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ABSTRACT: This work examines the relationship between defects, pore size, and pore functionalization as it pertains to the 
enthalpy of adsorption between carbon dioxide and zirconium-based metal-organic frameworks (UiO-66 and UiO-67). When 
UiO-66 is synthesized without defects, carbon dioxide adsorption is more exothermic relative to when UiO-66 contains de-
fects (–24.3 vs. –20.9 kJ/mol). We repeated the experiments with pristine/defective UiO-67 and observed the opposite trend 
(–16.9 vs. –21 kJ/mol), albeit less exothermic. Dehydrating the cluster of pristine/defective UiO-66 (–21 kJ/mol) and UiO-67 
(–14 kJ/mol) the adsorption capabilities decreased considerably. This work indicates that there is a hierarchy of adsorption 
interactions that can work independently or in tandem to increase the enthalpy of adsorption. These include the small tetra-
hedral pore of UiO-66, hydrogen bonding, and dispersion interaction enhanced by the electron-withdrawing Zr(IV). Post-
synthetic modification of the node with methanol/methoxy groups had a strong effect on the defect containing UiO-66. In this 
MOF, the pore sizes appeared nearly identical to the pristine UiO-66 and contained an enthalpy adsorption of –28 kJ/mol; this 
is the highest value obtained in this work.

1 Introduction 
Given the role of carbon dioxide on climate change,1-4 it is no 
surprise that companies, industries, and countries have set 
a target to reduce the net carbon dioxide emissions to zero 
by 2050 (net-zero).5-8 This challenge is multi-faceted but 
can be over-simplified to three approaches. One approach is 
to develop new infrastructure that doesn’t rely on carbon 
dioxide producing systems.9 The second approach is to cap-
ture carbon dioxide emissions at the source;10-15 for com-
bustion, this is approximately 15% of the exhaust stream.13 
The last is to capture carbon dioxide in the atmosphere at 
ca. 400 ppm.15-19 While the first approach may be the most 
obvious, it may require considerable time for infrastructure 
development;6, 8-9 this assumes a solution is possible. For the 
latter two methods, carbon dioxide capture from emission 
sources is easier due to the notably higher carbon dioxide 
partial pressure,12 but the challenge associated with com-
petitive binding (e.g., water) must be addressed.20-22 With 
that in mind, materials capable of adsorbing carbon dioxide 
over other gases will play a critical role for the net-zero tar-
get.23-24  
Metal-organic frameworks (MOFs) – with their tunable pore 
apertures, pore size, and pore functionality – are already be-
ing implemented in carbon dioxide sequestration.18, 21, 25-26 
Further development of MOFs will further benefit their im-
plementation.13, 22, 27-31 For optimal adsorption, the ideal ma-
terial would bind carbon dioxide with a high exothermic en-
thalpy of adsorption. This would ensure that carbon dioxide 
is not released prematurely. The contraposition is that the 

