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H2O adsorptions inside porous materials, including silica zeolites, zeolite imidazolate frameworks, and metal–organic
frameworks (MOFs) using molecular simulations with different water models are investigated. Due to the existence of
coordinately unsaturated metal sites, the predicted adsorption properties in M-MOF-74 (M 5 Mg, Ni, Co, Zn) and Cu-
BTC are found to be greatly sensitive to the adopted H2O models. Surprisingly, the analysis of the orientations of H2O
minimum energy configuration in these materials show that three-site H2O models predict an unusual perpendicular
angle of H2O plane with respect to the Metal-O4 plane, whereas those models with more than three sites give a more
parallel angle that is in better agreement with the one obtained from density functional theory (DFT) calculations. In
addition, the use of these commonly used models estimates the binding energies with the values lower than the ones
computed by DFT ranging from 15 to 40%. To correct adsorption energies, simple approach to adjust metal-O(H2O)
sigma parameters to reproduce the DFT-calculated binding energies is used. With the refined parameters, the computed
water isotherms inside Mg-MOF-74 and Cu-BTC are in reasonable agreement with experimental data, and provide sig-
nificant improvement compared to the predictions made by the original models. Further, a detailed inspection on the
water configurations at higher-pressure region was also made, and observed that there is an interesting two-layer water
network formed using three- and four-site models. VC 2014 American Institute of Chemical Engineers AIChE J, 61: 677–

687, 2015
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Introduction

Carbon capture and sequestration (CCS), a process of cap-
turing carbon dioxide emitted from burning fossil fuel and
sequestrating it in the underground, is a potential means to
mitigate global warming and ocean acidification.1 Advanced
technologies based on regenerative capture are therefore
required. Adsorption via porous materials to remove CO2

from flue gas has been of great interests for its economic
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and environmental advantages.2 A key to implement adsorp-
tion technology in a large-scale commercial application is to
seek a potential adsorbent that exhibits a lower parasitic
energy (i.e., the electric load diverted from a power plant)
compared to the near-term technology, amine scrubbing. In
one of our recent works,3 Lin et al. screened hundreds of
thousands of zeolites and zeolitic imidazolate framework
(ZIF)4–6 structures, and identified many different structures
that have the potential to reduce the parasitic energy of CCS
by 30–40%. Furthermore, metal–organic frameworks
(MOFs),7–9 a relatively new class of porous materials, con-
sist of metal ions or clusters and organic linkers. Their
chemical functionalities and pore structures can be controlla-
bly tailored by assembling a variety of organic linker and
metal oxide. This highly tunable characteristic also makes
them as one of the most promising candidates for CCS
application.

The considered flue gas in most of the adsorption studies
for CCS is usually simplified as a binary gas mixture com-
posed of CO2 and N2 while other flue gas components (e.g.,
H2O, SOx, NOx) are neglected. As is well known, flue gas can
contain up to about 10% molar concentration of water.3 Water
adsorption in porous materials is therefore of great impor-
tance, in particular as water may compete for the same
adsorption sites. In addition, the adsorption of water is inter-
esting from a scientific point of view as, unlike CO2, water
can form hydrogen bonds and understanding the role of these
hydrogen bonds is important in the adsorption behavior. For
example, Lin et al. showed that the presence of H2O preferen-
tially occupies the CO2 binding sites, resulting in a large
reduction of the CO2 uptake.10 In contrast, a computational
and experimental study by Yazaydin et al.11 demonstrated that
the adsorption behavior of CO2 in Cu-BTC could be tuned by
the presence of water molecules coordinated to open-metal
sites. The interaction between the quadruple moment of CO2

and the electric field created by water molecules leads to
enhanced CO2 uptake and its selectivity over N2 and CH4.
Greathouse and Allendorf12 found that the structure of
IRMOF-1 deforms when the framework interacts with certain
amount of water, which is attributed to the replacement of
oxygen atoms of MOF with the ones of water in the Zn coor-
dination shells. Additionally, water confined in carbon nano-
tubes with a critical diameter can undergo a phase transition
into an ice-like state13,14; a nonpolar carbon nanotube can be
spontaneously filled by a one-dimensionally ordered and con-
tinuously chain of water molecules, and this pulse-like trans-
mission of water molecules through the nanotube results from
a tight hydrogen-bonding network inside the tube.15

