similar change was also observed in 
the PXRD data of Hf-VPI-100 (Ni), as shown in the inset of Figure 4. 
The two emerging peaks are attributed to the electronic density 
change after CO2 diffused into the pore of Hf-VPI-100. However, the 

Fig. 3 CO2 adsorption isotherms of Hf-VPI-100 MOFs at 273 K and 296 K. 
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weak nature of this band precluded further analysis to determine 
the specific binding sites between CO2 and the framework. DRIFTs 
experiments were also conducted. No signal change was observed 
except for the appearance of vibrational peaks due to gaseous CO2. 
Therefore, no specific chemical binding sites for CO2 inside Hf-VPI-
100 could be conclusively identified from these measurements.  
Notwithstanding, the in situ PXRD and DRIFTS measurements 
confirmed that the Hf-VPI-100 MOFs maintained their crystal 
structure under a CO2 atmosphere up to 20 bar.  

 
 
 

2.4 Epoxide – MOF Interaction 

The sorption kinetics of 1,2-epoxybutane onto and into MOF 
systems were studied through QCM experiments. Figure 5 contains 
representative data for the interaction of 1,2-epoxybutane with two 
suspension-cast films of Hf-VPI-100 (Cu) at 21 °C. In Figure 5, the 

resonant frequency (∆f) divided by the overtone number (n) and 
change in dissipation (∆D) are plotted for the fifth overtone (n = 5) 
as a function of time. The initial flat region of the plot from a time 
of zero to approximately 15 min represented a flow of nitrogen gas 
over the MOF-coated sensor. At approximately 15 min, the flow of 
nitrogen was diverted through a saturator cell containing 1,2-
epoxybutane at a temperature of 18 °C for a relative humidity of 

~87% 1,2-epoxybutane. During this step, ∆f/n decreased. According 
to the Sauerbrey equation,27 a decrease in frequency is proportional 
to an increase in surface concentration (Γ) for uniform films with 
small ∆D: 

                 � � �� �∆�� 																																																						(1) 

where C is a constant (0.177 mg·m-2·Hz-1) for the 5 MHz crystals 
used in this study. Thus, exposure of the film to 1,2-epoxybutane 
caused an uptake of the substrate by the MOF. The flow of 1,2-
epoxybutane was continued until ∆f/n decreased no further. At 
approximately 140 min, nitrogen flow through the saturator cell 
was terminated and only nitrogen flowed over the film. While ∆f/n 
increased rapidly, an indication of desorption of reversibly adsorbed 
1,2-epoxybutane, ∆f/n did not return to zero. Thus, some of the 
1,2-expoxybutane remained irreversibly adsorbed in the film. 
Enhanced dissipation observed during and after 1,2-epoxybutatne 
uptake (Figure 5B) was interpreted as a softening of the film and a 
more viscoelastic layer. During the terminal desorption stage, the 
films hardened as 1,2-epoxybutane left the system but were still 
softer than the as prepared MOF films due to irreversible uptake of 
1,2-epoxybutane. 

        Experiments like those depicted in Figure 5 were 
performed for three other MOF based systems: Hf-VPI-100 
(Ni), Zr-VPI-100 (Ni), and Zr-VPI-100 (Cu). These systems also 
demonstrated irreversible adsorption. Values of ∆f/n obtained 
from the end of the experiment and Eq. 1 yielded an estimate 
of surface concentration for the 1,2-epoxybutane irreversibly 

adsorbed within the film, (Γepoxide). Using the frequencies of 
the crystals prior to and after suspension casting, it was also 
possible to use Eq. 1 to estimate the surface concentration for 
the MOF film (ΓMOF). Combining Γepoxide and ΓMOF along with 
their respective molar masses, Mepoxide and MMOF, yielded a 
ratio of epoxide molecules per MOF unit cell: 

� � ��
�����/��
���������/���� 																																																(2) 

Values of θ are summarized in Table 2. The data exhibited an 
interesting trend: Zr-VPI-100 (Ni) ≈ Hf-VPI-100 (Ni) > Zr-VPI-100 
(Cu) > Hf-VPI-100 (Cu). The MOF films containing Ni had a 
much stronger affinity for 1,2-epoxybutane and exhibited 
significantly greater irreversible uptake. 