energetic, and thus financial, penalty for regeneration of the 
MOF (i.e., the endothermic enthalpy of desorption) must be 
minimized; barring hysteresis in the isotherm or forms of 
triggered structural changes, the enthalpy of adsorption 
and desorption are the same.32-33 Thus, there exists an opti-
mal enthalpy of adsorption for selective carbon dioxide se-
questration. The upper limit of physisorption is -60 kJ/mol, 
beyond this point temperature/pressure swing adsorption 
and release is no longer possible.34-37 
Given the multitude of node/linker combinations available 
for MOF design/synthesis,38-39 there are many struc-
ture-property relationships that have explored carbon diox-
ide adsorption.40-45 While most structure-property relation-
ships focus on the role of steric and/or electronic effects via 
pendent groups on the node/linkers, we are interested in 
examining the role of defects on carbon dioxide adsorption. 
Defects are inherent to all materials. Thus, each synthetic 
protocol of a material has a specific defect density. Control-
ling defects in the UiO family of MOFs has been well estab-
lished.46-49 In UiOs, zirconium-cluster based nodes 
(Zr6O4(OH)4+12) are connected via linear ditopic dicarbox-
ylate linkers (L) to form a topology consisting of a large oc-
tahedral pore that face share with eight smaller tetrahedral 
pore. 
The present work sets out to determine what structural fea-
tures of the UiO family are necessary for the efficient ad-
sorption of carbon dioxide. The work examines UiO-66 (L = 
terephthalate; BDC) and UiO-67 (L = biphenyldicarboxylate; 
BPDC). Using acetic acid or hydrochloric acid as the 
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modulators, pristine and defective (respectively) UiOs can 
be synthesized.46, 50-54 The defects are either missing linker, 
missing node, or a combination of both.49-50 In the present 
work, missing linkers are believed to be the dominant de-
fect. The missing linkers are either replaced by capping car-
boxylate groups or terminal water/hydroxide groups on the 
node. Given this, defect-rich UiO-66 would contain larger 
pores, more hydrogen bonding sites, and potentially metal 
sites that a guest can bind with. Furthermore, post syntheti-
cally, the node of the MOF can be dehydrated (Zr6O612+)55 or 
the terminal groups can be replaced with methanol/meth-
oxy groups.56 Based on these six variants of UiO-66 and UiO-
67, we demonstrate the importance of the pore size, specif-
ically the tetrahedral pore, coupled with hydrogen bonding 
and dispersion effects in UiO-66 on carbon dioxide adsorp-
tion.  
2 Methods 
The Supporting Information (SI) file contains details for the 
synthesis and powder X-ray diffractograms (Figure S1 &S2) 
of all materials examined herein. 
Nitrogen gas adsorption isotherms were measured on a Mi-
cromeritics 3Flex instrument. The samples were main-
tained at 77 K over the course of the run. Prior to gas ad-
sorption measurements samples were prepared (activated) 
on a Micrometrics Smart VacPrep instrument. Apart from 
the thermally dehydrated samples that had to be heated to 
573 K, all samples were activated by first heating the sam-
ples to 363 K at a rate of 5 °/min while the pressure was 
simultaneously reduced at 5 mmHg/s. The temperature 
was maintained for 30 min. Subsequently, samples were 
heated to 423 K at a rate of 5 °/min and held for 600 min. 
Dehydrated node UiOs (ΔUiO-66-AA, ΔUiO-66-HCl, 
ΔUiO-67-AA, and ΔUiO-67-HCl) were synthesized/activated 
from the parent material on a Micrometrics Smart VacPrep 
instrument. The samples were initially evacuated at 
5 mmHg/s while the sample was heated to 363 K at a rate 
of 5 °/min.  Once the pressure and temperature were stable, 
the sample was maintained at this temperature and reduced 
pressure for 30 min. Subsequently, the samples were 
heated to 423 K at 5 °/min and held for 60 min. In the final 
heating step, the samples were heated to 573 K at a heating 
rate of 5 °/min and held for 540 min. 
Carbon Dioxide isotherms were measured on a Micromet-
rics 3Flex instrument. The samples were maintained at a 
constant temperature with the use of a VWR water recircu-
lating bath. The temperature the isotherms were measured 
at 278 K, 283 K, and 288 K.  

𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚
𝐾𝐾𝑎𝑎𝑎𝑎𝑎𝑎𝑃𝑃

(1 + 𝐾𝐾𝑎𝑎𝑎𝑎𝑎𝑎𝑃𝑃) + 𝑐𝑐     (1) 

𝑙𝑙𝑙𝑙𝐾𝐾𝑎𝑎𝑎𝑎𝑎𝑎 =  −
∆𝐻𝐻
𝑅𝑅𝑅𝑅 +

∆𝑆𝑆
𝑅𝑅             (2) 

Thermodynamic parameters and maximum adsorption ca-
pacity for each MOF were extracted by first fitting the iso-
therms to the single site Langmuir equation (Equation 1; 
Kads is the equilibrium constant, P is pressure, Qmax is the 
maximum adsorption capacity, and Qads is the quantity ad-
sorbed at P). In the fitting process, each sample was fit to a 

global Qmax. Additionally, an offset parameter (c) was used 
to account for any adsorption/leak from the sample holder. 
Subsequently, the Van ‘t Hoff equation (Equation 2) was 
used to extract the enthalpy and entropy of adsorption from 
the slope and intercept, respectively. Table S1 & S2 in the SI 
contains the fit parameters from this work. 
3 Results and Discussion 
Table 1: Nitrogen gas accessible Brunauer, Emmett, 
Teller (BET) surface area, and carbon dioxide adsorp-
tion capacity and enthalpy of adsorption for the UiOs in 
this work. 
 BET Surface Areaa 