In this study, molecular simulations are conducted to
explore water adsorption properties adsorbed inside varying

porous materials, including silicate zeolites, zeolitic imidazole
frameworks (ZIFs), and MOFs. It should be noted that a com-
prehensive understanding of water phase is still inadequate.
As a consequence, at least 46 distinct molecular water models
have been proposed16 for reproducing few specific properties
of water. In this work, we used a variety of H2O models to
offer insights into the adsorption behavior of water in different
porous materials. Several important adsorption properties
including binding energies, heats of adsorption, isotherms, and
spatial orientations and density profiles of water configurations
are investigated. Furthermore, a simple strategy was used to
correct force field based on the binding energies computed by
density functional theory (DFT) calculations. Comparisons of
adsorption isotherms with the available experimental data are
also made, justifying the effectiveness of the force field
obtained in this study.

Molecular Simulation

Grand-canonical Monte Carlo (GCMC)17 and canonical
Monte Carlo simulations with gradual decrease in tempera-
ture are performed to compute the adsorption isotherms and
binding geometry/energy, respectively. In these simulations,
the frameworks are treated as rigid and periodic boundary
conditions are applied. Nonelectrostatic pair-wise potential is
truncated and shifted to zero at a cutoff radius of 12.8 Å, a
value that is sufficiently large and has been widely used in
most simulation studies reported in the literature. Ewald
summation technique is used to compute the long-range elec-
trostatic interaction. The simulation box is composed of mul-
tiple unit cells to ensure each perpendicular dimension at
least twice of cutoff radius. To accelerate the simulations,
three-dimensional tabular table of interactions between H2O
and frameworks with grid spacing of 0.15 Å are precalcu-
lated, and cubic-spline interpolation is adopted. In addition,
to obtain accurate ensemble averages in GCMC simulations,
at least millions of configurations generated by random
translation, rotation, regrowth, and swap moves are sampled
in each simulation.

The geometrical and force-field parameters of the imple-
mented H2O models18–26 are provided in Table 1, and the
definition of these geometrical parameters can be found in
Figure 1. For pure-silica zeolite MFI, we use the force field
proposed by Castillo et al.18 while the UFF force field27 is
adopted for ZIF-8 and other MOF materials. The Lorentz–
Berthelot combining rule is used to determine the cross
interaction parameters. A more detailed information of the
material structures can be found in Refs. 3,18,28–32.

We studied 11 structures selected from various classes of
materials. For IRMOF-1,8,9 ZIF-8,4,5 MOF-177,33,34 Cu-

Table 1. Force-Field Parameters and Geometries of Considered H2O Models in This Study

Model r (Å) e (K) l1 (Å) l2 (Å) q1 (e) q2 (e) h (�) u (�)

SPC 3.1656 78.20 1.0000 – 10.410 20.8200 109.47 –
SPC/E 3.1656 78.20 1.0000 – 10.4238 20.8476 109.47 –
TIP3P 3.1506 76.54 0.957 – 10.4170 20.8340 104.52 –
TIP4P 3.154 78.02 0.957 0.15 10.5200 21.0400 104.52 52.26
TIP4P-Ew 3.1643 81.90 0.957 0.125 10.5242 21.0484 104.52 52.26
TIP5P 3.12 80.51 0.957 0.70 10.2410 20.2410 104.52 109.47
TIP5P-Ew 3.097 89.574 0.957 0.70 10.2410 20.2410 104.52 109.47
TIP6P 3.115OO 85.9766OO 0.980 0.889L 10.477 20.044L 108.00 111.00

0.673HH 13.8817HH 0.230M 20.866M

The definition of these geometrical parameters shown in this table can be found in Figure 1.
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BTC,7 Co-MOF-74,35 and Ni-MOF-74,36 the atomic charges
of framework atoms come from Yazaydin et al.37 while for
MIL-4738,39 and UMCM-1,40 charges are taken from our pre-
vious works.29,31 For Mg-MOF-7441–44 and Zn-MOF-74,45,46

we perform simulations with two different sets of framework
coordinates and corresponding charges. First set uses the
DFT-optimized structures with atomic charges fitted from
REPEAT scheme as obtained from our previous work.32,47

Another set uses the experimental structures and the charges
from Yazaydin et al.37

To analyze the microstructure of H2O adsorbed in porous
materials, probability densities of oxygen atoms of H2O mol-
ecules are computed.48 These calculation involve dividing
the unit cell of the framework into small elements along z-
direction in Cartesian coordinates and the x,y directions in
radial-, angular-directions in cylindrical coordinate (see Sup-
porting Information Figure S1a), and the average number of
the oxygen atoms residing in each element during simulation
is computed. Note that these values are properly normalized
to make the summation of probabilities to unity.

