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W
ater exists ubiquitously in many
natural and synthesized nanopo-
rous materials such as zeolites,

clays, and proteins.1,2 As attributed to the

surface interactions and geometry con-

strains, water in nanoconfined space be-

haves significantly different from bulk wa-

ter. For instance, unique two-dimensional

layers, cyclic pentamers, infinite chains, and

helical heptamers were observed for water

upon confinement in various nanoporous

materials.3�6 The chemical composition of

materials, charged species, and hydration

level all come into play in a complicated

way and govern the microscopic proper-

ties of water. Therefore, an atomic-level un-

derstanding of water in nanoporous materi-

als is fundamentally important for tuning

material structures, functionalities, and

applications.

A large number of experimental and

simulation studies have been reported for

water in a variety of nanoporous materials

including carbons, zeolites, and protein

crystals. Gubbins and co-workers examined

the structure and melting of water in car-

bon nanotubes and silica glasses and found

that the melting point was depressed rela-

tive to bulk water.7,8 Murad and co-workers

suggested that carbon nanotubes could be

used for the separation of water and ions

from salt solutions.9,10 Do and co-workers

simulated the effects of curvature and sur-

face heterogeneity on water adsorption in

finite-length carbon nanopores and pro-

posed a new adsorption�desorption model

for water in activated carbon.11,12 Sholl and

co-workers examined the transport proper-

ties of hydrogen-bonding liquids (water and

alcohols) in single-walled metal�oxide

nanotubes and concluded that the

hydrogen-bond network of water causes
its diffusion behavior different from alco-
hols.13 Beauvais et al. quantitatively showed
the redistribution of nonframework ions in
FAU-zeolite during water adsorption, as
well as the influence of hydration on the
separation of p- and m-xylene.14 Di Lella et
al. studied the effect of preadsorbed water
on cation rearrangement and adsorption of
hydrocarbon mixtures in zeolites.15 Demon-
tis et al. provided an atomic-scale descrip-
tion on nanoclustered water, along with the
intra- and intermolecular vibrational prop-
erties of water in zeolites.16 Nalaparaju et al.
simulated the adsorption and diffusion of
water in Na-exchanged ETS-10 and ob-
served a redistribution of Na� ions upon
water adsorpiton.17 Hu and Jiang investi-
gated the spatial and temporal properties
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ABSTRACT The adsorption, mobility, and vibration of water in ion-exchanged rho-zeolite-like metal�organic

frameworks (ZMOFs) are investigated using atomistic simulations. Because of the high affinity for the ionic

framework and nonframework ions, water is strongly adsorbed in rho-ZMOFs with a three-step adsorption

mechanism. At low pressures, water is preferentially adsorbed onto Na� ions, particularly at site II; with increasing

pressure, adsorption occurs near the framework and finally in the large cage. Upon water adsorption, Na� ions

are observed to redistribute from site I to site II and gradually hydrated with increasing pressure. In Li-, Na-, and Cs-

exchanged rho-ZMOFs, the adsorption capacity and isosteric heat decrease with increasing ionic radius attributed

to the reduced electrostatic interaction and free volume. The mobility of water in Na-rho-ZMOF increases at low

pressures but decreases upon approaching saturation. With sufficient amount of water present, the mobility of

Na� ions is promoted. The vibrational spectra of water in Na-rho-ZMOF exhibit distinct bands for librational

motion, bending, and stretching. The librational motion has a frequency higher than bulk water due to

confinement. With increasing loading and hence stronger coordinative attraction, the bending frequency shows

a blue shift. Symmetric and asymmetric modes are observed in the stretching as a consequence of the strong

water�ion interaction. This study provides a fundamental microscopic insight into the static and dynamic

properties of water in charged ZMOFs and reveals the subtle interplay between water and nonframework ions.

KEYWORDS: water · adsorption · mobility · vibration · atomistic
simulation · metal�organic frameworks
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of water in biozeolitesOprotein crystals with different

morphologies and chemical topologiesOand found

that the flexibility of the protein framework promotes

water mobility.18,19

In the past decade, there has been explosive inter-

est in applying emerging metal�organic frameworks

(MOFs) in a wide variety of applications, such as gas

storage and separation, catalysis, and ion

exchange.20�24 MOFs possess well-defined pores with

record-breaking surface areas and pore volumes. In

many MOFs, water could exist in the samples after syn-

thesis. It was observed that Zn- or Cu-based MOFs are

sensitive to moisture and even degrade upon exposure

to air.25 As a consequence, water plays a crucial role in

governing their structures and properties. Greathouse

and Allendorf found that MOF-5 is stable at very low

water content but unstable upon exposure to �4% wa-

ter. They attributed the dissociation of MOF-5 to the

weak metal�linker interactions.26 Kanoh and co-

workers experimentally determined water adsorption

in pillared-layer MOFs with one-dimensional semirect-

angular pores and observed type I isotherms.27 Hen-

ninger et al. demonstrated that dehydratable�

hydratable water-stable MOF could be used for low-

temperature heating and cooling.28 Castillo et al.