(m2/g) 
Qmaxb,c 

(mmol/g) 
ΔHadsb,c 

(kJ/mol) 
UiO-66-AA 1725 6.84 ± 0.03 –24.3 ± 1.5 
UiO-66-HCl 1600 7.15 ± 0.03 –20.9 ± 0.7 
UiO-67-AA 1520 5.87 ± 0.06 –17 ± 4 
UiO-67-HCl 2400 8.93 ± 0.12 –21 ± 3 
ΔUiO-66-AA 1480 8.01 ± 0.06 –21.4 ± 1.4 
ΔUiO-66-HCl 1550 8.02 ± 0.04 –21.1 ± 1.0 
ΔUiO-67-AA 1540 9.53 ± 1.5 –13 ± 4 
ΔUiO-67-HCl 2130 10.64 ± 0.18 –14 ± 4 
MeOH-UiO-66-AA 1450 5.22 ± 0.03 –23.5 ± 1.7 
MeOH-UiO-66-HCl 1420 7.91 ± 0.05 –28 ± 2 
MeOH-UiO-67-AA 2440 7.70 ± 0.09 –19.4 ± 1.7 
MeOH-UiO-67-HCl 2100 7.18 ± 0.07 –20 ± 3 

a determined from nitrogen gas adsorption isotherms 
b determined from carbon dioxide gas adsorption isotherms 
c Tables S1 and S2 contain the Langmuir and Van ‘t Hoff fit 

parameters (including ΔSads), and information regarding er-
rors.  

Figure 1: UiO-66-AA (red) and UiO-66-HCl (blue). Nitrogen gas 
accessible adsorption isotherms measured at 77 K. Inset illus-
trates the associated PSDs using the cylindrical pores on an ox-
ide surface (standard deviation of fit: 7.05 and 1.59 cm3/g, re-
spectively). 

UiO-66-AA and UiO-66-HCl, were formed via the reaction of 
Zr(IV) chloride and terephthalic acid (H2BDC) in N,N-dime-
thylformamide (DMF) using either acetic acid57 as the mod-
ulator, or hydrochloric acid as the modulator.50 The synthe-
sis of UiO-66-AA is known to produce pristine UiO-66 that 
contain little to no missing linkers.20, 51 For UiO-66-HCl, it 
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has been estimated that 1-2 of the 6 linkers are missing.20, 50, 

58 For every missing linker, the zirconium defect sites are 
capped with two water molecules and two hydroxide mole-
cules; this retains the coordination chemistry and charge 
neutrality of the MOF.20, 59 In addition to missing linkers, 
missing nodes are also possible.49 This is likely a necessity 
as the number of missing linkers increases. The effect of de-
fects can be seen in the pore size distribution (PSD) shown 
in Figure 1. For UiO-66-AA, there are no pores larger than 
ca. 12 Å, consistent with the octahedral pore (12 Å).48, 58 For 
UiO-66-HCl the dominant pores are all larger than the ex-
pected pore sizes, which illustrates the presence of defects 
that lead to larger-than-expected pore sizes. 
The carbon dioxide adsorption isotherms for UiO-66-AA 
and UiO-66-HCl (Figure 2) were measured at 278, 283, and 
288 K and clearly demonstrate the superior behavior of 
UiO-66-AA. To better ascertain the origin of these differ-
ences, the isotherms were fit to a single-site Langmuir iso-
therm (Equation 1).34 From the equilibrium constants ob-
tained (Table S1), the enthalpy of gas adsorption was ex-
tracted using the van ’t Hoff relationship (Table S2).  

Figure 2: Carbon dioxide adsorption isotherms of UiO-66-AA 
(circles) and UiO-66-HCl (squares) at 278 K (grey) 283 K (pink) 
and 288 K (cyan). The fits from the Langmuir isotherm model 
are shown as black lines. 