In addition to probability densities, two orientational order
parameters are calculated. The orientational order parame-
ter49 as a function of distance, r, from center of the pore
along z axis (i.e., pore axis) with respect to the Mg-MOF-74
surface is defined as

SðrÞ5
�

3

2
cos 2a2

1

2

�
(1)

where a is the angle between the normal vector to the plane
of an H2O molecule and the normal vector to the Mg-MOF-
74 surface. The bracket denotes an average over all of the
sampled molecules within a distance of r and r 1 dr. For
Mg-MOF-74 that has cylindrical pores along the z axis, the
normal vector n! to the Mg-MOF-74 surface at the position
of a given H2O molecule is calculated from the coordinates
of the center of mass of the H2O molecule (x0, y0)

n!52x0=ðx2
01y2

0Þ
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01y2
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where x̂ and ŷ are unit vectors along the x- and y-directions,
respectively (see Supporting Information Figure S2b). S �
20.5 and � 1 indicate that H2O molecules are perpendicular
and parallel to the Mg-MOF-74 surface, respectively;
whereas S � 0 reveals no particular orientation with respect
to the surface.

Similarly, the orientational order parameter with respect to
the pore axis is given by

SzðrÞ5
�

3

2
cos 2b2

1

2

�
(2)

where b is the angle between the normal vector to the plane
of an H2O molecule and the pore axis. Similarly, Sz � 20.5
and � 1 indicates that H2O molecules perpendicular and par-
allel to the pore axis, respectively, whereas Sz � 0 reveals
no particular orientation with respect to the pore axis.

Results and Discussion

Adsorption properties at infinite dilution condition

Henry coefficients and isosteric heats at zero coverage
were calculated for 11 structures selected from various
classes of materials at 298 K (see Table 2; data at 318 K
can be found in Supporting Information Table S1).

The results at 298 K show that ZIF-8, IRMOF-1, and
UMCM-1 have the smallest Henry coefficients (�1026 mol/
kg/Pa) and heats of adsorption (�10 kJ/mol) while the zeo-
lite MFI has an order of magnitude higher in Henry coeffi-
cients (i.e., �1025 mol/kg/Pa). For Cu-BTC and MOF-74
series, the Henry coefficients and heats of adsorption are the
largest among these MOFs, which can be attributed to the
existences of these open-metal sites.

More importantly, we observe that the details of the H2O
models play an important role in the adsorption properties.

Figure 1. Definitions of adopted water models: (a) three-sites (SPC, SPC/E and TIP3P), (b) four-sites (TIP4P and
TIP4P-Ew), and (c) five-sites (TIP5P and TIP5P-Ew).

The six-site (TIP6P) model is similar to that of five-site model with two long-pair sites M but has one extra site M along the bisec-

tor between two OH bonds similar to the four-site model. The atomic charges of pseudosites M and L in the six-site model have

values of q2,M and q2,L, respectively. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table 2. H2O Adsorption Properties Inside Different Materi-

als at 298 K and Infinite Dilution Condition

Material

Henry Coefficient
(mol/kg/Pa)

Isosteric Heats of
Adsorption (kJ/mol)