performed a simulation study to understand water ad-

sorption in Cu-BTC and showed that water has a larger

affinity for metal sites than light gases and hydrocar-

bons.29 Küsgens et al. measured water adsorption in Cu-

BTC, ZIF-8, MIL-101, and DUT-4 and estimated the hy-

drophobicity and stability of MOFs toward moisture.30

Eddaoudi and co-workers developed a unique sub-

set of MOFs, zeolite-like MOFs (ZMOFs), by utilizing

metal centers as nodes and polyatomic organic ligands

as linkers.31�33 ZMOFs are topologically relevant to inor-

ganic zeolites and exhibit similar structural properties.

However, the substitution of oxygen atoms in zeolites

with tunable organic linkers leads to extra large pores.

The edge expansion offers a great potential toward the

design and synthesis of very open ZMOFs. Particularly

interesting, a number of ZMOFs consist of ionic frame-

works with charge-balancing nonframework ions (e.g.,

rho-ZMOF synthesized by assembly of tetrahedral

building units with a long ditopic organic linker).31 The

presence of nonframework ions in charged ZMOFs of-

fers several advantages over neutral structures in many

industrial applications. Similar to highly stable zeolites,

most ZMOFs largely maintain their structural integrity in

water and organic solvents. From a practical point of

view, ZMOFs could be potentially used in aqueous me-

dia for pervaporation, water treatment, and ion ex-

change. Therefore, a clear fundamental understanding

on the microscopic properties of water in ZMOFs will be

a major step forward for their emerging applications.

However, currently there is no study reported for wa-

ter in ZMOF.

Recently, we characterized the extraframework ions
and examined the selective adsorption of gas mixtures
in dehydrated Na-rho-ZMOF.34 In this work, we investi-
gate the adsorption, mobility, and vibration of water in
ion-exchanged rho-ZMOFs. In Results and Discussion,
first we show the locations and dynamics of Na� cat-
ions in dry Na-rho-ZMOF; then the adsorption sites, iso-
therms, and isosteric heats are presented for water in
rho-ZMOFs; the effect of ion type on water adsorption
is also explored. Finally, the mobility and vibration prop-
erties of water are reported. In Models and Methods,
the models of rho-ZMOFs, ions, and water are described
briefly, along with the simulation methods. Specifi-
cally, canonical ensemble Monte Carlo simulations were
used to identify the locations of Na� ions, grand canoni-
cal Monte Carlo simulations to predict the adsorption
of water, and molecular dynamics simulations to exam-
ine the dynamics of Na� ions, mobility, and vibration
of water.

RESULTS AND DISCUSSION
First, the locations and dynamics of Na� ions are

characterized in dehydrated Na-rho-ZMOF. Then, the
density contours and structural properties are pre-
sented for water adsorption in Na-rho-ZMOF, as well
as the adsorption isotherms and isosteric heats in rho-
ZMOFs with different types of ions. Finally, the mobility
of water is examined in Na-rho-ZMOF; the vibrational
spectra of water are shown to investigate how vibra-
tion is affected by confinement and interplayed with
ions.

Locations and Dynamics of Na� Ions. The extraframework
Na� ions in Na-rho-ZMOF have been characterized in
our previous study34 and are briefly described here. Fig-
ure 1 shows two types of favorable sites for Na� ions.
Site I is at the single eight-membered ring (S8MR) and
near the entrance to the truncated cuboctahedron (�-
cage). Two S8MRs in neighboring unit cells form a
double eight-membered ring (D8MR). The distance
from site I to the nearest In atoms in S8MR is 5.0�5.3
Å and approximately 7.8 Å to the next-to-nearest In at-
oms in the D8MR. Site II is in the �-cage and proximal to
the four-membered ring (4MR). In one unit cell, 26 Na�

ions are located at site I and the remaining at site II. The
distribution of nonframework ions in the two sites is
governed by the attractions between ions and frame-
work, in addition to the repulsions between ions. Com-
pared to site II, site I has a larger coordination number
with neighboring atoms in the octagonal S8MR and
hence a stronger interaction with the framework. The
sites identified here match fairly well with those of Mg2�

ions in rho-ZMOF.33 Nevertheless, a slight difference is
observed between monovalent Na� and divalent Mg2�.
To compensate the framework charges, Mg2� ions are
located in less anchored positions in the framework and
thus near the center of 4MR in the �-cage. In contrast,
the number density of Na� ions is doubled, and they an-
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chor closer to the framework. Interestingly, the two

types of binding sites in rho-ZMOF resemble those in

its inorganic counterpart rho-zeolite.35 In the latter,

however, an additional type of site is located at the cen-

ter of the D8MR and equally distanced from both

S8MRs.