As shown in Table 1, the maximum adsorption capacity 
(Qmax) between UiO-66-AA and UiO-66-HCl is similar (6.84 
vs. 7.15 mmol/g respectively); on a per mole basis, these 
values are identical (11.2 and 11.3 mol CO2/mol MOF). The 
key difference is in the enthalpy of adsorption. Carbon diox-
ide adsorption on UiO-66-AA is 3.4 kJ/mol more exothermic 
than in UiO-66-HCl (–24.4 kJ/mol vs. –20.9 kJ/mol). For 
UiO-66-AA, the enthalpy of adsorption is close to the com-
putationally calculated value of –26.2 kJ/mol by Maurin and 
co-workers and close to the experimentally determined 
value of –26 kJ/mol by Walton and coworkers.17,18 
We propose two hypotheses to explain this behaviour: The 
pristine material contains surface binding sites (e.g., 
edges/corners) that are favourable for carbon dioxide ad-
sorption. Alternatively, it is possible that one of the two 
pore sizes (tetrahedral or octahedral) is a better fit to tightly 
bind carbon dioxide. To explore these hypotheses, we re-
peated the adsorption experiments with UiO-67-AA and 
UiO-67-HCl, which contain larger pores due to the longer 

biphenyl dicarboxylate linker. If we observe similar behav-
iour for UiO-67 as with UiO-66, then the former hypothesis 
is consistent with the data; if a different behaviour is ob-
served, then the latter hypothesis is consistent with the 
data.  

Figure 3: UiO-67-AA (red) and UiO-67-HCl (blue). Nitrogen gas 
accessible adsorption isotherms measured at 77 K. Inset illus-
trates the associated PSDs using the cylindrical pores on an ox-
ide surface (standard deviation of fit: 23.25 and 36.06 cm3/g, 
respectively). 

As illustrated in Figure 3 and Table 1, UiO-67-HCl has a 
900 m2/g higher nitrogen gas accessible BET surface area 
than UiO-67-AA. The step in the isotherm of UiO-67-HCl 
around 0.15 a P/P° is due to defects.50 For pristine UiO-67, 
the structure is expected to have a tetrahedral pore at 12 Å 
and an octahedral pore at 16 Å.48, 60  As shown in the inset of 
Figure 3, UiO-67-AA contains two pores at 12.7 and 15.5 Å, 
consistent with Ui-67-AA. UiO-67-HCl contains the same 
pores as the AA counterpart, but also contains a considera-
ble amount of larger pores (e.g., at 25 Å) due to defects.50 
Thus, UiO-67-AA and UiO-67-HCl are good isoreticular 
counterparts to UiO-66-AA and UiO-67-HCl.  

Figure 4: Carbon dioxide adsorption isotherms of UiO-67-AA 
(circles) and UiO-67-HCl (squares) at 278 K (grey) 283 K (pink) 
and 288 K (cyan). The fits from the Langmuir isotherm model 
are shown as black traces. 

The carbon dioxide adsorption isotherms for UiO-67-AA 
and UiO-67-HCl (Figure 4 and Table 1) are more similar 
than different. The adsorption capacity (Qmax) differences is 
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due to the differences in their surface areas; there is a nearly 
linear relationship between the BET surface area and Qmax 
for the four as-synthesized UiOs (R2 = 0.96). Turning to the 
enthalpies of adsorption of carbon dioxide on these MOFs 
(Table 1, Table S1, and Table S2), UiO-67-HCl is 4.3 kJ/mol 
more exothermic than UiO-67-AA (–21.2 vs. –16.9 kJ/mol); 
this is contradictory to what was observed in UiO-66 (–20.9 
vs. –24.9 kJ/mol). 
Returning to our hypotheses for UiO-66, the data for UiO-67 
indicates that pristine UiO-66 has a more favourable pore 
size and shape for confinement effects for carbon dioxide 
adsorption relative to UiO-67. If it was a structural effect 
due to a corner/edge, due to the pristine structure, then we 
would expect UiO-67-AA to outperform UiO-67-HCl. We 
propose that the smaller tetrahedral pore of UiO-66 is re-
sponsible for these effects. Interestingly, when the optimal 
pore size is not present, the defect-containing UiO-67-HCl 
outperforms the pristine UiO-67-HCl. This suggests that hy-
drogen bonding associated with the defects is beneficial. 