SPC/E TIP5P-Ew SPC/E TIP5P-Ew

MFI 2.87 E 205 2.39 E 205 226.61 226.33
ZIF-8 2.31 E 206 2.25 E 206 211.18 210.36
IRMOF-1 3.25 E 206 3.01 E 206 210.49 29.47
UMCM-1 4.83 E 206 5.12 E 206 210.80 211.62
MOF-177 3.85 E 203 5.00 E 203 255.32 256.71
MIL-47 1.99 E 204 4.39 E 204 233.49 234.91
Cu-BTC 1.87 E 204 8.96 E 204 231.69 239.79
Co-MOF-74 2.46 E 202 1.96 E 201 247.98 256.70
Ni-MOF-74 1.12 E 203 6.88 E 203 240.05 248.39
Mg-MOF-74a 8.55 E 203 4.97 E 202 243.81 250.88
Mg-MOF-74b 1.87 E 203 8.01 E 203 239.93 245.96
Zn-MOF-74a 1.83 E 204 6.77 E 204 233.35 239.59
Zn-MOF-74b 2.53 E 202 1.13 E 201 247.00 252.47

aAtomic charges are adopted from our previous works for Zn-MOF-7432 and
Mg-MOF-74,47 respectively.
bAtomic charges are adopted from Yazaydin et al.37
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For MFI, ZIF-8, IRMOF-1, UMCM-1, and MOF-177, both
SPC/E and TIP5P-Ew models have almost identical adsorp-
tion properties. For the adsorption in those MOFs with open-
metal sites, however, we observe large differences in adsorp-
tion for the different H2O models. The computed Henry
coefficients and heats of adsorption with TIP5P-Ew model
are larger than those of SPC/E model by �1 order of magni-
tude and �10%, respectively. In addition, the adsorption
properties are also sensitive to the partial atomic charges,
compared with the results obtained from REPEAT charges
with those obtained ChelpG charges (as used by Yazaydin
et al.).

Binding orientations and energies

As open-metal sites MOFs exhibit unique adsorption
affinities compared to other materials, we focus on Cu-
BTC and Mg-MOF-74 as two typical representatives for
these materials. Although the UFF force field has been
shown to yield poor estimates of CO2 adsorption isotherms
in these materials, in particular Mg-MOF-74,32 it is still
instructive to use UFF to investigate the effect of the water
models on the adsorption properties. In Table 3, we list the
computed metal-O(H2O) distance and spatial orientations
of the H2O binding configuration in Mg-MOF-74 and Cu-
BTC.

Table 3 shows the distances between Mg atom and
O(H2O) of binding configurations approximate 2.49, 2.51,
2.41, and 2.47 Å for three-site models (SPC, SPC/E, and
TIP3P), four-site models (TIP4P and TIP4P-Ew), five-site
models (TIP5P and TIP5P-Ew), and six-site model (TIP6P),
respectively. Although the MgAO distances of various mod-
els are similar, the angles between H2O plane and MgO4

plane reveal a remarkable difference. Interestingly, a clear
transition from the perpendicular orientation (�90�, for

three-site models) to the parallel orientation (<35�, for four-
site, five-site, and six-site models) is found. Similar behavior
has also been seen for H2O adsorbing in Cu-BTC.

To obtain some insights which of these water models give

a correct description, we compare the obtained geometries

with the ones computed by quantum mechanical calculations.

The binding geometry of H2O in Mg-MOF-74 obtained from

DFT calculations with the implementation of a nonlocal van

der Waals density functional, vdW-DF2,50 for dispersion

interactions shows that the distance of MgAO is 2.256 Å

and the angle between H2O plane and MgO4 plane is 36.29�

(Lin et al. unpublished). For Cu-BTC, the DFT-PW91-GGA

results from Watanabe and Sholl51 show a CuAO distance

of 2.304 Å and the corresponding angle of 48.6�. Another

DFT-CC calculation from Grajciar et al.52 shows that the

CuAO distance is 2.19 Å, close to the experimental value of

2.17 Å. From these data, we can see that the water models

with more than three sites provide a better quantitative

agreement of the binding orientations with the DFT results.

Note that five-site models have the best agreement with the

DFT results among these models.
Table 4 further summarizes the H2O binding energies

computed by different water models in Mg-MOF-74 and Cu-

BTC, which have values ranging from 247 to 260 and 236

to 247 kJ/mol, respectively. A detailed decomposition of

energies indicates that the electrostatic contribution domi-

nates the total energies. As a comparison, the binding ener-

gies calculated from DFT calculations are 269.85 kJ/mol for

Mg-MOF-74 (Lin et al. unpublished) and 255.3 kJ/mol for

Cu-BTC.52 Clearly, the energies from classical UFF deviate

at least 15% from DFT results for all H2O models. Among

these models, in particular, five-site models show a better

agreement with the DFT result, which is consistent to the

aforementioned orientation analysis.

