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Simulated adsorption isotherms for water in UiO-66 illus-

trate that defects in the form of missing linkers make this

MOF more hydrophilic. Heats of adsorption and density

plots further confirm the effect of defects on adsorption

of water in UiO-66 at low loadings. In addition, water and

CO2 isotherms indicate that not only the amount of defects

but their locations within the material affect the loading of

guest molecules.

Metal-organic frameworks (MOFs) are porous crystalline ma-

terials made up of inorganic nodes connected by organic link-

ers. Due to their porosity and their chemically tunable nature,

MOFs are being assessed for use in a variety of adsorption

applications; however, many MOFs are unstable in the pres-

ence of water, thereby drastically limiting their usefulness.1–3

UiO-66 is a MOF whose inorganic node is a Zr6O4(OH)4 clus-

ter, a common motif in MOFs able to withstand water and

high temperature.4,5 Most water-stable MOFs are hydropho-

bic, and exhibit Type V6 isotherms.7 While there is no gen-

erally accepted definition of hydrophobicity in porous materi-

als, the pressure at which the pores fill with water is a conve-

nient metric.8 Highly hydrophobic MOFs, such as ZIF-8, do

not show appreciable uptake of water until near the saturation

vapor pressure of water, while hydrophilic MOFs adsorb wa-

ter at very low pressures.9 Experimental water isotherms for

UiO-66 show water condensation in the pores at 30% relative

humidity,10–12 which is unusually low for a water-stable MOF.

In this work, we used grand canonical Monte Carlo simula-

tions to study the adsorption of water in hydroxylated UiO-66,

following the methodology we used previously for a set of hy-

drophobic MOFs.8 Lennard-Jones parameters for the frame-

work were taken from the DREIDING13 force field, except for

zirconium, which was taken from UFF.14 Framework charges

were calculated with the REPEAT15 method. The TIP4P16

model was used for water, and the TraPPE17 model was used

for CO2. Experimental results in the literature5,18,19 have

† Electronic Supplementary Information (ESI) available: All simulation de-

tails including structure files with partial charges, pore size distributions for

each structure, details of BET calculations including N2 isotherms, and heats

of adsorption for CO2. See DOI: 10.1039/b000000x/

Department of Chemical & Biological Engineering, Northwestern Uni-

versity, 2145 Sheridan Road, Evanston, Illinois 60208, USA. E-mail:

snurr@northwestern.edu; Tel: +1-847-467-2977

shown that UiO-66 samples often contain defects in the form

of missing linkers. To model this, we created two defect unit

cells in which each Zr node is missing one linker (out of 12 to-

tal), and each missing linker is replaced by 4 hydroxyl groups

(2 on each node it was connected to). While the number of de-

fects present in each defect unit cell is identical, the location

of these defects differs between the two unit cells.

Fig. 1 Water isotherms for UiO-66 at 298 K from simulation (ideal

unit cell and two defect unit cells) and experiments I10, II 11, and

III 12

Figure 1 compares experimental10–12 water isotherms to

simulation results for the ideal unit cell and the two defect unit

cells. The ideal unit cell isotherm predicts water condensation

around 0.7 P/P0, and a lower saturation loading than any of

the experimental results. On the other hand, the unit cells with

defects show water condensation in the pores around 0.1 and

0.2 P/P0, along with a higher saturation loading than the ex-

perimental results. The shape of the isotherms for the defect

unit cells is a closer fit to the experimental results, showing a

more gradual ascent. Even the slight shoulder visible in Ex-

periment I can be seen in the first defect unit cell. The satu-

ration loadings suggest that there are fewer linkers missing in

the experimental samples than in our defect-laden unit cells.
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Adsorption of water in these materials is affected by both the

number of defects and their location.

In order to better characterize the presence of defects in the

experimental materials, we examined the nitrogen isotherms.

Experiment I10 does not report N2 isotherms for their sam-

ple. Experiment II11 reports a BET surface area of 1160 m2/g,

and their nitrogen isotherm20 shows a saturation loading of

around 350 cm3/g at P/P0 = 0.8. Experiment III12 reports a

BET surface area of 1290 m2/g and a saturation loading of

320 cm3/g. From simulated nitrogen isotherms, we calculate

a BET surface area of 1280 m2/g and a nitrogen saturation

loading of around 300 cm3/g for the ideal unit cell. For the

first defect unit cell, we calculate a BET surface area of 1400

m2/g and a saturation loading of around 330 cm3/g. The ex-

perimental BET surface areas are close to our ideal BET sur-

face area; however, the experimental nitrogen saturation load-

ings are both greater than that predicted for our ideal unit cell.