As seen in Figure 5 for the time between 15 and 140 min, 
rapid and slower uptake processes were clearly present. 
Assuming Fickian diffusion, sorption into a thin film can yield 
diffusion coefficients. Fick’s second law may be integrated 
under a thin film condition, i.e. a thin sheet geometry of 

thickness L, neglecting diffusion through the edges to yield,28-29 

 
Fig. 4 In situ PXRD patterns of Hf-VPI-100 under He and CO2 from 1 bar to 

20 bar. 

 
Fig. 5 Representative sorption/desorption curves for 1,2-epoxybutane 
interacting with Hf-VPI-100 (Cu) thin films. (A) ∆f/n vs. time and (B) ∆D vs. 
time.  Curves correspond to the fifth overtone. 
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where Γ∞ represents the maximum surface concentration 
before the final purge of nitrogen gas and Γ(t) is the surface 
concentration at a given time t. The thickness of thin film, L, is 
calculated by the surface concentration (ΓMOF) and the density 
(ρMOF) for the MOF film 

# � ����'���																																																							(4) 

In the early adsorption stages, for constant D and L, Eq. 3 can 
be simplified as29 

����
�� (

)
√� 	+

"�
#�																																																	(5) 

Following the approach of others working with MOF or polymer 
systems,28, 30-31 Eq. 1 was assumed, and the experimental data were 
converted to Γ values. According to Eq. 5, D values can be 
estimated from plots of Γ as a function of the square root of t. A 
representative plot of Γ vs. t1/2 is provided as Figure 6 to highlight 
the two different diffusion regimes. As seen in Figure 6, the faster 
sorption mode characterized by the diffusion coefficient D1 
accounted for nearly 2/3 of the total uptake in just 1.5 min, 
whereas the slower sorption mode characterized by the diffusion 
coefficient D2 covered most of the remaining uptake over the 
period of approximately an hour. Application of Eq. 5 to the two 
different sorption regimes in Figure 6 for all the films studied 
yielded the average diffusion coefficients summarized in Table 2. 
Diffusion coefficients in the faster sorption regime (D1) were at least 
100 times greater than in the slower sorption regime (D2) for all 
systems. The Zr-VPI-100 (Cu) system exhibited significantly slower 
diffusion than the other systems in both sorption regimes. 
Experimental diffusion coefficients for other MOFs have been 
reported, and range from 6⨯10-15 cm2

·s-1 (cyclohexane sorption into 
HKUST-1) to 6⨯10-9 cm2

·s-1 (ferrocene diffusion into 
Cu2(ndc)2(dabco)).30-34 For the fast sorption regime, D1 ~ 10-10 cm2•s-

1 are consistent with the diffusion of xylene into UiO-66.32 For the 
slow sorption regime, D2 ~ 10-12 cm2

·s-1 are in accordance with the 
diffusion of ferrocene vapor into HKUST-1.33

 

 
As seen from Table 2, VPI-100 MOF thin films with Ni 

cyclams have higher 1,2-epoxybutane to MOF unit cell ratios. 
This trend is consistent with DFT calculations (M06-
2X/def2TZVP) of epoxide binding to Ni(II) and Cu(II) cyclams, 
which indicate binding to Ni(II) is 11 kJ/mol more exothermic 
than on Cu(II). Based upon Table 2, the mobility within VPI-100 
MOF thin film and 1,2-epoxybutane is Hf-VPI-100 (Ni) ≈ Zr-VPI-
100 (Ni) ≈ Hf-VPI-100 (Cu) > Zr-VPI-100 (Cu).  

