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WATER CAPTURE

Evolution of water structures in metal-organic
frameworks for improved atmospheric

water harvesting

Nikita Hanikel*, Xiaokun Pei®, Saumil Chheda?, Hao Lyu', WooSeok Jeong®, Joachim Sauer**,

Laura Gagliardi®*, Omar M. Yaghi'*

Although the positions of water guests in porous crystals can be identified, determination of
their filling sequence remains challenging. We deciphered the water-filling mechanism for the
state-of-the-art water-harvesting metal-organic framework MOF-303 by performing an
extensive series of single-crystal x-ray diffraction measurements and density functional theory
calculations. The first water molecules strongly bind to the polar organic linkers; they are
followed by additional water molecules forming isolated clusters, then chains of clusters, and
finally a water network. This evolution of water structures led us to modify the pores by the
multivariate approach, thereby precisely modulating the binding strength of the first water
molecules and deliberately shaping the water uptake behavior. This resulted in higher water
productivity, as well as tunability of regeneration temperature and enthalpy, without

compromising capacity and stability.

he recent discovery that porous metal-

organic frameworks (MOFs) (I, 2) can

extract atmospheric water in the desert

to produce potable water (3-7) raises the

question of how such MOFs “pluck out”
water from arid air and easily release it,
especially on the molecular level. Indeed, the
evolution of water structures in MOFs and
synthetic crystals is sought after, but a full
mechanistic understanding of water uptake
behavior is still missing (8-17). Although the
water positions in some of these structures
have been determined with diffraction tech-
niques (11, 13, 16), the mechanism of how
water-binding sites are populated is much
harder to decipher because it requires high-
quality data and the ability to collect these
data at each loading increment. Knowledge of
the mechanism for water behavior in MOFs
should enable the design of water-harvesting
systems that can operate with greater energy
efficiency and productivity.

‘We successfully determined the uptake mech-
anism of MOF-303 {[AI(OH)(PZDC)], where
PZDC?" = 1-H-pyrazole-3,5-dicarboxylate}, the
state-of-the-art water-harvesting MOF (Fig. 1A)
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(5, 6), by using single-crystal x-ray diffraction
(SCXRD) to locate all of the water molecules
in its pores and identify the molecule-by-
molecule sequence of filling these locations.
Previously, the inorganic units of MOFs were
observed as the strongest water-binding sites
(10, 11, 15, 18). Using experimental and com-
putational methods, we found that the polar
organic linkers play a primary role as adsorp-
tive sites in MOF-303, where they are aligned
to create hydrophilic pockets into which the
first water molecules bind strongly and seed
further uptake.

We used the multivariate MOF strategy
(19, 20), in which multiple functionalities line
the pores across the crystal, to achieve ac-
curate design of the geometry and strength of
water interactions in a series of nine multi-
variate MOFs. This approach allowed us to
precisely control the relative humidity (RH)
levels at which these compounds extract water
from arid air, as well as heat of adsorption,
desorption temperature, and water product-
ivity, without compromising the pore size,
shape, or hydrolytic stability of the MOFs.
On a fundamental level, this study transforms
the development of water-harvesting materials
from a trial-and-error activity to precision mo-
lecular design and deliberate shaping of the
water behavior in the pores.

