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ABSTRACT: The present work takes a detailed look at the adsorption of nitrogen gas and water vapour in six related zirco-
nium-based metal-organic frameworks (Ui0-66, Ui0-66-NHz, Ui0-67, Ui0-67-NHz, Ui0-68-Mes/PCN-57, and UiO-68-NHz).
The work relates the role of defects, linker length, and linker functionality on the gas adsorption properties. The water ad-
sorption isotherms showed no hysteresis consistent with capillary condensation. This suggests a node-based cluster growth
mechanism is occurring. Analysis of the water adsorption isotherms illustrated that prior to the water condensation step in
the isotherm, each MOF adsorbed roughly 1 water molecule per zirconium centre. As the linker length increases, the MOF
becomes more hydrophobic. The amine functionality increases the hydrophilicity, but the effect of the functional group di-
minishes as the linker length increase. The latter point is illustrated by calculating the apparent contact angle between the
pore wall and condensed water. The apparent contact angle increased from 54.0 ° to 83.1 ° from UiO-66 to Ui0-68-Mes/PCN-
57 and from 13.0 ° to 71.0 ° from UiO-66-NHz to Ui0-68-NHz. From this, the water isotherm was used to construct a pore size
distribution consistent with the distribution determined from nitrogen gas adsorption. We further explored the amine-un-
functionlized MOFs for long-term water exposure. Below the water condensation step, the MOFs showed no change in nitro-

gen gas adsorption capacity/surface area for 100 days.

1 Introduction

Combining metal cations (nodes) with bridging organic ligands
(linkers) yields three-dimensional porous materials known as
metal-organic frameworks (MOFs). With judicial choice of both
node and linker, many different topologies of porous materials
can be formed.! It is no surprise that the tunability of linkers
and nodes has led to MOFs with applications such as gas stor-
age and separations,2-¢ catalysis,”10 sensing,11-12 drug deliv-
ery,13-14 reduction of greenhouse gases,!> and photo switching
materials,16 to name a few.11,17-19

One area that has received a great deal of interest in recent
years is the adsorption and subsequent release/collection of
water vapour.20-25 This has implications in harvesting water
from the air in both indoor and outdoor environments. Out-
doors, harvesting water from the environment can enable eco-
nomic growth by providing water for agricultural-related prod-
ucts. Additionally, providing potable water has direct implica-
tions on human health. Indoors, maintaining the relative hu-
midity (RH) of a building between 30 - 60% is ideal to reduce
mold while maintaining comfort. Heating, ventilation, and air
conditioning systems (HVAC) are energy intensive, requiring
up to 50% of the industrial and 31% of the residential building
energy consumption.26-27 If a passive system that is capable of
maintaining the humidity levels can be found, then HVAC costs
could be greatly reduced.

In addition to water harvesting applications, water adsorption
in MOFs can be used in heat transformation applications. This
relies on the thermodynamics of adsorption/desorption. Heat
is required to break adsorbent-adsorbate interactions. If the
associated enthalpy can be provided by the temperature asso-
ciated with a hot room, then the air is cooled by heat transfer
to the desorption process. The reverse process can also be per-
formed. Given that the formation of the adsorbent-adsorbate

interaction is exothermic, the heat emitted by the adsorption
process can be transferred to a cold air stream. Thus, the air is
heated by the adsorption process. Given the high density of ad-
sorption sites in a MOF, there is considerable potential for
MOFs to be employed in heat transformation processes. 28-30

In addition to the direct applications of water adsorption, there
are several indirect applications associated with water adsorp-
tion. For example, water has the potential to act as a competi-
tive inhibitor when other gasses (e.g., COz, CH4)3! are being ad-
sorbed. This decreases the efficacy of the MOF. Alternatively,
water can act as a promotor, assisting in adsorption/desorp-
tion processes via hydrogen bonding.15 It is thus important to
understand water adsorption in MOFs.