Taken together, the θ and diffusion data indicate that there 
is a specific interaction between the MOF and the epoxide. 
Both the metal-cyclam identity dependence and similar values 
for θ between the Hf and Zr analogues support that the 
epoxide binds to the metal cyclam under the experimental 
conditions. Interestingly, Zr/Hf-VPI-100 (Cu) displayed a lower 
θ compared to Zr/Hf-VPI-100 (Ni). Additionally, the diffusion 
coefficients for both the fast and slow diffusion processes also 
follow this trend, faster diffusion through Zr/Hf-VPI-100 (Ni). 
We attribute both the higher θ and faster diffusion through 
the Ni analogue compared to Cu to the presence of bound 
counter-balancing ions on the metallo-cyclam core. 
Refinement of the crystal structures indicates metal to 
chloride ratios of 2:1.64 for Ni:Cl and 2:2.68 for Cu:Cl (Table 
S1). The remaining Cl required for charge balance is un-bound 
and located within the MOF pore environment. For full 
occupancy of the axial sites, the ratios should be 2:4. Averaged 
over the MOF structure each nickel is occupied by 0.81 Cl and 
the Cu by 1.34. In terms of θ, Zr/Hf-VPI-100 (Ni) simply has 

 
Fig. 6 Representative data of surface concentration vs. square root of time 

for the adsorption of 1,2-epoxybutane onto a Hf-VPI-100 (Cu) thin film 

(ΓMOF ~ 0.87 g•m-2). 

·

·
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more open sites to bind epoxide. For the trend in diffusion, it is 
proposed that the bound Cl would occlude the pores thus 
negatively impacting diffusion.  

2.5 Computational Insight 

To obtain fundamental atomistic insight into the cycloaddition 
reaction, we enlisted electronic structure calculations. The 
calculations focused on the key ring-opening step of the activated 
epoxide, which in this work is elicited by bromide. The essential 
question we aimed to answer is whether there is a significant 
difference between epoxide activation by the metal centre in the 
cyclam linkers and by the Hf-OH moiety in the SBU. Epoxide 
activation at the linkers involves direct coordination of the epoxide 
to the Lewis-acid metal centre, while, as described in prior work 
with Hf-NU-1000, activation by Hf-OH at the SBU is via hydrogen-
bond formation with the epoxide. This fundamental difference in 
substrate coordination in fact served as a central motivation in the 
design of VPI-100, as introduction of metal cyclam linkers affords 
the potential for rich substrate-metal chemistry nor readily 
available at the SBU or with other non-metal linkers.  

The calculations indeed reveal significant differences in the 
epoxide ring-opening barriers by bromide following activation at 
the cyclam metal centres or at the SBU. This is shown in Figure 7, 
where the barriers are segregated according to activation mode 
(coordinate-covalent binding at the cyclam or hydrogen bond). For 
hydrogen-bond activation, we have considered an SBU Hf-OH 
moiety as a donor, as well as the NH group of a Ni-cyclam linker 
with two Cl counterions. Irrespective of the choice of hydrogen-
bond donor, we find that binding of the epoxide to coordinatively 
unsaturated Ni(II) or Cu(II) sites in the cyclam linker dramatically 
lowers bromide’s nucleophilic addition barrier, by more than 75 
kJ/mol. Interestingly, the lower barrier demands of cyclam epoxide 
activation can be roughly followed by the length of the forming 
bond at the transition state, which signals a preference toward 
earlier transition states compared to hydrogen bond activation.  

The vastly lower barriers for epoxide ring opening via activation 
at the cyclam rather than at the SBU provide atomistic 
understanding for the insensitivity of the CO2 experimental 
conversion yield from Zr-VPI-100 to Hf-VPI-100. Since low-barrier 
reaction localizes at the cyclams, changes to the SBU metal should 
play a minor role. These computational results also nicely 
substantiate the rationale for metal incorporation into the VPI-100 
linkers, which diverts reactivity from the nodes to the more strongly 
Lewis-acidic linker sites and opens the possibility of more diverse 
chemistry within the MOF.  

 

3. Conclusions 

In summary, the mechanism of the addition of CO2 to epoxides 
by VPI-100 was probed and support for activation of the 
epoxide by the metal cyclam was provided. Hf-VPI-100 
analogues were prepared via modulated synthesis and the 
reactivity of the Zr-VPI-100 and Hf-VPI-100 MOFs compared. 
The frameworks exhibited comparable reaction yields for 
cyclams of the same identity, i.e. Hf/Zr-VPI-100 (Cu) yields 
were 43.8% and 55.3%; Hf/Zr-VPI-100 (Ni) yields were 39.4% 
and 40.3%, respectively. Thus, it was postulated that the 
activation of epoxides occurs via a metal-cyclam mediated 
process, as opposed to a node-mediated process. 