A movie generated from MD simulation is provided

in the Supporting Information for the dynamics of Na�

ions in dehydrated Na-rho-ZMOF. The mobility of Na�

at site II is greater than at site I due to the relatively

weaker interaction with framework and the larger void

space available around site II. However, the overall mo-

bility of Na� ions in rho-ZMOF is generally small. This

is attributed to the strong electrostatic interactions be-

tween ions and framework and the degenerated favor-

able sites away from each other, which largely prohibits

ion hopping within the nanosecond time scale of the

MD simulation. In addition, the steric hindrance of

metal atoms connecting organic linkers also reduces

ion mobility.

Adsorption of Water. Figure 2 shows the density con-

tours of adsorbed water in Na-rho-ZMOF at 10�8,

10�2, and 1 kPa. At 10�8 kPa, water molecules are lo-

calized close to Na� ions and scattered from one

other. Therefore, the nonframework ions can be re-

garded as preferential adsorption sites for water.

With increasing pressure to 10�2 kPa,
water adsorption occurs primarily near
the framework surface. At 1 kPa ap-
proaching saturation, the large cage is
gradually filled and Na� ions appear to
be solvated by continuously distributed
water shells. Such a three-step adsorption
mechanism was previously observed for
water adsorption in NaX and NaY zeolites.36

From low to high pressure, the locations of
Na� ions are observed to shift from site I to
II upon water adsorption. It is also found
that water adsorbs preferentially near Na�

ions at site II rather than at site I. This is at-
tributed primarily to the steric effect, as
shown in Figure 1, the void space near site
II in the �-cage is larger than at site I.

Figure 3a,b shows the radial distribution functions

g(r) between Na� ions and oxygen atoms (OW) of wa-

ter, calculated from

where r is the distance between species i and j,

��Nij(r,r � �r)� is the ensemble averaged number of

j around i within a shell from r to r � �r, V is the sys-

tem volume, Ni and Nj are the numbers of i and j.

For both NaI
�-OW and NaII

�-OW, a pronounced peak

is observed in g(r) at r � 2.3 Å, and the peak height

drops with increasing pressure. This is due to two

factors: first, water molecules are located further

away from ions; second, the average density of ad-

sorbed water increases. As we shall see below, how-

ever, there are more water molecules around Na�

ions as water pressure increases; that is, Na� ions are

solvated by more water molecules. At a given pres-

sure, the peak height is larger in NaII
�-OW than in

NaI
�-OW. This confirms that water is located pre-

dominantly near site II. Because of the increasingly

cooperative attractions of adsorbed water at site II,

Na� ions at site I are progressively shifted to site II as

pressure increases. Such a redistribution of Na� ions

Figure 1. Locations of Na� ions in Na-rho-ZMOF. Site I (green) is at the
single eight-membered ring (S8MR), while site II (orange) is in the �-cage.
(a) Unit cell and (b) eight-membered ring and �-cage. Color code: In, cyan;
N, blue; C, gray; O, red; and H, white.

Figure 2. Density contours of water in Na-rho-ZMOF at 10�8, 10�2, and 1 kPa. Na� ions are represented by the large pink
spheres. The density is based on the number of water molecules per Å3.

gij(r) )
〈∆Nij(r, r + ∆r)〉V

4πr2∆rNiNj

(1)
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is observed in Figure 2 and will be discussed fur-

ther below. The second peak in g(r) of Na-OW is in-

distinct, unlike the case of water adsorption in NaX

and NaY.36 This is because rho-ZMOF has a very open

structure with extra large cavity. Figure 3c shows

g(r) of OW-OW for water adsorption in Na-rho-ZMOF

and for bulk water. At 10�8 kPa, the peak of g(r) in

Na-rho-ZMOF is located at 3.3�3.6 Å, and this rela-

tively long distance is between the scattered water

molecules near the neighboring Na� ions, as seen in

Figure 2. With increasing pressure, water molecules

get closer, form a hydration shell, and behave as bulk

water. Consequently, g(r) of OW-OW exhibits a peak

at 2.7 Å resembling bulk water. In the literature, it

was observed that the peak location of water in ionic

solutions is similar to bulk water.37

Figure 4 shows the coordination numbers of water

Nwater around Na� ions as a function of distance r be-

tween ion and water. Nwater was calculated from

where �water is the average density of water. As seen ear-

lier in Figure 3, the peak height of g(r) for both NaI
�-OW

and NaII
�-OW drops with increasing pressure. Neverthe-

less, Nwater becomes larger with pressure at any given r.