With regards to water vapour adsorption in MOFs, there are
three different water-adsorption mechanisms.20.32-33 Capillary
condensation, occurs when a monolayer of water is deposited
evenly onto the walls of the MOF. Subsequently, water multi-
layers form before condensation, where the opposite sides of
the wall connect, and no further water can be adsorbed. This
method is recognized by a water adsorption/desorption iso-
therm that contains considerable hysteresis in the adsorption
vs. desorption step. Around room temperature, capillary con-
densation occurs in pores that are greater than 2 nm in width.32
The second mechanism of water adsorption is adsorption and
growth of water clusters onto a nucleation site (often, but not
necessarily, the node of the MOF). The water clusters grow with
increasing water vapour content (partial pressure/relative hu-
midity) until they cannot grow any further. This is often recog-
nized by isotherms that do not have hysteresis in the water va-
pour adsorption isotherms. The final pathway occurs for very
hydrophobic MOFs where a water cluster forms in the pore,
without contact with the surface, and grows until the pore is
fillled.34



Figure 1: (a) Ui0-66 (b) Ui0-67 (c) UiO-68. Yellow and blue
spheres illustrate the large octahedral pore and smaller tetra-
hedral pore respectively.

In the present work, we turn our attention to six MOFs that dif-
fer in the linker length, linker functionality, and defect density
while maintaining the topology of the material. The MOFs in-
vestigated herein are the UiO-family (Figure 1) that contain
Zr¢04(OH)412* nodes linked via six, assuming no defects, linear
ditopic dicarboxylate-based linkers. These linkers form a large
octahedral pore, and a smaller tetrahedral pore. For this work,
we selected three unfunctionalized MOFs (Ui0-66, Ui0-67, and
Ui0-68-Mes/PCN-57) and three functionalized MOFs (Ui0-66-
NHz, Ui0-67-NHz, and UiO-68-NH32). The amine-functionalized
UiOs were specifically chosen due to the multitude of applica-
tions where the amine-functionality enhances the properties of
the MOF, or is otherwise utilized to introduce new functional
groups into the pore of the MOF.35-37 By keeping the topology
the same, the role of linker length and functionality can lead to
a general trend that can be applied to other MOF systems.

2 Experimental
2.1 Synthesis

The linkers for UiO-68-Mes/PCN-57 (2',3',5',6'-tetramethyl-
[1,1":4',1"-terphenyl]-4,4"-dicarboxylic acid; Mes-H2TPDC)38
and Ui0-68-NH: (2'-amino-1,1":4,1"-terphenyl-4,4""-dicarbox-
ylic acid; NH2-H2TPDC)39 were synthesized via modified litera-
ture procedures (see supporting information (SI) for further
details).

Ui0-66, Ui0-66-NHz, UiO-67, and UiO-67-NH2, were synthe-
sized according to literature procedures.40-41 Ui0-68-Mes/PCN-
57 and Ui0-68-NHz was synthesized via a modified literature
procedure (see SI for further details).

2.2 Gas Adsorption Studies

Excluding UiO-67-NHz, prior to gas adsorption measurements,
samples were activated on a Micrometrics Smart VacPrep by
heating at a rate of 5 K/min to 363 K and holding at this tem-
perature for 30 min under vacuum. Subsequently, the sample
was heated to 423 K at 5 K/min and held for 600 min under
vacuum. Ui0-67-NHz was activated by first exchanging the syn-
thesis solvent with ethanol over several days and subsequently
activated by supercritical drying using a Tousimis Samdri-PVT-
3D supercritical drier. 40, 42-43

Water isotherms were measured at 295 K on a Micrometrics
3Flex instrument. In order to expose the sample to water va-
pour, a 3Flex sample holder containing 5 mL of distilled, deion-
ized water was installed on one of the three sample ports and
subsequently used as a dosing port. Prior to analysis, the water
was subjected to three freeze-pump-thaw cycles to remove any
dissolved gases.

3 Results and discussion

The UiO family of MOFs contains an octahedral and a tetrahe-
dral pore in a ratio of 1:2.44 It has been computationally deter-
mined for pristine MOFs containing no defects that the tetrahe-
dral pores increase in width from 3.8 At0 5.5 A t0 9.7 A as the

linker increases in length from Ui0-66 to Ui0-67 to UiO-68.
Similarly, the larger octahedral pore increases in width from
8.0 A to 13.1 A to 17.2 A4 To validate the formation of our
MOFs, we measure the powder X-ray diffractograms of the ma-
terials (Figure S22-24 in the SI). In all six cases, the observed X-
ray diffractograms were consistent with the simulated struc-
tures.