The structure of MOF-303 is based on in-
finite rod-like secondary building units (SBUSs)
consisting of alternating cis-trans corner-shared
AlOg octahedra that are connected by PZDC?*
linkers (Fig. 1). Topological reconstruction of
this MOF provides the xhh topology (text S2).
This arrangement has neighboring pyrazole
functionalities that point toward each other
and form a pocket defined by three n,-OH
groups and two N(H) on each of the linkers
(Fig. 1, A and B). Water adsorption into this
environment resulted in an unusual water
sorption isotherm in which the isotherm ex-
hibits a small but functionally impacting step
(labeled S; red segment in Fig. 1A) at low vapor
pressures. Step S reduced the water-harvesting
output per cycle (working capacity) for this
MOF by about 20 wt%, and upon cycling ex-
tensively, this reduction would amount to
large quantities of water. As additional water
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Fig. 1. Water sorption isotherm and crystal structure of MOF-303. (A) Water sorption isotherm at 25°C,
where P is water vapor pressure and P, is the saturation water vapor pressure. The water uptake is displayed
gravimetrically and with respect to the asymmetric unit [Al(OH)(PZDC)], of MOF-303. The three segments of
the isotherm are highlighted in red, yellow, and blue in the background. The linker 1H-3,5-pyrazoledicarboxalic acid
(H,PZDC) and MOF crystal structure are shown in the inset. The initial step is labeled with S. (B) Side view
visualizing two hydrophilic pockets defined by a pair of pyrazole-based linkers with their nitrogen atoms pointing
toward each other and flanked by two aluminum oxide rod-like SBUs. Here and in other figures, coordinate
systems are given for guidance. Al, blue polyhedron; O, pink; C and H, gray; N, green.

22 October 2021

lof 6



RESEARCH | REPORT

molecules filled the pore, a large water uptake
within a small RH window was observed in
the isotherm (yellow segment in Fig. 1A). Fur-
ther water uptake by MOF-303 filled the pores
entirely over a large RH range (blue segment
in Fig. 1A). We sought to learn how to elim-
inate the initial step S by understanding the
water uptake process through location of
the adsorption sites and the mechanism with
which they are populated.

Accordingly, we grew single crystals of suf-
ficient size (15 um x 15 um x 20 um; text S1) to
be studied by synchrotron SCXRD. For the de-
termination of the water structures at dif-
ferent loadings, we developed a procedure by
which it was possible to slowly desorb water
upon gradually ramping up the temperature
of the dry protective gas stream. The process
was designed to be sufficiently mild to avoid
crystal cracking, which has often prevented
SCXRD analysis. This procedure initiated a
controlled release of water molecules from the
MOF pores, which we monitored closely by
collecting a series of SCXRD datasets, each
acquired in a time frame of 3 to 12 min (text
S3). The almost perfect overlay of the adsorp-
tion and desorption isotherm curves with mi-
nimal hysteresis observed for MOF-303 (Fig.
1A) indicated that the water sorption process

was reversible and could be studied in either
the adsorption or desorption mode. Thus, our
SCXRD measurements allowed us to decipher
the molecular water adsorption mechanism of
MOF-303.

The SCXRD analysis revealed that the first
and strongest water adsorption site of the
framework (labeled I) was located between
the pyrazoles, in which the water molecule
formed three hydrogen bonds (H-bonds) to
two pyrazole groups and one p,-OH group, with
respective distances of 2.797(7) A, 2.887(9) A,
and 2.798(6) A between the heteroatoms (Fig.
2A). The second water molecule (IT) was also
situated between the pyrazoles and formed
two H-bonds with N : Oyater distances of
2.72(2) A and 2.96(3) A (Fig. 2B). Both of these
sites were located within the hydrophilic pocket
of MOF-303 and could be associated with the
step S at low vapor pressures.

The next water molecule occupied site 111
and only interacted with the remaining p,-OH
group at a distance of 2.89(3) A (Fig. 2C). The
fourth water molecule (IV) H-bonded to the
water molecules at I and II but not to the frame-

work, thus forming a trimeric cluster (I, II,
and IV; Fig. 2D), with the water molecule at II1I
remaining detached from it. At this loading
stage, such clusters were isolated from others

in neighboring symmetry equivalent pockets
(Fig. 2E). Adsorption of water molecules at I
to IV represented the seeding stage (red seg-
ment in Fig. 1A), which served as a nucleus for
binding of other water molecules.