This simply reveals that the number of water mol-

ecules around Na� ions increases as pressure increases.

In other words, Na� ions are hydrated in a greater de-
gree. At r � 3.4 Å, corresponding to the first minimum
of g(r) in Figure 3a,b, Nwater of NaII

� is larger than that of
NaI

�, especially at 10�8 kPa. This further demonstrates
the preferential location of water near Na� ions at site
II rather than site I.

The adsorption isotherms of water in Li-, Na-, and Cs-
exchanged rho-ZMOFs are shown in Figure 5, as well
as in Figure S3 in the Supporting Information at low-
pressure regime. At low pressures, adsorption increases
sharply, indicating a micropore-filling mechanism. This
is attributed to the strong affinity of water for the ionic
framework and the nonframework ions. With increasing
pressure, adsorption tends to approach saturation. The
isotherms in all three systems exhibit the same shape
and belong to type I as classified by IUPAC. Neverthe-
less, the extent of adsorption is the largest in Li-rho-
ZMOF, followed by Na-rho-ZMOF and Cs-rho-ZMOF. In
other words, adsorption becomes weak with increasing
size of alkali ion in rho-ZMOFs. The porosity is esti-
mated to be 0.55, 0.54, and 0.50 in Li-, Na-, and Cs-
exchanged rho-ZMOFs, respectively. A smaller ion inter-
acts with water more strongly due to greater local
electric fields around the ion. With increasing ionic
size, the interaction between ion and water is reduced,

in addition to the free volume. These results are in good

accordance with water adsorption in cation-exchanged

FAU zeolite.38

The inset of Figure 5 quantitatively
shows the numbers of Na� ions at sites I
and II as a function of loading. As loading
increases, NaI

� ions decrease from 26 to
22 and, correspondingly, NaII

� ions in-
crease from 22 to 26. As discussed above,
the redistribution of Na� ions from site I
to II is due to the preferential adsorption
of water near NaII

� ions, which in turn ex-

erts attractive force on NaI
� ions and fa-

cilitates them to relocate. In our recent

study, the redistribution of Na� ions in

Na-ETS-10 was also observed upon wa-

ter adsorption.17

Figure 3. Radial distribution functions of (a) NaI
�-OW, (b) NaII

�-OW, (c) OW-OW in Na-rho-ZMOF at 10�8, 10�2, 0.1, and 1 kPa. For compari-
son, g(r) of OW-OW in bulk water is included as the dashed line in (c).

Figure 4. Coordination numbers of water around (a) NaI
� and (b) NaII

� in Na-rho-ZMOF at 10�8,
10�2, 0.1, and 1 kPa.

Nwater(r) ) Fwater∫0

r
gNa+-water(r')4πr'2dr' (2)
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The isosteric heat of water adsorption was calcu-

lated from

where R is gas constant, a is loading of water, Utotal is

the total adsorption energy including contributions

from both adsorbate�adsorbent and adsorbate�

adsorbate interactions, and Uintra is the intramolecular

energy of water. Compared with adsorption isotherm,

isosteric heat is more sensitive to loading thus more

commonly used to ascertain the adsorption mecha-

nism. Figure 6 shows Qst of water in Li-, Na-, and Cs-

exchanged rho-ZMOFs as a function of loading. At infi-

nite dilution, Qst is about 156.4, 131.5, and 104.1 kJ/mol

in Li-, Na-, and Cs-rho-ZMOFs, respectively. At any given

loading, Qst in Cs-rho-MOF is consistently smaller than

in Li- and Na-rho-ZMOFs. As discussed earlier, this is be-

cause the electrostatic interaction of water with a larger

cation is weaker. The decrease in isosteric heat with in-

creasing size of cation was previously observed in

cation-exchanged zeolites.38 In all-silica MFI and BEA,

Qst is in the range of 80�50 kJ/mol, significantly lower

than in the proton-exchanged counterparts.39 This re-

veals that the framework charges and nonframework

ions play a crucial role in water adsorption. In all of the

three systems, Qst drops as loading rises, indicating the
energetic heterogeneity of the framework. With a closer
look, we can find three regions with different slopes,
particularly in Li-rho-ZMOF: 0�5, 5�15, and beyond 15
mol/kg. This corresponds to the three-step adsorption
observed in Figure 2. Water is initially adsorbed onto
the nonframework ions, then close to the framework
surface, and finally in the large cage. Near saturation,
Qst approaches a value of 40�50 kJ/mol, which is ap-
proximately the enthalpy of vaporization of bulk water.