Table 3. H2O Orientation of Minimum Energy Configuration in Mg-MOF-74
a

and Cu-BTC
b

Model
Distance Between
MgAO(H2O)a (Å)

Angle Between H2O Plane
and MgO4 Planea (�)

Distance Between
CuAO(H2O)b (Å)

Angle Between H2O Plane
and CuO4 Planeb (�)

SPC 2.496 89.77 2.379 89.95
SPC/E 2.487 89.85 2.372 89.41
TIP3P 2.490 78.87 2.369 89.70
TIP4P 2.507 20.51 2.433 36.26
TIP4P-Ew 2.507 19.36 2.427 27.79
TIP5P 2.408 31.96 2.305 24.74
TIP5P-Ew 2.407 32.11 2.306 25.55
TIP6P 2.468 11.49 2.382 11.73

aAtomic charges are adopted from our previous work.47

bAtomic charges are adopted from Yazaydin et al.37

Table 4. Binding Energy of H2O Adsorbed in Mg-MOF-74a and Cu-BTCb

Model Totala (kJ/mol)

Host-Adsorbatea (kJ/mol)

Totalb (kJ/mol)

Host-Adsorbateb (kJ/mol)

VDW Coulomb VDW Coulomb

SPC 248.43 3.12 251.55 236.41 6.14 242.52
SPC/E 250.18 3.54 253.72 237.86 6.64 244.46
TIP3P 248.65 1.21 249.87 236.77 6.35 243.08
TIP4P 247.16 6.57 253.70 237.28 10.25 247.49
TIP4P-Ew 248.55 5.52 254.03 237.67 9.29 246.92
TIP5P 259.55 8.14 267.68 247.51 12.28 259.75
TIP5P-Ew 260.17 7.56 267.72 247.65 11.90 259.52
TIP6P 250.25 4.26 254.49 238.63 8.13 246.73

aAtomic charges are adopted from our previous work.47

bAtomic charges are adopted from Yazaydin et al.37
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Force-field refinement

To improve the description of interactions between H2O
and open-site MOFs for those commonly used force fields,
we use a simple refinement strategy in this study. Consistent
with the work of Dzubak et al.,32 we found that in UFF the
repulsion between guest molecules and framework atoms,
especially the metal centers, are too strong. To correct this,
we decrease the crossing interaction parameter r between
O(H2O) and metal centers by applying a reducing factor on
the UFF parameters to effectively reduce the repulsion

energy. As an example, a reducing factor of 0.1 indicates

that the adjusted parameter has a value that is 90% of the

original one. Note that this correction has also been used in

one of the recent studies to predict the adsorptions of several

small molecules in open metal-site materials.53

We apply these corrections to the SPC/E, TIP4P-Ew, and
TIP5P-Ew water models. The total energies as well as
detailed contributions as a function of reducing factor is
shown in Figure 2; the total energies become more negative
with increasing ratio. For both materials, the best fits to the

Figure 2. Binding energy and decomposed contribution of H2O in (a, b) Mg-MOF-74 and (c, d) Cu-BTC as a func-
tion of reducing factor applied to the sigma parameter between Mg and O(H2O).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table 5. H2O Orientation of Minimum Energy Configuration in Mg-MOF-74
a

and Cu-BTC
b

with Refined Force-Field Parame-

ter at Different Reducing factor, rO

Model
rO Reducing

Factor
Energya

(kJ/mol)
Distance Between

MgAOa (Å)

Angle Between
H2O Plane and
MgO4 Planea (�)

Energyb

(kJ/mol)
Distance Between

CuAOb (Å)

Angle Between
H2O Plane and
CuO4 Planeb (�)

SPC/E 0.18 266.77 2.222 86.77 253.45 2.123 89.98
0.2 268.87 2.193 86.61 255.46 2.096 89.72
0.22 271.02 2.165 86.82 257.54 2.07 89.98

TIP4P-Ew 0.22 268.18 2.175 9.43 253.90 2.097 4.67
0.24 270.29 2.146 9.13 255.75 2.07 6.48
0.26 272.46 2.118 8.96 257.66 2.044 7.97