Using density functional theory (DFT) calcu-
lations (text S4), we predicted the seeding wa-
ter adsorption sites in MOF-303. We found
that the first adsorbed water molecule exhibited
two short H-bonds to the pyrazole moieties
(both 2.8 A) and one short H-bond to the pi,-
OH group (2.7 A), similar to our experimental
observations. The second water molecule was
determined to be H-bonded to the neighbor-
ing pyrazole pair (2.6 and 2.8 A) and confirmed
the role of the aligned pyrazole functionalities
as primary adsorption sites. The third and
fourth water molecules H-bonded to the second
Ue-OH group and to the initially adsorbed water
molecules, respectively. This geometrical water
arrangement closely resembled the obtained
SCXRD structures, where the first three mo-
lecules adsorbed onto the framework and the
fourth molecule H-bonded with these mole-
cules. Furthermore, by applying a many-body
decomposition scheme (text S4), we calculated
the individual binding energy contributions
of each water molecule at the seeding stage.
A clear trend between H-bonding interaction

Fig. 2. Crystal structures of the seeding water adsorption sites in MOF-
303. (A to D) Sequential adsorption of the first four water molecules (I to IV) per
asymmetric building unit depicted in the hydrophilic pocket, as determined by
SCXRD analysis. (E) Three-dimensional view of the first four water molecules in
the framework pore. Shown crystallographic snapshots were captured at
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0.04ggtin(A), 0.06 gg™in(B), 011gg™in(C) and 0.15g g in (D) and (E).
H-bonds are depicted as red dashed lines. Black solid bars at the end of
H-bonds in (E) represent binding interactions to the MOF, which is partially
omitted for clarity. Al, blue polyhedron; O in the framework structure, pink; O
in Hy0, red; C and H, gray; N, green. H atoms in (E) are omitted for clarity.
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energies with the framework and the water-
filling sequence was observed, thus further
confirming the preferential siting of water
molecules in MOF-303.

A3

H,O in different water structure evolution stages:

Fig. 3. Evolution of water structures in MOF-303 at increased loadings.

(A to F) Water molecule positions at different adsorption states, as determined
by SCXRD analysis. The water structures in (C) to (F) were consecutively
co-populated and are depicted separately for clarity. Shown crystallographic
snapshots were captured at 018 g g in (A), 0.36 g g% in (B), 0.40 g g in (C),
041ggtin(D), 042 g g™tin (E), and 0.45 g g™ in (F). H-bonds are depicted

Hanikel et al., Science 374, 454-459 (2021) 22 October 2021

The crystallographic study revealed that ad-
ditionally adsorbing water molecules filled the
pores by interacting with other water mole-
cules rather than with the framework itself
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(Fig. 3). Adsorption of two additional water
molecules at V and VI yielded a structure in
which the neighboring clusters (I, I, and IV)
were connected with each other through new
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as red dashed lines. Black solid bars at the end of H-bonds represent binding
interactions to the MOF, which is omitted for clarity. The viewing direction for all
panels is the same as in Fig. 2E. Arrows in (F) indicate periodic extension of
water chains into a three-dimensional water network. Only the O atoms in H,0
are displayed, with colors indicating the pore-filling stages: seeding, red;
clustering, yellow; networking, blue.
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water tetramer clusters (Fig. 3A). Upon addi-
tion of water molecules at VII and VIII, the
tetramers transformed into hexamers (V to
VII) with one dangling water molecule at VIII
connected to VII (Fig. 3B). The evolution of
water structures from V to VIII, termed the
clustering stage, fell in the yellow segment of
the water sorption isotherm (Fig. 1A).

At higher water loadings, the sequential
partial filling of sites IX to XIV together with
the fully occupied sites I to VIII created infi-
nite H-bonded water chains of clustering units
(networking stage; blue segment in Fig. 1A).
First, the mutually exclusive, disordered sites
IX and X were populated simultaneously, with
the associated water molecules H-bonding to
the water molecules at I, IV, and VIII (Fig. 3C;
only X is depicted for clarity). Second, site XI,
which was connected to II, IV, and VII, was
partly filled (Fig. 3D). Third, partial population
of site XII connected II, ITI, and VIII (Fig. 3E).
At the highest loading, the pyrazole function-
alities became slightly displaced, whereas a
water molecule inserted at XIII between sites
IV, VII, and IX, consequently rearranging the
water molecule at IX to H-bond to the species
at I, IT, and VIII.