These values, along with Figure 1, illustrate how a small num-

ber of defects (which lead to only small differences in the BET

surface area and the nitrogen saturation loading) can have a

profound effect on the adsorption of water in UiO-66.

In addition to running water adsorption isotherms, we also

ran the desorption isotherm in the ideal unit cell and observed

large hysteresis (see Supporting Information), with water ex-

iting the pores around 0.25 P/P0 as shown in Figure S5. Hys-

teresis in GCMC simulations is strongly related to the mech-

anisms in experimental hysteresis, with the exception of any

pore blockage effects (which are unlikely in this scenario).21

Hysteresis can be found in the water isotherms (both exper-

imental and simulation) of many hydrophobic MOFs,7,22–24

though it is notable that ZIF-8 does not exhibit any hystere-

sis.9 For UiO-66, only Experiment III12 reports a desorption

isotherm, which shows slight hysteresis (see Figure S5).

The difference in hydrophobicity between the ideal and de-

fective unit cells is further clarified by the heats of adsorption,

Qst , as seen in Figure 2. The heats of adsorption for the ideal

unit cell follow the same shape as seen previously for other

hydrophobic MOFs,8 with values around 15 kJ/mol at low

loading and then rising sharply and plateauing at 60 kJ/mol.

In contrast, the heats of adsorption calculated for the unit cells

with defects show a Qst at low loading around 70 kJ/mol or 60

kJ/mol, which then gradually decreases to around 55 kJ/mol at

saturation loading. This curve looks very similar to those re-

ported for MOFs with functional groups, where high Qst val-

ues at low loadings are standard, due to strong adsorption at

the functional groups. This suggests that the defects in UiO-66

cause it to be more hydrophilic.

Density distributions of water in both the ideal and the first

defective unit cell at low loadings further corroborate the im-

portance of these defect sites, as shown in Figure 3. At P/P0

= 0.07 (300 Pa) the defect isotherm has a higher loading than

its ideal counterpart. However, the density plot of the defect

Fig. 2 Simulated heats of adsorption for water in an ideal unit cell

of UiO-66 and two defect unit cells at 298 K

unit cell shows concentrated adsorption sites between the two

hydroxyls left by each missing linker on a Zr node. In con-

trast, the ideal unit cell shows more diffuse density clouds,

especially given that it has a lower uptake than the defective

one. In fact, the loading in the first small plateau of the de-

fect isotherm, at 0.024 P/P0, is 58 molecules per 128 hydroxyl

groups, which corresponds to roughly one water molecule be-

tween every pair of hydroxyl groups.

If a small number of defects can have such significant ef-

fects on water adsorption, they may also affect the adsorp-

tion of other small molecules. Figure 4 shows simulated CO2

isotherms for the ideal and defect unit cells compared with

experiment. Not only is there a large difference between the

isotherms for the ideal and defect unit cells, there is a signif-

icant difference in the isotherms for the two defect unit cells.

As noted above, it is not only the amount of defects but also

the location of those defects that can have a significant effect

on adsorption. The heats of adsorption for CO2 in UiO-66

can be found in Figure S6, and both of the defective unit cells

show high heats of adsorption at low loadings. Experiments

I and V also follow this trend; however Experiment IV shows

a gradual increase in the heats of adsorption as the loading

increases.

In conclusion, the ideal UiO-66 unit cell shows hydropho-

bic behavior, as quantified by water condensing in the pores

at around 80% relative humidity. Missing organic linkers in

UiO-66 create defect sites which make the MOF more hy-

drophilic, although experimentally, other defects in the crys-

tals and impurities may also affect the observed behavior. The

location of defects can lead to significant differences in ad-

sorption, as shown by simulated water and CO2 isotherms.

These findings are similar to what has been observed for
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Fig. 3 Density distributions of water in UiO-66: ideal (top) and

defective (bottom) unit cells at 300 Pa and 298 K; lefthand column,

without framework atoms; righthand column, with framework atoms

overlaid

silanol defects in silicalite,25 where the number and the rel-

ative location of the silanols is crucial to the formation of wa-

ter clusters. This work also supports the idea of Thommes et

al.26,27 that water isotherms can be used to characterize porous

materials in combination with nitrogen and argon adsorption.

In UiO-66, experimental BET surface areas and nitrogen satu-

ration loadings do not definitively suggest any deviation from

the ideal unit cell, but the water isotherms are quite sensitive

to the presence of defects.
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29, 14893–902.

4 | 1–4

Page 4 of 4ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t