TIP5P-Ew 0.06 267.41 2.316 32.47 253.88 2.22 27.59
0.08 270.01 2.285 32.65 256.13 2.192 28.13
0.1 272.72 2.255 32.86 258.49 2.163 28.76

aAtomic charges are adopted from our previous work.47

bAtomic charges are adopted from Yazaydin et al.37

AIChE Journal February 2015 Vol. 61, No. 2 Published on behalf of the AIChE DOI 10.1002/aic 681

http://wileyonlinelibrary.com


DFT-computed binding energies are obtained at the reducing
factors, r, of 0.2, 0.26, and 0.08 for SPC/E, TIP4P-Ew, and
TIP5P-Ew, respectively. Table 5 further gives the H2O orien-
tations calculated from our refined force-field parameters.
Compared to the ones given in Table 3, it shows that the
refinements do not substantially change the binding orienta-
tions although the refined TIP4P-Ew model has a smaller

angle than the one without refinement (i.e., �20 to �10� in
Mg-MOF-74). It should be noted that the binding distances
computed by these refined models are much closer to the
DFT results.

Figure 3. Comparison of the experimental H2O iso-
therms in Mg-MOF-74 at 298 K with the
simulated isotherms by both original and
refined potentials with the use of (a) SPC/E,
(b) TIP4P-Ew, and (c) TIP5P-Ew model.

The values of applied reducing factor are denoted in

the legend. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.] Figure 4. (log–log scale) Comparison of experimental
H2O isotherms in Mg-MOF-74 at 298 K with
the simulated isotherms by both original and
refined potentials with the use of (a) SPC/E,
(b) TIP4P-Ew, and (c) TIP5P-Ew model.

The units in uptake are the number of H2O molecules

per metal site. The values of applied reducing factor are

denoted in the legend. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.

com.]
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Adsorption isotherms

In Figures 3 and 4, we compare the GCMC-computed
adsorption isotherms with the experimental ones for
Mg-MOF-74. Clearly, we can see that the predicted uptake
by these refined potentials is in good agreement with the

experimental data at low-pressure region, and provide signifi-
cant improvements compared to those without any refine-
ments. Additionally, the occurrence of capillary condensation

Figure 5. Comparison of the experimental H2O iso-
therms in Cu-BTC at 298 K with the simu-
lated isotherms by both original and refined
potentials with the use of (a) SPC/E, (b)
TIP4P-Ew, and (c) TIP5P-Ew model, and the
OCuFF potential proposed by Zang et al.57

The values of applied reducing factor are denoted in

the legend. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 6. (log–log scale) Comparison of the experimen-
tal H2O isotherms in Cu-BTC at 298 K to the
simulated isotherms by both original and
refined potentials with the use of (a) SPC/E,
(b) TIP4P-Ew, and (c) TIP5P-Ew model, and
the OCuFF potential proposed by Zang
et al.57

The units in uptake are the number of H2O molecules

per metal site. The values of applied reducing factor are

denoted in the legend. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.

com.]
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of these models is at uptake of �1 H2O per Mg site with the
refined force field, which is expected given that the
MgAH2O interaction is sufficiently strong and one would
anticipate that H2O molecules tend to occupy all available
metal sites first (i.e., H2O per Mg site). In contrast, for SPC/
E and TIP4P-Ew model, the original force-field models pre-
dict the transition at a loading of 0.1 mol/kg. Interestingly,
TIP5P-Ew model shows a very different behavior in the
adsorption mechanism compared to that of SPC/E and
TIP4P-Ew. The predicted isotherm by TIP5P-Ew has a pro-
nounced plateau, before capillary condensation sets in. This
plateau is not observed in experimental data.

At the higher-pressure region (i.e., >1 kPa), the predicted
uptakes by SPC/E and TIP4P-Ew models are higher than the
experimental values, whereas the TIP5P-Ew model estimates
lower uptake but agrees well with the Schoenecker’s work.54

The different experimentally reported isotherms, however,
differ drastically. Although the isotherm reported by Schoe-
necker et al.54 is in excellent agreement with the one meas-
ured by Yang et al.,55 the loading of Grant Glover et al.56 is
significantly lower than that of Schoenecker et al.54 One of
the possible explanations for this discrepancy is the reported
Langmuir surface areas of different samples, which vary
from 1400 to 2000 m2/g. Additionally, the materials can be
possibly decomposed in the presence of water vapors.54

These experimental differences make it difficult to properly
validate the different models at higher-pressure.