Figure 7 shows the locations of water in Li-, Na-,
and Cs-exchanged rho-ZMOFs at a bulk pressure of
10�8 kPa. For clarity, only water molecules in the
S8MR are shown. The adsorbed water molecules in-
teract with the nonframework ions and carbonyl
groups. The distance between water and ion is ap-
proximately 2.1�2.3 Å in Li-rho-ZMOF, 2.3�2.5 Å in
Na-rho-ZMOF, and 3.1�3.7 Å in Cs-rho-ZMOF. The
distance increasing from Li-, Na-, to Cs-rho-ZMOF is
attributed to the reduced electrostatic interaction
for a larger cation, as discussed earlier. This trend
was also observed for CO2 adsorption in ion-
exchanged FAU zeolites.40 Due to the formation of
H bonds, interestingly, water molecules in all the
three rho-ZMOFs are oriented in such a way that the
hydrogen atoms point toward the carbonyl groups.

Mobility of Water. The mobility of water was analyzed
by mean-squared displacement (MSD) from MD
simulation

where t is time, N is the number of water molecules,
and ri(t) is the position of ith water at time t. The
multiple time-origin method was used to evaluate
MSDs, and K is the number of time origins. Figure 8
shows the MSDs of water in Na-rho-ZMOF at vari-
ous pressures. At low pressures, water is strongly ad-
sorbed onto the nonframework ions. Thus, water ex-
hibits a local motion around ions with a negligible
mobility. With increasing pressure, ions are gradu-
ally solvated by hydration shells and water experi-
ences less interaction with ions; consequently, wa-
ter can move relatively free in the large cavity, and
the mobility increases. Near saturation, however,
steric hindrance plays a dominant role; that is, there
is no large room available for motion, and hence,
the mobility is retarded. In principle, if all of the
empty space is filled, molecules cannot hop from
one place to other and mobility becomes essentially
zero. The trend is similar to the behavior of water
in Na-ETS-1017 and FAU zeolite.36

The dynamics of nonframework Na� ions can be
substantially affected by adsorbed water. In the Sup-
porting Information, movies are shown for Na� ions in
Na-rho-ZMOF at different water loadings (with 360, 486,

Figure 5. Calculated adsorption isotherms of water in Li-,
Na-, and Cs-exchanged rho-ZMOFs as a function of pres-
sure. The inset shows the numbers of NaI

� and NaII
� as a

function of water loading in Na-rho-ZMOF.

Qst ) RT - [∂(Utotal - Uintra)

∂a ]
T,V

(3)

Figure 6. Calculated isosteric heats of water adsorption in
Li-, Na-, and Cs-exchanged rho-ZMOFs as a function of
loading.

MSD(t) ) 1
KN ∑

k

K

∑
i)1

N

|ri(t + tk) - ri(tk)|2 (4)
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and 531 water molecules in one unit cell). Like in dehy-

drated Na-rho-ZMOF, the mobility of Na� ions is mar-

ginal at a loading less than 486. Interestingly, several

Na� ions are found to move rather fast at loading of 486

or 531, implying that the dynamics of ions can be en-

hanced in the presence of sufficient amount of water.

This is attributed to the strong interactions of water

with the ionic framework and nonframework ions,

which substantially perturbs ion distribution and pro-

motes ion migration.

Vibration of Water. Spectroscopy is commonly used to

probe the structure and dynamics of fluids. The peak

position, bandwidth, and intensity of spectra in con-

fined space are different from those in bulk phase and

extremely sensitive to the changes of geometry and

strength upon confining. To obtain the vibrational in-

formation of water adsorption in Na-rho-ZMOF, the nor-

malized velocity autocorrelation functions (VACFs) Cv(t)

were estimated from MD simulation

where u(t) is the velocity of hydrogen atoms of water

at time t. The spectra were then calculated by the Fou-

rier transform of VACFs

where v is wavenumber. The fast Fourier transform

technique was used for this calculation.

Figure 9 shows the simulated vibrational spectra of

water in Na-rho-ZMOF at various pressures. For com-

parison, the spectra of bulk water were also calculated

and found to be consistent with the literature results.41

Three distinct bands are observed for water in Na-rho-

ZMOF, corresponding to the librational motion,

H�O�H bending, and H�O stretching of water, re-

spectively. The frequency of librational motion in rho-

ZMOF (	500 cm�1) is, due to confinement, higher than

in bulk water (	420 cm�1). As pressure increases, the

confinement effect is enhanced and a blue shift is ob-

served in the peak. A similar effect was observed for the

librational motion of water in FER zeolite.42 For H�O�H

bending, the frequency in rho-ZMOF is around 1440

cm�1, slightly lower than in bulk water (	1450 cm�1).