To provide further insight, the interactions between the 
MOFs and the reaction components – epoxide and CO2 – were 
investigated. In situ PXRD, revealed no specific binding site 
between CO2 and Hf-VPI-100, despite the emergence of peaks 
due to electron density attributed to CO2 sorption. However, 
the differences in gas uptake (Zr-VPI-100 (Cu/Ni) – 6.65 and 
5.52 wt% vs. Hf-VPI-100 (Cu/Ni) – 8.25 and 9.13 wt%) between 
the Hf-VPI-100 and Zr-VPI-100 analogues indicated that the 
nodes dominate the CO2 sorption behavior. QCM was used to 
probe the interaction between 1,2-epoxybutane and the 
frameworks. The uptake of 1,2-epoxybutane and the diffusion 
coefficients for two adsorption processes have been obtained 
from quantitative analysis in QCM. The results indicate a 
strong binding interaction between the MOF and the epoxide. 
More importantly, the results support that the MOF-epoxide 
interaction occurs at the metal cyclam. DFT calculations 
revealed that the open metal sites in the metallo-cyclam are 
more potent Lewis-acid sites for epoxide activation than the 
Brønsted acid hydroxyl sites on the metal-oxide nodes. Thus, the 
presented work provided critical mechanistic insight that will 
enable the development of efficient MOF catalysts for the 
chemical fixation of CO2. Interestingly, the results indicate that 
the CO2 sorption and epoxide activation parameters can be 
tuned independently to maximize catalytic efficiency, a 
strategy that is the focus of future study. 

Fig. 7 Calculated epoxide ring-opening barriers by bromide (298 K) for 
various activation modes. Numbers represent distances of the forming 
bond at the transition state in angstrom.    
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4. Experimental 

4.1 Materials 

All chemicals were purchased from commercial sources and used 

without further purification unless otherwise mentioned.  

Caution! The perchlorate salts described are potentially explosive 

and should be handled with care and prepared in small quantities. 

4.2 Synthesis  

       Synthesis of 6,13-dicarboxy-1,4,8,11-tetrazacyclotetradecan)-

copper (II) perchlorate [CuL(ClO4)2] (1). Based on our reported 

procedure,22 the tetracarboxylate precursor [Cu(tetacH4)](ClO4)2 

(0.63 g, 0.99 mmol) was added to 10 mL of 0.1 M HClO4 solution 

and heated at reflux for 1 h. After the reaction mixture cooled down 

to room temperature (R.T.), 3 mL of 60% HClO4 was added and the 

solution refrigerated overnight. The product was filtered off as red 

crystalline solid (0.38 g, 46% yield). The structure of [CuL(ClO4)2] 

was shown in Figure S22.  

      Synthesis of 6,13-dicarboxy-1,4,8,11-tetrazacyclotetradecan (L) 

(2). Based on our reported procedure,22 the free-base ligand (2) was 

prepared by the demetallation of (1). The [CuL(ClO4)2] (0.32 g, 0.58 

mmol) was added to 20 mL of 37% HCl and heated to reflux for 1 h. 

The resultant white solid was filtered and washed with ethanol. 

After drying under vacuum, white powder (0.16 g, 95% yield) was 

obtained. (ESI-MS: [M-H]+ m/z = 289.19) 

     Synthesis of Hf-VPI-100 (Cu). The Hf-VPI-100 (Cu) was prepared 

using a similar approach as reported for VPI-100 MOFs.22 In an 8 mL 

vial, HfCl4 (19 mg, 0.06 mmol) was added in 4 mL of dry DMF with 

0.44 mL (200 eq.) of formic acid. The vial was heated at 80 °C in an 

oven for 1 h. After cooling to R.T., [CuL(ClO4)2] (33 mg, 0.06 mmol) 

was added and the solution was sonicated for 10 min. Then, the 

mixture was heated in a 120 °C oven for 24 h. After cooling to R.T., 

the crystalline solid was isolated by centrifugation, rinsed with fresh 

DMF and acetone. The powder was dried under vacuum at 60 °C. 