3.1 Nitrogen Adsorption Isotherms

To further validate our MOFs, nitrogen gas adsorption iso-
therms were measured at 77 K and their surface areas and pore
size distributions determined (Figure 2, Table 1, Figure S1-S3,
and Tables S1-S3 in the SI).

Table 1: MOF characterization data.

BET Surface Area Ligands Molecular Weight
(m2/g) per for- (g/mol)
mula Unit
MOF Ob-  Litera- Observed Zr604(OH)4Le-
served  ture x(d?)2x
Ui0-66 1480 158040 4.8+0.2 1550 +30
Ui0-66-NH2 1100 12004 3.8+0.2 1510 +40
Ui0-67 2500 250040 5.1+0.2 1970 + 50
Ui0-67-NHz2 2000 20804 3.9+0.2 1820 + 50
Ui0-68-
45
Mes/PCN-57 3475 33004 54+0.1 2730 £40
Ui0-68-NH2 3350 37504 5.4+0.1 2510 £ 30

As shown in Table 1, the MOFs exhibit nitrogen gas accessible
Brunauer-Emmett-Teller (BET) gravimetric surface areas con-
sistent with literature values. As the linker length increases, so
does the accessible surface area. The effect of the amine func-
tionality is more difficult to assess. Assuming a MOF with the
same number of ligands, the added pendant group provides in-
creased molecular weight, which will lower the gravimetric
surface area, and a larger surface for the gas molecules to ad-
sorb onto, which will increase the surface area. These features
will have opposing, but not necessarily equal, effects. However,
any changes in the number of defects (i.e., missing linkers in
Ui0s)47-48 will further impact the surface area; more defects
will lower surface area, but the lower molecular weight will
make the gravimetric surface area increase. With this in mind,
we examined the number of missing linkers by thermogravi-
metric analysis (TGA).#9 As shown in Table 1, we determined
that Ui0-66 and UiO-67 contained roughly 1 more linker per
formula unit than their amine-functionalized counterparts.
With roughly similar molecular weights (1550 g/mol vs 1510
g/mol for Ui0-66 and Ui0-66-NHz, respectively) the decrease
in surface area is due to a decrease in available surface area for
gases to adsorb onto rather than simply a gravimetric change
due to a change in molecular weight.50 This is similarly ob-
served for Ui0-67 and UiO-67-NHz in which the increased num-
ber of defects lowers the observed surface area. This is further
confirmed by examining the BET surface area for UiO-68-
Mes/PCN-57 and Ui0-68-NH: that reflect small changes in ac-
cessible surface area caused by the opposing effect of the linker
surface area and molecular weight changes.39 45
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Figure 2: Nitrogen gas adsorption isotherms at 77K of (a) UiO-
66 and Ui0-66-NH: (red and blue trace respectively). (b) UiO-
67 and Ui0-67-NHz (red and blue trace respectively). (c) UiO-
68-Mes/PCN-57 and UiO-68-NH: (red and blue trace respec-
tively). The insets show the pore size distribution for the re-
spective MOFs. The pore size distribution for Ui0-66, UiO-66-
NH2 and UiO-67-NH2 were fit to the DFT pillared clay model,
while UiO-67, UiO-68-NHz and UiO-68-Mes were fit to the DFT
Tarazona model.51-52 Figure S1-S3 and Table S1-S3 of the SI il-
lustrate the fits and associated errors.

Returning to the gas-adsorption isotherms, the insets in Figure
2 illustrate the pore size distributions for the six MOFs exam-
ined in this work. For Ui0-66 and UiO-66-NH: (inset Figure 2a;
Figure S1, Table S1 in the SI), there appears to be two pores.
The observed pore widths of Ui0-66 are centered around 11 A
and 17 A with Ui0-66-NH2 appearing at slightly lower widths
and with a broader distribution. The smaller pore observed in
the nitrogen gas adsorption isotherm of either MOF is con-
sistent with the experimental and computational octahedral
pore width of Ui0-66.40. 43,53 Given the presence of defects in