With increasing pressure, however, the bending fre-

quency exhibits a blue shift and is closer to bulk water.

This is because of the increasing coordination with the

increased number of surrounding water molecules.43

Consequently, the behavior of confined water gradu-

ally approaches bulk water, and the number of H bonds

increases. The two pronounced frequencies around

3670 and 3720 cm�1 are identified to be the symmet-

ric and asymmetric modes of H�O stretching. The split-

ting of symmetric and asymmetric modes, occurring

particularly at low loadings, is similar to the behavior

of interfacial water.44 This is attributed to the strong in-

teractions between water and cations, which break the

regular tetrahedral arrangement of water and lead to a

decrease in the number of H bonds. As loading in-

creases, the coordination with the surrounding water

molecules becomes stronger and the stretching band

has a red shift and is close to bulk water.

Among the three vibrational modes, the H�O

stretching is very sensitive to the change in the connec-

tivity degree of the H-bond network in the surround-

ing water, while the librational motion and H�O�H

bending depends largely on the local arrangement of

water molecules.45 In a porous material with structure-

making capability, the confined water behaves close to

Figure 7. Locations of water in the single eight-membered ring in Li-, Na-, and Cs-exchanged rho-ZMOFs at 10�8 kPa. Color
code: In, cyan; N, blue; C, gray; O, red; H, white; Li�, yellow; Na�, green; and Cs�, pink. The distances between water and ions
are in angstroms.

Figure 8. Mean-squared displacements of water in Na-rho-
ZMOF at various pressures.

Cv(t) ) 〈u(0) · u(t)〉
〈u(0) · u(0)〉 (5)

I(v) ) ∫0

+∞
Cν(t)cos(vt)dt (6)
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bulk water; consequently, the librational motion and
H�O�H bending are generally similar to bulk water.
For all of the three bands in Na-rho-ZMOF, the spectral
intensity and width exhibit a similar trend as a function
of pressure. At low pressures, the intensity is large be-
cause water is adsorbed onto cations and scattered,
thus the distance of the H bond is long, the vibration
has great amplitude, and the width is narrow due to the
limited number of H bonds. At high pressure, water
molecules stay close to one another and the number
of H-bonds increases; consequently, the spectra have
small amplitude and wide bandwidth.

CONCLUSIONS
We have investigated the adsorption, mobility, and

vibration of water in ion-exchanged rho-ZMOFs using
atomistic simulations. As a 4-connected ZMOF with to-
pology similar to rho-zeolite, rho-ZMOF is a very open
framework with an extra large cavity. It contains a large
number of charge-balancing cations to neutralize the
anionic framework. Two types of favorable sites were
identified for Na� ions in dehydrated Na-rho-ZMOF. Site
I is at the single eight-membered ring, and site II is in
the �-cage. Ions at site I have a larger coordination
number with the neighboring atoms and hence stron-
ger interaction with the framework. The locations of
Na� ions identified are in accord with Mg2� ions and re-
semble those in rho-zeolite. The mobility of ions in de-
hydrated rho-ZMOF is generally small.

Attributed to the high affinity of water for the ionic
framework and the nonframework ions, water is
strongly adsorbed in rho-ZMOFs with a three-step ad-

sorption mechanism. At low pressures, water is ad-

sorbed proximally to Na� ions. With increasing pres-

sure, adsorption occurs near the framework and finally

in the large cage. Interestingly, water is adsorbed pref-

erentially near Na� ions at site II; Na� ions at site I are

progressively shifted to site II upon water adsorption.

With increasing pressure, water molecules get closer,

form hydration shells around ions, and behave largely

like bulk water. For different ions (Li�, Na�, and Cs�), the

interaction between ion and water is reduced with in-

creasing ionic size. Consequently, the extent of adsorp-

tion and isosteric heat decreases following the order

of Li-rho-ZMOF, Na-rho-ZMOF, and Cs-rho-ZMOF.

Water exhibits a negligible local motion around ions

at low pressures. Nevertheless, the mobility increases

with pressure and finally decreases upon saturation.

The mobility of Na� ions is enhanced at sufficiently high

loadings of water. Three distinct spectral bands were

observed for water in Na-rho-ZMOF, corresponding to

the librational motion, bending, and stretching of wa-

ter, respectively. The frequency of librational motion is

blue-shifted from that of bulk water, attributed to con-

finement effect. With increasing pressure, the bending

exhibits a blue shift because of the increasing coordina-

tive attraction of water. The stretching splits into sym-

metric and asymmetric modes at low pressures due to

the strong water�cation interaction and approaches

the band of bulk water as pressure increases. For the

three bands of water vibration in Na-rho-ZMOF, the

spectral amplitude drops and the width broadens with

increasing pressure.