Figures 5 and 6 show the comparison between the com-
puted and experimental adsorption properties in Cu-BTC.
Similar to the case of Mg-MOF-74, the results show that the
refined potentials provide significant improvements compared
to the ones without adjustments. TIP5P-Ew models also
show an unusual pronounced plateau in uptake before con-
densation, which is not observed from the experimental data.
As of the high-pressure loading, the uncertainties and incon-
sistencies in the experimental measurements make it difficult
for a fair comparison.

At this point, it is intriguing to compare our refined poten-
tial with the one proposed by Zang et al.57 In their study on
the water adsorption in Cu-BTC, DFT calculations are used
to obtain an empirical correction function added to com-
monly used force fields based on about a 1000 single-point
calculations, which is denoted as OCuFF force field. As
shown in Figures 5 and 6, OCuFF still yields a poor estimate
in adsorption properties, in particular at low pressure region,

therefore, a further correction was required (i.e., OCuFF-
modified). Both of the approaches proposed by Zang et al.57

and our method aim at correcting H2O-metal interaction
directly based on DFT calculations. However, the approach
used in this study is relatively straightforward and requires
much less computation cost. It should be noted that some
other methodologies have also been introduced to derive
force fields in details from quantum calculations to model
H2O adsorptions in Mg-MOF-74.10,58 Similarly, the compu-
tational cost of these methods is expected to be more expen-
sive than the method adopted in this work.

Analysis of adsorbed configurations at higher-pressure
region

To provide deeper insights into the difference in the
uptake of these three H2O models at the higher-pressure
region, we plot in Figure 7 the density maps of the oxygen
atoms of H2O molecules in Mg-MOF-74 and the correspond-
ing density profiles quantitatively shown in Figure 8. This
analysis uses the force fields without refinements as no nota-
ble differences in uptake at 2.2 kPa between force fields
with and without refinement are observed.

Figure 7 shows that all three models predict the water
molecules to be preferentially adsorbed to the Mg atoms,
and a secondary adsorption sites located on the top of the
benzene rings of the Mg-MOF-74 linkers. These preferential
binding sites can be also observed from the peaks of go(h) in
Figure 8a. Surprisingly, Figure 7 also shows that the water
structure computed by SPC/E and TIP4P-Ew has an inner
square-like ring while TIP5P-Ew has a looser and uniform
distribution in the center of the pore. These observations are
also reflected on the density profiles as shown in Figures 8b,
c. Figure 8b illustrates that, compared to the TIP5P-Ew
model, the SPC/E and TIP4P-Ew models have higher proba-
bilities at r 5�0.2 nm, indicating the occurrence of an inner
ring. Figure 8c shows that, along the z axis, the TIP5P-Ew
model gives a lower and uniform density distribution. These
observations suggest that the SPC/E and TIP4P-Ew models
predict a more structured and organized water network than
the one by TIP5P-Ew model, which results in the differences
of the loadings at higher-pressure region.

Furthermore, the orientational order parameters of H2O
with respect to the pore surface and pore axis are shown in
Figure 9. It is interesting to see that both the SPC/E and

Figure 7. Density maps of oxygen atoms of H2O molecules in Mg-MOF-74 at 2.2 kPa and 298 K with the views
along z axis with the use of (a) SPC/E, (b) TIP4P-Ew, and (c) TIP5P-Ew models.

Warmer colors represent higher probabilities of finding oxygen atom of H2O molecule. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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TIP4P-Ew models predict more ordered configurations for
those water molecules adsorbed at the secondary binding
sites, that is, benzene ring at r 5�0.43 nm, than those com-
puted by TIP5P-Ew. The less ordered configurations with

TIP5P-Ew model may lead to a lower H2O adsorption den-
sity in the center of the pore.