 
Figure 5: Dehydration of the zirconium node in UiO-based 
MOFs from [Zr6O4(OH)4]12+ to [Zr6O6]12+ via the loss of two 
equivalence of water per node. 

To better understand the pore-confinement effect and the 
role of defects, we dehydrated UiO-66 and UiO-67; in both 
MOFs,  this converts the Zr6O4(OH)412+ node to Zr6O612+ (Fig-
ure 5).59 Dehydration creates open coordination sites on the 
node while also removing hydrogen bonding effects. These 
effects come from the acidic μ3-OH, or the terminal wa-
ter/hydroxide molecules from defect sites; the latter hy-
droxide sites would likely undergo a dehydration reaction 
to form an oxo and water unit similar to the μ3-OH on the 
node (Figure 5). With that in mind, as-synthesized UiOs 
were heated at 573 K overnight (ΔUiOs; see SI for details). 
Neither the nitrogen gas accessible BET surface area (Ta-
ble 1, Figure S3 & S4) nor the PSDs (Figure 6; Figure S7-S10 
for PSD comparison) were considerably changed from the 
parent material. 
The carbon dioxide enthalpies of adsorption (Table 1; see 
Figure S11 & S12 for isotherms) for the dehydrated 
UiO-66-AA and UiO-66-HCl are identical (–21 kJ/mol). 
Given the decrease in the enthalpy of adsorption for the for-
mer, this indicates that the hydroxylated node is a coopera-
tive part of the confinement effect necessary to produce the 
high heats for UiO-66-AA; when the cooperative effect is not 
present (i.e., UiO-66-HCl vs. ΔUiO-66-HCl), the enthalpies 
are not affected by dehydration. These results suggests that 
when the hydrogen bonding is lost, then the confinement ef-
fect is not as strong or completely absent. We hypothesize 
that with the pristine pore structure and the presence of the 
μ3-OH, the electro negative oxygen of the carbon dioxide can 
interact with the acidic μ3-OH;61 this works in concert with 
the tetrahedral pore shape/size to tightly bind carbon 

dioxide. The lack of any change in the adsorption enthalpies 
for UiO-66-HCl vs. ΔUiO-66-HCl is likely due to the disper-
sion interactions being similar in energy to the hydrogen 
bonding interactions; this can be seen in ΔUiO-67. 

Figure 6: PSD of (a) ΔUiO-66-AA (red trace; the standard devi-
ation of the fit is 4.66 cm3/g), ΔUiO-66-HCl (blue trace; 
1.19 cm3/g); (b) ΔUiO-67-AA (red trace; 22.29 cm³/g), 
ΔUiO-67-HCl (blue trace; 24.12 cm³/g); (c) MeOH-UiO-66-AA 
(red trace; 6.11 cm3/g), MeOH-UiO-66-HCl (blue trace; 
5.35 cm3/g); (d) MeOH-UiO-67-AA (red trace; 32.95 cm3/g) 
MeOH-UiO-67-HCl (blue trace; 28.33 cm3/g). See Figure S7-S10 
for additional PSD comparisons. 