Violet crystalline powder was obtained (30 mg, 76% yield). The 

phase purity of Hf-VPI-100 (Cu) was verified by PXRD.  

     Synthesis of Hf-VPI-100 (Ni). The Hf-VPI-100 (Ni) was prepared 

using a similar approach as reported for VPI-100 MOFs.22 In an 8 mL 

vial, HfCl4 (19 mg, 0.06 mmol) was dissolved in 2 mL of dry DMF 

with 0.44 mL (200 eq.) of formic acid. In a separate vial, NiCl2·6H2O 

(14 mg, 0.06 mmol) and free-base ligand (2) (17.3 mg, 0.06 mmol) 

were added to 2 mL of dry DMF and sonicated for 10 mins. Then, 

both vials were heated in an 80 °C oven for 1 h. The solutions were 

combined into one vial and heated in a 120 °C oven for 24 h. After 

cooling to R.T., the resultant solid was isolated by centrifugation, 

washed with fresh DMF and acetone. The product was dried under 

vacuum at 60 °C. Light pink crystalline powders were obtained (20 

mg, 51% yield). The phase purity of Hf-VPI-100 (Ni) was confirmed 

by PXRD. 

4.3 Characterization and analysis  

     Structure determination and refinement. The structures of Hf-

VPI-100 were determined by PXRD using synchrotron radiation at 

the Beamline 17-BM at Advanced Photon Source at Argonne 

National Laboratory. Samples were loaded in a capillary flow cell 

device and 2D diffraction data were taken in transmission geometry 

by a PerkinElmer flat panel area detector.35  2D data calibration and 

integration was performed with software GSAS-II.36 Structural 

refinement was carried out with TOPAS v5. 

       Powder X-ray Diffraction (PXRD). The phase purity of the 

synthesized MOF samples was analyzed on a Rigaku Miniflex 

diffractometer with a Cu(Kα) radiation (λ = 1.5418 Å) over a 2θ 

range of 3-50° in continuous scanning mode (1.0°/min) and a 

resolution of 0.05°. The powder samples were loaded onto a zero-

background Si (510) disk. 

       Attenuated Total Reflectance Fourier-Transform Infrared 

Spectroscopy (ATR-FTIR). ATR-FTIR spectra were obtained using a 

Varian 670 FT-IR Spectrometer. All spectra were an average of 64 

scans for powdered samples and were recorded from 4000 to 500 

cm-1 with 4 cm-1 resolutions. 

       Thermogravimetric Analysis (TGA). The MOF samples (~5 mg) 

were placed on a Pt pan and heated at a rate of 10 °C/min under 

nitrogen atmosphere over the temperature range of 25−600 °C by 

using a Q500 thermogravimetric analyzer from TA Instruments. 

       Scanning electron microscopy imaging (SEM). Images were 

collected by using a Leo/Zeiss 1550 Schottky field-emission scanning 

electron microscope. 

       X-ray Photoelectron Spectroscopy (XPS). The XPS spectra were 

collected on a PHI 5000 Vera Probe III spectrometer using an 

aluminium anode X-ray source (photon energy of 1486.6 eV). The 

pass energy for each scan was set to 69 eV, with a step size of 0.125 

eV/step, with signals being averaged over 50 scans for each 

spectrum. 

       N2/CO2 adsorption measurements. Before a gas sorption 

experiment, as-synthesized MOF samples (~50 mg) were washed 

with DMF three times and acetone three times, followed by soaking 

in acetone for 3 days to allow solvent exchange. The resulting 

exchanged frameworks were activated under vacuum for 12 h, and 

then degassed under vacuum for 12 h at 100 °C prior to gas 

adsorption/desorption measurements. The sorption isotherm data 

were collected with a Quantachrome Autosorb-1. The surface areas 

of the samples were determined by fitting the N2 adsorption data at 

77 K within a relative pressure (P/P0) range of 0.05 to 0.25 to the 

BET equation. 