MODELS AND METHODS
Water was represented by the flexible three-point transfer-

able interaction potential model (TIP3P/Fs).46 The heat of vapor-
ization predicted by the TIP3P/Fs model is 43.68 kJ/mol, very
close to experimental value of 43.93 kJ/mol. This model also sat-
isfactorily reproduces the essential aspects of water vibration.
The intramolecular interaction, uintra, in TIP3P/Fs includes har-
monic bond-stretching and bond-bending potentials

where force constant kb � 4427.297 kJ/mol/Å2 and equilibrium
bond length rOH° � 0.96 Å; force constant k
 � 284.604 kJ/mol/
rad2 and equilibrium bond angle 
�HOH° � 104.5°. The intermo-

Figure 9. Vibrational spectra of water in Na-rho-ZMOF at various pressures and in bulk water.

uintra )
kb

2
[(rOH1

- rOH
° )2 + (rOH2

- rOH
° )2] +

kθ

2
(θ∠HOH - θ∠HOH

° )2

(7)
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lecular uinter is a combination of Lennard-Jones (LJ) and Coulom-
bic potentials

where �ij and �ij are LJ well depth and collision diameter, qi is
the atomic charge on ith atom, �0 � 8.8542  10�12 C2 N�1 m�2

is the permittivity of vacuum. Table 1 lists the corresponding LJ
parameters and atomic charges.

As the first example of a 4-connected MOF based on the to-
pology of rho-zeolite, rho-ZMOF possesses a space group of
Im3m and a lattice constant of 31.062 Å. It was synthesized by
metal�ligand-directed assembly of In atoms and 4,5-
imidazoledicarboxylic acid (H3ImDC).31 Each In atom is coordi-
nated to four N atoms and four O atoms of four separate dou-
bly deprotonated H3ImDC (HImDC) ligands, respectively, to form
an eight-coordinated molecular building block, as shown in Fig-
ure S1 in the Supporting Information. Each HImDC is coordinated
to two In atoms by forming two rigid five-membered rings via
N,O-heterochelation. The rho-ZMOF has a truncated cuboctahe-
dron (�-cage) containing 48 In atoms, which link together
through double eight-membered rings (D8MR). The substitu-
tion of oxygen in rho-zeolite with HImDC generates a very open
framework with an extra large cavity of 18.2 Å in diameter. Un-
like rho-zeolite and other rho-aluminosilicate or aluminophos-
phate, rho-ZMOF contains twice as many positive charges (48 vs
24) in a unit cell to neutralize the anionic framework. On the ba-
sis of the charge density (number of charges per cubic nanome-
ter), however, rho-zeolite may contain higher charge density
than rho-ZMOF. The as-synthesized negatively charged rho-
ZMOF contains charge-balancing doubly protonated 1,3,4,6,7,8-
hexahydro-2H-pyrimido[1,2-a]pyrimidine (HPP). The HPP
organic cations in the parent framework are fully exchangeable
with other organic and inorganic cations. For instance,
Na-exchanged rho-ZMOF with structural formula
[In48(C5N2O4H2)96][Na�

48(H2O)282] was obtained by replacing HPP
cations with Na� ions. Experimental thermogravimetric analysis
showed that all residential water molecules in Na-rho-ZMOF can
be completely evacuated.31

The atomic charges of the rho-ZMOF framework were calcu-
lated by density functional theory (DFT) on a fragmental cluster
shown in Figure S2 in the Supporting Information. It has been
commonly recognized that quantum mechanically derived
charges fluctuate appreciably with small basis sets. Neverthe-
less, they tend to converge beyond the basis set 6-31G(d). Con-
sequently, 6-31G(d) was used in our DFT calculations for all at-
oms except In atoms, for which the LANL2DZ basis set was used.
The DFT computations used the Lee�Yang�Parr correlation
functional (B3LYP) and were carried out with Gaussian03 pack-
age.47 It is noteworthy that the concept of atomic charges is
solely an approximation, and currently, no unique straightfor-
ward method is available to determine atomic charges rigor-
ously. In our study, the atomic charges were estimated by fit-
ting to the electrostatic potential (ESP). The nonframework ions
considered were alkali Li�, Na�, and Cs� each with a positive unit

charge. The dispersion interactions of framework atoms and
ions were represented by LJ potential with parameters from the
universal force field (UFF),48 as listed in Table 1. The Lorentz�
Berthelot combining rules were used to estimate the cross LJ pa-
rameters between water, ions, and framework atoms. Our re-
cent study showed that UFF can predict water adsorption in
Na-exchanged ETS-10 fairly well.17 A similar force field,
DREIDING, was found being applicable for water adsorption in
Cu-BTC.29