both MOFs (Table 1), the larger pore is due to pores caused by
missing linker defects.40. 53-55 Although it is not uncommon to
observe a pore width consistent with the tetrahedral pore in
pristine Ui0-66,53 the presence of defects has been demon-
strated to reduce the incremental surface area of the tetrahe-
dral pore while increasing the incremental surface area for de-
fect-based pores. At an HCI concentration of 0.75 M, our data
for Ui0-66 is consistent with the pore size distribution trend
observed by Liang et al. when a concentration of 0.92 M was
used.’3 The difference between Ui0-66 and UiO-66-NH: is
likely due to the change in the number of defects leading to a
broader distribution (Table 1).56 As with Ui0-66 and UiO-66-
NHz, the pore size distributions for UiO-67 (inset Figure 2b, Fig-
ure S2, and Table S2 in the SI) and UiO-67-NHz exhibit a similar
trend. This is not surprising given the identical synthetic path-
way used to make these four MOFs. 40

The pore size distributions for Ui0-68-Mes+/PCN-57 and UiO-
68-NH: are shown in Figure 2c (Figure S3 and Table S3 in the
SI). Unlike the other four MOFs discussed in this work, the er-
rors associated with the pore size distribution fits for the nitro-
gen gas adsorption isotherms are notably worse for UiO-68-
Mes/PCN-57 and UiO-68-NHz (Figures S1,S2, S3, and Tables S1,
S2, and S3 in the SI). We are thus hesitant to overly interpret
these pore size distributions. The pore size distributions of
Ui0-68-Mes/PCN-57 exhibits two pores form the nitrogen gas
adsorption isotherms. (11 A and 17.5 A in width). The amine-
functionalized Ui0-68-NHz: illustrates only one dominant pore
centered around 15 A wide. This pore is consistent with the oc-
tahedral pore. 53 Unlike Ui0-66 and Ui0-67, which have pore
widths larger than their amine-functionalized counterparts,
UiO0-68-Mes/PCN-57 has an octahedral pore width smaller than
UiO0-68-NHz. This is attributed to the larger steric profile of the
4 methyl groups in UiO-68-Mes/PCN-57. These values are
within the range of the previously mentioned computational
values.43

For all the MOFs, we further probed the argon gas adsorption
isotherms, measured at 77K (Figure S25, S26, and S27 in the
SI). For Ui0-68-Mes/PCN-57, there is sufficient data to support
the presence of the tetrahedral pore at 10 A). However, for the
rest of the MOFs, the pores are either below the limit of the DFT
model, or the presence of defects shifts these pore sizes.

3.2 Water Adsorption Isotherms

With the pore characteristics determined, we turned our atten-
tion to water adsorption isotherms carried out at 295 K. Figure
2aillustrates the water adsorption isotherms for unfunctional-
ized MOFs Ui0-66, Ui0-67, and Ui0-68-Mes/PCN-57, while Fig-
ure 3b illustrates the water adsorption isotherms for amine-
functionalized MOFs UiO-66-NH2, UiO-67-NHz, and UiO-68-
NHz; the data is summarized in Table 2 with the desorption
curves available in Figures S4 of the SI. None of the isotherms
show a hysteresis loop consistent with capillary condensa-
tion.32 Furthermore, the linkers used are not extremely hydro-
phobic. Thus, the water adsorption into these MOFs occurs via
water cluster formation. Most likely, this cluster growth occurs
from the hydrophilic Zrs04(OH)412* node. There are three main
features associated with these isotherms: the pre pore filling
stage, pore filling (condensation), and the post pore-filling ad-
sorption capacity. The results obtained for Ui0-66 (Figure 3 red
trace) are consistent with previously published results.7. 53.57-
58 It should be noted that, in this work, Ui0-66 shows greater
water vapour uptake. This is due to the higher surface area than
reported in other works. Previously published UiO-66 water
adsorption shows a total uptake of 2.2 mol H20/m? surface
area,5” normalizing our uptake capacity we obtain 2.1 mol



H20/m? surface area indicating that our uptakes are in agree-
ment with previously published results.