Conclusions

Water adsorption properties inside different classes of
materials including zeolites, ZIFs, and MOFs are investi-
gated using different water models. The predicted properties
for a special set of MOFs with so-called open-metal sites,
compare to others, are found to be extremely sensitive to the
details of the water models. The conventional force fields
are shown to largely underestimate the adsorption energies
in these materials. Among several water models, this work
demonstrates that more than 3 sites models are necessary to
represent the binding geometry in these MOFs with open
metal sites; particularly TIP5P-Ew model gives a consistent
and better representation of binding configuration.

To provide accurate prediction in water adsorption, in this
work, we used a simple but effective strategy to correct
H2O-Metal repulsion distance by optimizing O(H2O)-metal r
parameter to best reproduce DFT-binding energies. The cor-
responding simulated isotherms at low-pressure region are in
much better agreement with experimentally reported ones
compared to the commonly used force field. Surprisingly,

Figure 8. Probability densities of the oxygen atoms of
H2O molecules as a function of (a) angle, (b)
radius, and (c) distance along the z axis at
2.2 kPa and 298 K.

The definition of adopted coordinates can be found in

Supporting Information Figure S1b. [Color figure can

be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 9. Distributions of the orientational order
parameters as a function of distance with
respect to (a) Mg-MOF-74 surface, (b) Mg-
MOF-74 pore axis at 2.2 kPa and 298 K.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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the TIP5P-Ew model shows a much more pronounced pla-
teau before the occurrence of capillary condensation, which
is not observed in the experimental data.

Moreover, the structure of adsorbed H2O molecules at
high-pressure region, that is, water network, in Mg-MOF-74
is quantitatively studied by examining orientational order
parameters and probability densities. A double-ring water
structure along the z-direction is observed for SPC/E and
TIP4P-Ew models while TIP5P-Ew shows a relatively disor-
dered structure in the channel. The relatively disordered
structure is attributed to the water configurations adsorbed
on the benzene rings.
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adsorption in a nickel based coordination polymer with open metal
sites in the cylindrical cavities of the desolvated framework. Chem
Commun. 2006;1:959–961.

37. Yazaydin AO, Snurr RQ, Park T-H, Koh K, Liu J, Levan MD,
Benin AI, Jakubczak P, Lanuza M, Galloway DB, Low JJ, Willis
RR. Screening of metal-organic frameworks for carbon dioxide cap-
ture from flue gas using a combined experimental and modeling
approach. J Am Chem Soc. 2009;131:18198–18199.

38. Barthelet K, Marrot J, Riou D, F�erey G. A breathing hybrid organic-
inorganic solid with very large pores and high magnetic characteris-
tics. Angew Chem Int Ed. 2002;41:281–284.

686 DOI 10.1002/aic Published on behalf of the AIChE February 2015 Vol. 61, No. 2 AIChE Journal

http://www1.lsbu.ac.uk/water/water_models.html
http://www1.lsbu.ac.uk/water/water_models.html


39. Rosenbach N, Jobic H, Ghoufi A, Salles F, Maurin G, Bourrelly S,
Llewellyn PL, Devic T, Serre C, F�erey G. Quasi-elastic neutron scat-
tering and molecular dynamics study of methane diffusion in metal
organic frameworks MIL-47(V) and MIL-53(Cr). Angew Chem Int
Ed. 2008;47:6611–6615.

40. Koh K, Wong-Foy AG, Matzger AJ. A crystalline mesoporous coor-
dination copolymer with high microporosity. Angew Chem Int Ed.
2008;47:677–680.

41. Deng H, Grunder S, Cordova KE, Valente C, Furukawa H, Hmadeh
M, G�andara F, Whalley AC, Liu Z, Asahina S, Kazumori H,
O’Keeffe M, Terasaki O, Stoddart JF, Yaghi OM. Large-Pore aper-
tures in a series of metal-organic frameworks. Science. 2012;336:
1018–1023.

42. Caskey SR, Wong-Foy AG, Matzger AJ. Dramatic Tuning of carbon
dioxide uptake via metal substitution in a coordination polymer with
cylindrical pores. J Am Chem Soc. 2008;130:10870–10871.

43. Dietzel PDC, Besikiotis V, Blom R. Application of metal–organic
frameworks with coordinatively unsaturated metal sites in storage
and separation of methane and carbon dioxide. J Mater Chem. 2009;
19:7362.
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