When UiO-67 is dehydrated, then the enthalpies of adsorp-
tion also become identical (Table 1). However, both 
ΔUiO-67-AA and ΔUiO-67-HCl become notably less exother-
mic. Clearly, the presence of hydrogen bonding groups is 
important for higher enthalpies of adsorption.61 The sur-
prisingly small adsorption enthalpies suggest that the re-
maining dispersion interactions between carbon dioxide 
and the MOF are lower in ΔUiO-67 relative to ΔUiO-66. This 
is likely due to the electron withdrawing nature of Zr(IV). 
For UiO-66, the four Zr(IV) units coordinated to the BDC 
linker make the aryl ring electron deficient (δ+) thereby in-
creasing the dispersion interactions to the oxygen atoms on 
carbon dioxide.61 For UiO-67, two Zr(IV) acting on each aryl 
ring is insufficient to engender such strong effects. Thus, for 
UiO-67 hydrogen bonding is more beneficial for enhancing 
the carbon dioxide adsorption enthalpy, relative to UiO-66. 
This behaviour may be enhanced by the dehydration pro-
cess that removes an electron donating oxygen atom from 
the node. This supports our hypothesis that hydrogen bond-
ing is working in concert with the cooperative effects in 
UiO-66-AA.  
In an attempt to exploit the hydrogen bonding and confine-
ment effects, post synthetic modification was explored. Il-
lustrated in Figure 7, Ameloot and co-workers demon-
strated that soaking UiO-66 in methanol can produce two 
different types of defects.56 In pristine UiO-66, linker solvol-
ysis results in dissociation of one of the carboxylates on BDC 
from the node. This results in a terminal methanol/methoxy 
capping groups and an uncoordinated carboxylate/carbox-
ylic acid. In defect-containing UiO-66, the terminal groups 
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are replaced with methanol/methoxy groups. To that end, 
the four as-synthesized and activated UiOs were soaked in 
methanol for 3 days (MeOH-UiOs).  
The PSDs for MeOH-UiOs are shown in Figure 6c-d (Fig-
ure S5 & S6 contains the associated nitrogen gas adsorption 
isotherms). Relative to the parent MOF, MeOH-UiO-66-HCl 
shows the only significant difference in the PSDs (Figure 1, 
Figures S8) with the PSD looking more like UiO-66-AA (Fig-
ure S7 & S8) than UiO-66-HCl. In MeOH-UiO-66-HCl, 66% of 
the total pore volume is due to pores below 12 Å vs. 13% in 
UiO-66-HCl and 86% in UiO-66-AA. This suggests that the 
methanol/methoxy groups close off the pore between two 
nodes such that gas molecules behave as if the defects are 
repaired. This effect is not observed in the other three 
MOFs, which have PSDs similar to their parent material 
(Figures S7-S10). This also indicates that UiO-66-HCl is 
dominated by missing linker-based over node-based de-
fects. If node-based defects dominated, then the PSD would 
be expected to remain relatively unchanged between 
UiO-66-HCl and MeOH-UiO-66-HCl. 

Figure 7: (a) Partial displacement of BDC via Methanol solvoly-
sis in UiO-66-AA. (b) Substitution of defect terminal groups by 
methanol in UiO-66-HCl.56 

Given the PSDs for the MeOH-UiOs (Figure 6), the biggest 
change in the extracted enthalpies of adsorption (Table 1; 
Figure S13 & S14) is observed for MeOH-UiO-66-HCl, which 
is nearly 8 kJ/mol (–20.9 vs. –28.4 kJ/mol) more exothermic 
than the parent MOF. We propose that this creates a con-
finement effect similar to that in UiO-66-AA, which is en-
hanced by the extra flexibility and hydrogen bonding capa-
bilities of the methanol/methoxy groups. This can be fur-
ther observed in the entropy of adsorption (ΔSads; Table S2). 
MeOH-UiO-66-HCl has a ΔSads 18(4) J/molK lower (more or-
dered) than the other five UiO-66 samples. For the other 
three methanol-modified MOFs, either the solvolysis has a 
minor enhancement (MeOH-UiO-67-HCl), is an ineffective 
tool, or thermal activation reverses the solvolysis and thus 
no effect is observed (Figure S7-S10). 
Although the dominating defect density in this work is miss-
ing linkers, missing nodes are possible. Van Der Voort has 
shown that UiO-66 can be synthesized with node-based de-
fects as the dominant defects.49 The enthalpies of adsorp-
tion were determined from isotherms at 273 and 298 K. The 

enthalpies ranged from 21 – 23 KJ/mol which indicates that 
missing linkers and methanol capping groups have a larger 
effect over missing nodes. 
4 Conclusions  
The work above demonstrates the structural features that 
are responsible for strong carbon dioxide adsorption in 
UiO-based MOFs. By extension, other MOFs that have simi-
lar structural features may also share these enhancements. 
Given this, we are currently investigating how further func-
tionalizing defects in structurally similar MOFs can be used 
to improve the enthalpy of adsorption and adsorption selec-
tivity. Additionally, we are exploring if the phenomena ob-
served in this manuscript extends to gases beyond carbon 
dioxide. 
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