Table 2: Water Adsorption Data of UiO MOFs

. Adsorption
Adsorption  Pcond/Psat .
MOF Step Width
onset (RH) (RH) (RH)
Ui0-66 22% 30.95+0.08 18.4+0.03
Ui0-66-NH2 0%:a 11.94 £0.13 38.3x0.04
Ui0-67 47% 52.89 £ 0.08 14.4 +0.03
32.4+0.03 24.80.07
10- - 0,
UiO-67-NHz 20% 49.9%0.05 14,0+013
UiO-68-Mes/ o
PCN-57b 75% 79.00 £0.03 7.63 +0.10
16.8 + 0.07
Ui0-68-NHzb 3605 L4 *003

499+0.05 231+14

a No water cluster formation region is observed.
b See supporting information (Section 2.6) for supplemental discus-
sions.
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Figure 3: (a) Water isotherms of Ui0O-66 (circles: red trace),
Ui0-67 (squares: blue trace), UiO-68-Mes4/PCN-57 (triangles:
green trace). (b) Water isotherm of Ui0-66-NH: (circles: red
trace), Ui0-67-NHz (squares: blue trace) and UiO-68-NHz (tri-
angles: green trace)

3.2.1 Pre Pore-Filling

It has been suggested that the pre pore-filling in MOFs is due to
node-centered water cluster growth.58 As illustrated in Figure
3, the pre pore filling stage seems to stop at roughly the same
uptake for all six MOFs. Normalizing the water adsorption iso-
therms for the water:zirconium ratio (Figure S6), we notice
that all the MOFs adsorb approximately 1 water molecule per
zirconium centre just as condensation starts. Where the MOFs

defer is at the relative humidity that this ratio occurs at. This
suggests that the water cluster formation stage is dependent on
the pore sizes and pore functionality of the MOFs. From an ap-
plication point of view, these results indicate that as long as the
relative humidity remains below the condensation step (pore
filling), water can safely co-exist within the MOF and with other
analytes in the pore. Extrapolating to larger MOFs, the relative
humidity under which advantageous cooperative behav-
iour/adsorption can occur is expected to increase without risk.

3.2.2 Condensation

With the pre pore-filling adsorption examined, we turned our
attention to condensation of water in the pores. For the three
unfunctionalized MOFs (Ui0-66, Ui0-67, and Ui0-68-Mes/PCN-
57) and Ui0-66-NHz, the condensation stage occurs in one step.
For Ui0-67-NH2, and UiO-68-NHz, the condensation occurs in
two steps. For Ui0-67, the second step is due to a small impu-
rity of biphenyldicarboxylate (BPDC) in the 2-aminobiphenyl-
4,4’-dicarboxylate (NHz-BPDC) linker. For UiO-68-NH: the rel-
ative contribution of the first step depends on the synthetic
procedure (see section 2.6 in the SI for further discussion).
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To further ascertain how the pores are changing, we calculated
the apparent contact angle of the water inside the pore via the
Kelvin equation (Equation 1). The Kelvin equation relates the
partial pressure (Pcond/Psat) at which the centre of the adsorp-
tion step occurs (Table 2 column 3) to the adsorbate properties
(the molar volume of liquid water, Vm, and the liquid/vapour
surface tension, y), the adsorbent properties (pore width, r),
and the interactions between the adsorbent and the adsorbate
(the apparent contact angle, ). While the Kelvin equation is
likely an oversimplification of the physical properties inside
the MOF, the apparent contact angle facilitates a comparison
between different MOFs.

Qualitatively, as the pore size of the MOF increases, the relative
pressure associated with pore filling shifts to higher relative
humidity. This is consistent with the Kelvin equation, which il-
lustrates that the position of the condensation step (Pcond/Psat)
shifts to higher relative pressure as the pore width (r«) in-
creases. Comparing the amine-unfunctionalized MOFs with
those of their respective amine-functionalized counterparts, a
shift in Pcond/Psat to lower relative humidity is observed. Given
that the pairs of MOFs (e.g., Ui0-66 vs. UiO-66-NHz) have simi-
lar pore size distributions (r«), the stark difference in water ad-
sorption must be due to a change in the adsorbent adsorbate
properties within the pore (6); unsurprisingly, the amine-func-
tionalized MOFs appear more hydrophilic (smaller apparent
contact angle, 8) than their unfunctionalized counter MOFs.