The locations of Na� ions in dehydrated Na-rho-ZMOF were
characterized using Monte Carlo (MC) simulation in canonical en-
semble (NVT) at 298 K. The simulation box contained a unit cell
of rho-ZMOF with 48 Na� ions, and the periodic boundary con-
ditions were applied in three dimensions. The unit cell was di-
vided into three-dimensional grids with the potential energy
maps tabulated in advance and then used by interpolation dur-
ing simulation. In such a way, the simulation was accelerated by
2 orders of magnitude. A spherical cutoff of 15.0 Å was used to
evaluate the LJ interactions, and beyond the cutoff, the usual
long-range corrections for a homogeneous system were used.
For the Coulombic interactions, a simple spherical truncation
could result in significant errors; consequently, the Ewald sum
with a tinfoil boundary condition was used. The real/reciprocal
space partition parameter and the cutoff for reciprocal lattice
vectors were chosen to be 0.2 Å�1 and 8, respectively, to ensure
the convergence of the Ewald sum. The 48 Na� ions were intro-
duced into the system randomly and followed by 107 trial moves.
Two types of trial moves were used with equal probability, in-
cluding displacement and regrowth. In the former, a randomly
chosen Na� ion attempted to move around its initial position,
while in the latter, the Na� ion attempted to grow in a randomly
selected position, which could be considered as “jump move”
in the entire simulation box.

Grand canonical Monte Carlo (GCMC) simulations were car-
ried out for water adsorption in Li-, Na-, and Cs-exchanged rho-
ZMOFs at 298 K. Because the chemical potentials of adsorbate in
adsorbed and bulk phases are identical at thermodynamic equi-
librium, GCMC simulation allows one to directly relate the chemi-
cal potentials of adsorbate in both phases and has been widely
used to simulate adsorption. In this study, the bulk phase was va-
por water at room temperature and thus behaved approxi-
mately as ideal gas. The framework was assumed to be rigid dur-
ing simulation because adsorption involves low-energy
equilibrium configurations, and the framework flexibility has
only a marginal effect. The potential energy between frame-
work and each type of adsorbate atom or ion was pretabulated.
The LJ interactions and Coulombic interactions were calculated
using the same way as in the NVT simulation mentioned above.
The number of trial moves in a typical simulation was 2  107,
though additional trial moves were used at high loadings. The
first 107 moves were used for equilibration and the subsequent
107 moves for ensemble averages. Five types of trial moves were
randomly attempted in the GCMC simulation, namely, displace-
ment, rotation, and partial regrowth at a neighboring position;
complete regrowth at a new position; and swap with the reser-
voir including creation and deletion with equal probability. The
nonframework ions were allowed to move, and as we shall ob-
serve, the locations of ions were indeed altered upon water
adsorption.

Molecular dynamics (MD) simulations were performed to ex-
amine the dynamics of Na� ions in dehydrated Na-rho-ZMOF
and the mobility of adsorbed water in wet Na-rho-ZMOF. The
Nosé�Hoover thermostat was used to maintain temperature at
298 K. The initial configurations were taken from the above MC
simulations. In MD simulations, 1 ns equilibration and 2 ns pro-
duction were conducted. The potential and kinetic energies were
monitored to ensure equilibration. A time step of 1 fs was used
to ensure proper energy conservation. Trajectory in production
run was saved every 1 ps to calculate the mean-squared dis-
placements (MSDs) of water. In addition, a 20 ps trajectory was
saved every 1 fs to calculate the velocity autocorrelation func-
tions of hydrogen atoms in water, which were then used to ob-
tain vibrational spectra. DL_POLY program was used in the MD
simulations.49

uinter(r) ) ∑
i,j

4εij[(σij

rij
)12

- (σij

rij
)6] +

qiqj

4πε0rij

(8)

TABLE 1. Potential Parameters for Water Atoms (OW and
HW), Ions (Li�, Na�, and Cs�) and Framework Atoms (In, N,
O, C, and H)

atom/ion � (Å) � (kJ/mol) q (e)

OW 3.1506 0.6362 �0.834
HW 0 0 �0.417
Li� 2.184 0.104 �1
Na� 2.658 0.126 �1
Cs� 4.024 0.188 �1
In 3.976 2.504 shown in Figure S2
N 3.260 0.288
O 3.118 0.251
C 3.431 0.439
H 2.571 0.184
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