These changes to the framework and re-
structuring of the water network resulted
in partial filling of site XIV, in which the water
molecule H-bonded to the O-atoms of the car-
boxy functional groups (Fig. 3F). At this load-
ing, sites IX to XIV were co-populated and
partly filled, and the occupational factors of
these sites summed up to two water molecules
in total (table S3). Ultimately, neighboring chain
networks connected into a three-dimensional
water network. The highest water load of
10 water molecules per asymmetric unit, whose
crystallographic locations were presented above,
corresponded to a total uptake of 0.45 g g™ and
was in agreement with the total uptake found
in the water sorption isotherm (Fig. 1A).

Our series of SCXRD measurements allowed
us to further elaborate the impact of water
uptake on the framework. Throughout the
water adsorption process, the MOF underwent
substantial structural transformations and the
unit cell parameter changes were tracked at
different loadings (table S1). At its extreme,
the MOF lattice changed from 14.5037(6) A
to 16.7259(7) A in the b direction, and from
101.465(2)° to 105.091(2)° in B. We also con-
ducted SCXRD measurements on the fully
activated MOF at both 330 and 100 K and
observed only incremental unit cell changes
on the order of 0.01 A. This result confirmed
that these transitions were not caused by
temperature variations but rather by water
filling the pores.

In contrast, a larger difference was observed
in the unit cell dimensions (up to 0.5 A in the
b direction) between the activated and fully
loaded MOF at 100 K. Close examination of
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the hydrophilic pocket at different loadings
revealed that the neighboring pyrazoles under-
went adjustments to fit the water molecules
(table S5). Specifically, the closest intermole-
cular N : N distance in the activated structure
was 3.218(5) A. Then, upon first and second
water binding, this distance grew to 3.708(7) A
and 3.760(8) A, respectively, as the pyrazole
functionalities moved apart to accommodate
the water molecules. At full water loading,
the N : N distance peaked at 4.364(3) A and
allowed the formation of a three-dimensional
water network. Complementary DFT calcu-
lations indicated an increase in framework
strain at higher water loadings, which was,
however, compensated by favorable H-bond
interactions (text S4).

Having identified both experimentally and
computationally that the step in the water sorp-
tion isotherm originated from water interactions
with two neighboring pyrazole functionalities
(sites I and II), we decided to control the
H-bonding in the pocket by substituting PZDC>"
with another linker that was less hydrophilic.
We used 2,4-furandicarboxylic acid (H,FDC)
to synthesize a new MOF, MOF-333 {[Al(OH)
(FDC)], where FDC? = 2 4-furandicarboxylate;
Fig. 4A}, isoreticular to MOF-303 (21, 22); that
is, its rod-like SBUs consisted of cis-trans
corner-shared AlOg octahedra. The sequence
of the SBU was likely programmed by the sim-
ilar angle between the carboxylic acid groups
of the two linkers (158° for H,PZDC and 156.5°
for H,FDC, as evidenced by SCXRD; text S3)
and resulted in higher pore volumes, and con-
sequently higher water uptakes, relative to
other AI-MOFs built from rod-like SBUs (23).

In comparison to pyrazole, we expected fu-
ran to undergo weaker H-bonding with water
molecules because it is less acidic and less
basic, which is a consequence of the absence
of acidic H atoms and the lower protonation
propensity of the more electronegative O atom.
Indeed, DFT calculations of the adsorption
structures in MOF-333 suggested a stronger
interaction of the water molecules with the
Uo-OH group rather than the linker molecule,
which was reflected in their respective inter-
atomic distances (text S4). Furthermore, the
computed binding energies indicated that
water adsorption into the MOF-303 pocket
was substantially stronger than into the MOF-
333 pocket.