Psat

Table 3: Calculated Apparent Contact Angle and Pore
Width of UiO MOFs

MoF ontzee. nicalPore
Angle (0)

Ui0-66 54.0 10.8
UiO-66-NH: 13.0 9.89
Ui0-67 66.5 13.5
UiO-67-NH: 49.5 12.4
Ui0-68-Mes/PCN-57 83.1 10.8
Ui0-68-NH: 71.0 14.7

Using the pore size distributions from nitrogen gas adsorption
isotherms as a measure for the pore width in the Kelvin



Equation (Equation 1, 2*rk), and Pcond/Psar from the water ad-
sorption isotherms, a quantitative measure of the apparent
contact angle (6) can be calculated (Table 3). Assuming the sur-
face of the framework was perfectly wettable (6 = 0 °), the pore
width for Ui0-66 would be 18.4 A. This is considerably larger
than the expected pore width from the nitrogen gas adsorption
isotherm. This implies that the surface of Ui0O-66, and the larger
MOFs, is not perfectly wettable. Adjusting the apparent contact
angle (0) until the calculated pore width (2*rk in Equation 1)
matches the observed pore size distribution (Figure 2), the ap-
parent contact angle for Ui0-66 is estimated to be 54.0 °. The
more hydrophilic Ui0-66-NHz has an apparent contact angle
thatis 41 °lower (13.0 °). As the linker length increases, so does
the apparent contact angle (Table 3). However, the effect of the
amine substituent on the apparent contact angle decreases
considerably with increasing pore width (17 ° decrease for
Ui0-67-NHz and a 12.1 ° decrease for UiO-68-NHz). This sug-
gests a cooperative effect when the amine substituents are in
proximity of the node.

The apparent contact angle calculated for these MOFs are con-
sistent with hydrophilic materials. With the exception of UiO-
66-NH2, which borders on a perfectly wettable (6 = 0 °© would
yield a dominant pore with of 10.1 &), the remaining MOFs have
apparent contact angles comparable to common organic poly-
mers (e.g., poly(vinyl acetate) = 80 °, polymethyl methacrylate
= 68 °, polycarbonate = 88 ©).59-61

Given the relationship between pore aperture/functionality
and the water adsorption isotherms, it is reasonable to con-
clude that the condensation step should mirror the pore size
distribution. Indeed, the breadth of the peak distribution deter-
mined from both nitrogen gas and water vapour adsorption are
similar (Figure S5 in the SI).

To further look at the adsorption process, we extrapolated the
isosteric enthalpies of adsorption for Ui0-66 using variable
temperature water vapour adsorption. As shown in Figure S7,
for water adsorption leading up to 1H20:Zr, the enthalpies are
quite high owing to the formation of the first node-OH: interac-
tion. Subsequently, the enthalpies reflect the enthalpy of vapor-
ization for water (44 KJ/mol). This is consistent with the data
demonstrated above.

3.2.3 Water Adsorption Capacity

In comparison to the nitrogen gas adsorption isotherms, the
water adsorption capacity for all the MOFs appears more simi-
lar than different. Normalizing the water adsorption isotherms
to water per zirconium (Figure S6 in the SI), an interesting ob-
servation emerges. The water adsorption isotherms seem to
only adsorb 5 (Ui0-66-NH2 and UiO-67, Ui0-68-NHz), 8 (UiO-
66, Ui0-67-NHz), or 10 (UiO-68-Me4/PCN-57) water molecules
per zirconium. For Ui0-66 and UiO-66-NHz, the adsorption ca-
pacity is consistent with the expected pore volume (10 and 5
water molecules per zirconium). However, for the larger MOFs,
the adsorption capacity does not increase to the predicted ca-
pacity of >15 water molecules per zirconium (Ui0-67-NHz).
This indicates that at linker lengths greater than one phenylene
group (Ui0-66/Ui0-66-NHz), the water molecules cluster
around the node with neighboring clusters not able to connect
with each other (Figure 4). It is unclear from this work if water
clusters around each node, like a shell, or around each zirco-
nium (Figure 4). We hypothesize that this is around each zirco-
nium rather than each node, but computational work is neces-
sary to tease this out. Of particular note is that there is consid-
erable space remaining in the larger MOFs for other gases to fill
the unused volume and interact with the node/water cluster.
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Figure 4: Water adsorption process. Initially empty (left), water
molecule is strongly adsorbed onto the node (1H20/Zr) (mid-
dle). Subsequently, a water cluster (5-10 molecules/Zr) grows
(right). Green circles represent the Zrs04(OH)s cluster, black
rectangles represent the different length of linker in UiO-66
(top), Ui0-67 (middle), Ui0-68-Mes/PCN-57 (bottom).