        Cycloaddition of CO2 to epoxides. Hf-VPI-100 MOF samples 

(0.008 mmol), tetrabutylammonium bromide (99 mg, 0.31 mmol), 

and epoxide (31.1 mmol) were added to a 20 mL stainless steel Parr 

reactor. The sealed vessel was charged with CO2 (1.5 bar) and 

heated to 90 °C in an oil bath. After 6 h, the reactor was cooled to 

R.T. and the unreacted CO2 was slowly released. A small aliquot was 

dissolved in CDCl3 for 1H NMR analysis to determine the conversion. 

The reaction solution was centrifuged to recover the catalyst. The 

recovered MOF powder was washed with CHCl3 (3 × 1 mL) and 

dried under vacuum. The sample was reused twice in the catalysis 

experiment for each substrate. The structural stability of the 

framework was confirmed by PXRD. 

      Quartz Crystal Microbalance (QCM) Experiments.  An E4 quartz 

crystal microbalance (Q-Sense AB) was used for all QCM 

experiments.  Gold coated QCM sensors with a fundamental 

frequency of 5 MHz were cleaned by exposure to UV/ozone for 20 
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min, immersion in a 1:1:5 v/v/v solution of ammonium hydroxide: 

hydrogen peroxide: water at 80 °C for 1 h, rinsing with ultrapure 

water and drying with nitrogen. The cleaned sensors were 

immersed into 3 mM 16-mercaptohexadecanoic acid in ethanol 

solution for 24 hours to form self-assembled monolayers with 

terminal carboxylate groups (SAM-COOH). Measurements of the 

fundamental and overtone frequencies of the SAM-COOH surfaces 

were taken prior to MOF deposition for subsequent calculation of 

the total amount of MOF deposited on the crystals.  A suspension of 

MOF particles (0.02~ 0.07 mg) in ethanol were suspension-cast onto 

SAM-COOH surfaces. The fundamental frequency and overtones 

were again measured and the surface concentration of MOF per 

unit area deposited onto the crystal was calculated from Eq. 1.  This 

method produced a roughly 10% error in θ for the MOF. 

     For gas sorption, experiments followed the work of Grissom et 

al.37 The MOF films were held at 21 ºC in the QCM cells and purged 

with nitrogen gas at a constant flow pressure of 4 PSIG relative to 

the ambient pressure until a stable baseline was obtained. Nitrogen 

gas was then diverted into a gas saturator cell containing 1,2-

epoxybutane held at 18 °C by a water bath that subsequently 

entered the QCM flow cell. The constant flow of 1,2-epoxybutane 

vapor continued until the change of frequency reached a stable 

minimum, which represented the maximum equilibrium uptake. 

The flow was then switched to pure nitrogen gas, whereby 

reversibly adsorbed gas could desorb.  The process continued until 

a flat frequency line was observed.  

4.4 Computational Studies 

Electronic structure calculations were carried out using 

Gaussian09.38 Default geometric and electronic convergence criteria 

were adopted throughout. Geometry optimizations and harmonic 

frequency analysis were conducted with the M06-L functional,39 

and the def2-SVP basis set.40 The electronic energy was further 

refined via single-point calculations at the M06-L/def2-TZVP and 

M06-2X/def2-TZVP levels. All calculations considered a superfine 

integration grid and implicit PCM solvation (tetrahydrofuran). To 

analyse reaction at the cyclam ligands, isolated Cu(II) and Ni(II) 

1,4,8,11-tetrazacyclotetradecan species were used in which the 

metal centres exhibit one chloride counterion and an open site for 

epoxide coordination. These molecular analogues possess +1 

charge and were treated as triplets (Ni) or doublets (Cu). Reaction 

in which epoxide hydrogen bonds to a Hf-OH moiety in the SBU 

considered the NU-1000 core with two benzoate linkers directly 

interacting with epoxide and six formate linkers capping the SBU 

region removed from the substrate. Xyz coordinates of all optimized 

structures are provided in the supporting information. 
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