By following a SCXRD procedure similar to
that described above for MOF-303, we identi-
fied the primary adsorption sites in MOF-333
(text S3). The initially bound two water mo-
lecules (I' and II") could be distinguished by
SCXRD analysis. They exhibited one strong
H-bond to an individual p,-OH group with
Oomn | Owater distances of 2.770(14) A and
2.779(15) A. In addition, water molecule I'
had only a very weak interaction with the
furan linker with an Ogyran @ Owater distance
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of 3.01(2) A, thus further confirming that this
linker choice moderated the water sorption
properties of MOF-303 (Fig. 4A).

Next, we conducted a water sorption anal-
ysis on MOF-333 and observed an ideally shaped
water sorption isotherm with a steep step at
22% RH and without the step S observed for
MOF-303 (Fig. 4A). This value set alow RH
cutoff at which our new MOF could operate.
To extend its working range to more arid con-
ditions, we prepared a series of multivariate
MOFs consisting of both PZDC*™ and FDC?".
The nine synthesized MOFs covered the entire
range of linker mixing ratios, including the
two single-linker frameworks MOF-303 and
MOF-333. We use the nomenclature ‘n/m,
which describes the input ratio of PZDC*" to
FDC? (n to m); for example, 5/3’ denotes a 5-
to-3 input ratio of PZDC* to FDC?" and ‘0/8’
refers to the single-linker MOF-333.

Powder x-ray diffraction (PXRD) analysis re-
vealed that all nine products were isostructural
(text S5). The linker ratio for each MOF in the
multivariate series, determined by nuclear mag-
netic resonance (NMR) analysis on completely
base-hydrolyzed MOF crystals and elemental
microanalysis, was nearly proportional to the
input ratio (Fig. 4B and text S6). The close
correspondence between the input and output
ratios and the reproducible nature of this re-
action chemistry indicated a robust reaction
across all ratios—a behavior that may be called
formulaic. Additionally, the presence and
homogeneous distribution of PZDC* in the
multivariate MOF crystals and the absence of
single-linker MOFs were verified by scanning
electron microscopy coupled with energy-
dispersive x-ray spectroscopy (text S7). Map-
ping of Al, C, N, and O showed homogeneous
elemental distribution within the crystal out-
lines, and the overall intensity of the N signal
continuously decreased with increasing sub-
stitution of PZDC?™ by FDC?" (fig. S34,).

The thermal stability and porosity of our
products were assessed by thermogravimetric
analysis and N, sorption analysis, respectively.
The MOF series exhibited no weight loss up to
375°C under N, and up to 325°C under air
(text S8). The BET areas (1280 to 1360 m? g ™),
pore volumes (0.48 to 0.51 cm?® g™), and di-
ameters (~9.4 A) extracted from N, sorption
measurements on all nine compounds were
comparable and consistent with an isostruc-
tural series of MOFs (text S9). The small var-
iation in pore volumes stands in contrast to
the conventional method of tuning MOF
hydrophilicity involving the addition of func-
tional groups to the framework backbone,
which invariably reduces the free pore volume
and subsequently the water uptake capacity
(11, 24, 25).

We observed that the substitution of PZDC?"
with increasing amounts of FDC>™ continu-
ously shifted the water isotherm step toward
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Fig. 4. Characterization of the multivariate MOF series. (A) Water sorption isotherm of MOF-333 at 25°C.