3.3 Long Term Water Vapour Studies

The obtained data illustrates that water vapour clusters around
the node. To ascertain how this affects the MOF, we examined
the nitrogen-accessible BET surface area of the amine-unfunc-
tionalized MOFs after expose to water vapour at relative pres-
sures below the pore filling step. Humidity chambers of 25%,
54%, and 75% were made using potassium acetate, magnesium
nitrate, and sodium chloride saturated solutions in water. As
has been previously demonstrated, and verified herein, when
Ui0-66 is exposed to 75% humidity for 100 days, the nitrogen-
accessible BET surface area remained unchanged.62 When UiO-
67 is exposed to 25% RH for 100 days, the BET accessible sur-
face area is also unchanged. Above the relative pressure asso-
ciated with pore-filling, where it is well established that Ui0-67
cannot be activated from water,63-66 the expected BET surface
area could not be achieved upon thermal activation. We hy-
pothesize that solvent exchange may be used to regenerate the
full surface area of the material.65 With regards to UiO-68-
Mes/PCN-57, at over 100 days at 54% RH there was no signifi-
cant loss in the surface area (Figure S28). As such, no adverse
effects were observed to these MOFs, below the adsorption
step.

To further probe this, powder X-ray diffractograms were meas-
ured for the six MOFs after water vapour exposure below the
step in the isotherm. The data (Figure S22-S24) shows no sig-
nificant changes for the MOFs explored here. Thus, with larger
Zr-based MOFs, which will have adsorption steps at even
higher relative humidity, concerns of water vapour are negligi-
ble.

To explore the adsorption process further, we also explored the
water adsorption isotherm in ever-increasing final relative hu-
midity cycles (Figure S9-S11). For UiO-66, the adsorption/de-
sorption trace does not change as a function of the final relative
humidity of each cycle (Figure S19). For UiO-67, below 50%
RH, the adsorption/desorption cycles were identical (Figure
$10). Adsorption up to 50% RH followed by desorption re-
sulted in a desorption profile that was not reversible. This sug-
gests that heat, solvent exchange, or lower pressures are nec-
essary to remove all the water molecules. However, what is of
key importance is that further adsorption from this point leads
to adsorption that is consistent with UiO-67. This indicates that



the water molecules that could not desorb did not adversely af-
fect the material over the course of this experiment. For UiO-
68-Mes/PCN-57 (Figure S11), we observed a similar trend as
with UiO-67. Interestingly however, the condensation step
seems to shift to higher RH as a function of cycles. This is con-
sistent with our exploration of different UiO-68-Mes4/PCN-57
synthetic procedures (See section 2.6 of the SI for further de-
tails).

4 Conclusions

Water adsorption onto porous materials shows great promise
for removal of water vapour from the air. Simultaneously, for
other applications, water vapour adsorption may inhibit or en-
hance chemistry inside a porous material. The work presented
herein presents an in-depth look at zirconium-based MOFs by
analyzing the water adsorption isotherms using nitrogen ad-
sorption isotherms as a point of comparison.

Extending our results toward the applications of zirconium-
based MOFs, there are three conclusions that can be drawn
from our work. Firstly, at relative pressures below the occur-
rence of condensation, water reversibly adsorbs approximately
one water molecule per zirconium centre. This indicates that
the porous structure is still capable of adsorbing other gases
and may even offer advantageous hydrogen bonding to assist
in adsorption, catalysis, and/or chemical reactivity. Further-
more, at these partial pressures, we observed no detrimental
effect on these MOFs. Secondly, the hydrophobicity of the pore
increases as the pore width increases. These results indicate
that zirconium-based MOFs as large or larger than UiO-68 are
safe from interference or structural changes at most humidity
levels. This is ideal for MOF applications in high humidity envi-
ronments where we expect water to safely co-exist with the
MOF. Lastly, with consideration to HVAC systems, Ui0-66 is an
ideal candidate for passive HVAC systems. The onset of water
adsorption is centered around the ideal indoor air conditions.
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