The water sorption isotherm of MOF-303 is shown as a gray line for reference. The linker 2,4-furandicarboxylic
acid (H,FDC) and the pocket of MOF-333 with the first two adsorption sites (I' and II') are shown in the inset.
Al, blue polyhedron; O in the framework structure, pink; O in Hz0, red; C and H, gray. For simplicity, only

one orientation of the C/0 positional disorder of FDC? in the MOF structure is shown. (B) H,FDC linker ratios
determined by NMR and C/N elemental microanalysis are plotted against the respective input linker ratios.
Standard deviations (estimated from duplicate measurements on the same sample for elemental microanalysis
and analysis of three separate samples for NMR) are depicted as error bars. (C and D) Full-range and low-
pressure region of the water sorption analyses on the multivariate MOF series at 25°C. (E) Water vapor isobar

measurements at 0.85 to 1.70 kPa for ‘8/0, ‘4/4, and ‘0/8. (F) Water adsorption—desorption cycling of
‘4/4" between 30° and 85°C at 1.70 kPa for 2000 cycles of ~75 min each.

higher vapor pressures and covered the entire
range between the water sorption isotherms
of MOF-303 and MOF-333 (Fig. 4C). Further-
more, in accord with the analogous pore vol-
umes of all MOF compounds, the maximal
water uptake capacity was not compromised
upon linker substitution. The initial step in
the isotherm of MOF-303 was successfully
mitigated with increasing PZDC?” substitution

Hanikel et al., Science 374, 454-459 (2021)

and its prominence disappeared at FDC> con-
tents > 50%. All multivariate MOFs exhibited
negligible hysteresis between the adsorption
and desorption curves (Fig. 4D). This feature is
desirable because hysteresis tends to reduce
the working capacity and generally increases
the energetic requirement for sorbent regen-
eration. The formulaic character of this multi-
variate series (Fig. 4B) and the continuous

22 October 2021

ent temperatures (text S10). From these iso-
therms, we estimated the differential adsorption
enthalpy Ah,qs for all nine compounds using
the Clausius-Clapeyron equation (text S10).
With an increasing degree of FDC?™ incorpo-
ration, the average Ah,qs increased continuous-
ly from -53 to -50 kJ mol . We note that the
heat of condensation of water at 25°C is -44 kJ
mol™ and indicates the maximal possible en-
thalpy value for Ah,gs. Thus, the multivariate
method allowed us to effectively decrease the
adsorption heat penalty by up to 35%.

Moreover, our approach could be used to
design water sorbents with ultralow desorp-
tion temperatures, as demonstrated with iso-
baric desorption curves at water vapor pressures
between 0.85 and 1.70 kPa (corresponding to
20 to 40% RH at 30°C) for ‘8/0,” ‘4/4,’ and ‘0/8’
(text S10). The isobars exhibited a steep step
that increased with higher vapor pressures.
Notably, the minimal desorption temperature
could be decreased up to 10°C by substituting
PZDC?> with FDC? in the MOF structure (Fig.
4E). Furthermore, and in accordance with the
isotherms, the working capacity increased
with higher FDC?™ contents up to 15%. Both of
these factors have a fundamental impact on
energetic requirements and output per cycle
of a water-harvesting system. Additionally,
higher desorption temperatures restrict the
number of cycles the water harvester can per-
form daily because longer heating and subse-
quent cooling times will be necessary to drive
the higher temperature gradients.

Finally, we confirmed that mixing of PZDC*
and FDC?* within one MOF crystal does not
compromise the hydrolytic stability of the
single-linker framework by exposing ‘4/4’ to a
water vapor pressure of 1.7 kPa and cycling the
temperature between 30° and 85°C (Fig. 4F
and text S10)—a test that reliably verifies the
MOF’s longevity (7, 26). After 2000 uptake and
release cycles, the sorbent retained ~97% of its
working capacity.
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Designing water uptake

Although the locations of water molecules in some porous materials have been determined with diffraction techniques,
determining the filling sequence of water sites has been challenging. Hanikel et al. used single-crystal x-ray diffraction
to locate all of the water molecules in pores of the metal-organic framework MOF-303 at different water loadings

(see the Perspective by Ohrstrom and Amombo Noa). They used this information on the water molecule adsorption
sequence to modify the linkers of this MOF and control the water-harvesting properties from humid air for different
temperature regimes. —PDS
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