Water Capture Mechanisms at Zeolitic Imidazolate Framework Inter-
faces
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ABSTRACT: Water capture mechanisms of zeolitic imidazolate framework ZIF-90 are revealed by differentiating the water
clustering and the center pore filling step, using vibrational sum-frequency generation spectroscopy (VSFG) at a one-micron
spatial resolution and state-of-the-art molecular dynamics (MD) simulations. Through spectral lineshape comparison be-
tween VSFG and IR spectra, the relative humidity dependence of VSFG intensity, and MD simulations, based on MB-pol, we
found water clustering and center pore filling happen nearly simultaneously within each pore, with water filling the other
pores sequentially. The integration of nonlinear optics with MD simulations provides critical mechanistic insights into the
pore filling mechanism and suggests that the relative strength of the hydrogen bonds governs the water uptake mechanisms.
This molecular-level detailed mechanism can inform the rational optimization of metal-organic frameworks for water har-

vesting.

Interest in atmospheric water capture materials has grown re-
cently as the supply of fresh water becomes scarce. Metal-or-
ganic frameworks (MOFs), a class of porous crystalline solids
composed of transition metal centers coordinated to organic
linkers, hold great promise for water harvesting due to their high
porosity and tunability. Understanding the water capture mech-
anisms is crucial to rationally designing MOFs for energy-effi-
cient water capture.'™
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Figure 1. Proposed layer/cluster mechanism. In mechanism 1, indi-
vidual pores are filled before additional pores are filled, while in
mechanism 2, all pores fill simultaneously at a similar rate. Note:
cluster and pore sizes are not to scale.

Among different water adsorption mechanisms in MOFs,' =3 the
layer/cluster adsorption is a common mechanism in which wa-
ter clusters are first formed through nucleation on hydrophilic
sites in the MOF (detailed description of water cluster in SI S6
Fig 13a). Then, water uptake at the center of the pore occurs
through reversible pore filling.> While the mechanistic step is
clear, molecular level details are missing.>$ For example, water
clustering and center pore filling could occur sequentially on
single pore levels, but simultaneously overall (Mechanism 1,

Fig. 1). Alternatively, water clusters could form in every pore
at a certain relative humidity (RH) and, after all pores have wa-
ter clusters near the hydrophilic sites, center pore filling starts
(Mechanism 2, Fig. 1).

The lack of mechanistic detail is largely due to the difficulty in
separately probing water clustering and pore filling. The initial
water cluster formation happens at the interior surface of MOFs,
which requires interfacial specific techniques to probe. Adsorp-
tion/desorption isotherms,’”” a common method to study MOFs,
only report the number of water molecules in the pores. Diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS)
can only probe the molecular details of bulk water in MOFs.!%-
15 Although diffraction techniques have revealed molecular-
level details of water adsorption in MOFs, applications to in-
vestigating the pore filling mechanism have been limited.'*"”
On the other hand, molecular dynamics (MD) simulations can
provide molecular-level insights into interfacial processes, but
often lack corresponding experimental comparison,'%!1.20-22

Here, by selectively probing the water clustering step, using a
spatially-resolved  vibrational sum-frequency generation
(VSFG) spectroscopy and MD simulations with the MB-pol**~
25 water model,'" we study the water uptake mechanism of ZIF-
90, a hydrophilic MOF that can adsorb water at low RH without
open metal sites and be modified postsynthetically.?**” We find
that ZIF-90 adsorbs water by mechanism 1. This study empha-
sizes the importance of interfacial-specific techniques, 3 de-
termining that the competition between water-water and water-
framework interactions dictates the uptake mechanism. Under-
standing ZIF-90 water uptake mechanism lays the foundation to
further optimize its and other MOF’s water harvesting function
through post synthesis.

Two crucial technical aspects enable the micron-resolved
VSFG to probe adsorbed water at interior MOF surfaces. First,



ZIF-90 lacks inversion symmetry (I43m space group), making
it VSFG active, which is evident by its strong second order non-
resonant signal (broad feature at 2600 cm™).** Then, when wa-

ter adsorbs on the interior interfaces, it becomes VSFG active,
because the interactions between water and the hydrophilic
groups of ZIF-90 template the water network, and transfer the
symmetry from the framework to water. *>*! This VSFG mech-
anism is different from the widely studied case of planar air/wa-
ter interfaces.*?
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Figure 2. SEM images a) micron-sized and b) nanometer-sized
ZIF-90 crystals. ¢) The SFG signal is large for the micron-sized
crystal but neglegible for the nanocrystals.

Second, the VSFG microscope® (1.6 micron resolution) is nec-
essary to probe single crystals, avoiding signals from randomly
oriented crystals which, when ensemble averaged, cancel each
other out.* The necessity of this effort is evident from the fact
that only a single crystal of ZIF-90, having a diameter >10um,
(sample A, Fig. 2a and c), has a signal, while the aggregates of
ZIF-90 nanocrystals (sample B, Fig. 2b and ¢, and SI Fig. 3) do
not. In the following, we only focus on sample A and we also
chose to study D20, instead of H2O adsorption, to distinguish
atmospheric H20 adsorption by ZIF-90 during the sample trans-
fer under dry conditions.* 7

As the RH is increased from 0% to 29% (Fig.3a starts from 23%
for clarity, full range data see SI Fig.8), the overall non-resonant
signal reduces. Similar signal reduction occurs when H>O is ad-
sorbed in this RH range (SI Fig. 6). Combining the fact that at
this RH range no resonant molecular feature appears and the
adsorption isotherms show very limited water uptake, we attrib-
ute the intensity reduction to an increase in refractive indices
upon adsorption of a small amount of water,*® which leads to a
decrease in the Fresnel coefficients and ultimate reduction in
the second-order response of the hydrated MOF (description in
SI S2).# This small water adsorption prior to the major uptake
is referred to as pre-adsorption.

As the RH increases, a dip near 2600 cm™! becomes apparent at
31% RH (Fig. 3a). This feature appears exclusively during DO
(in contrast to H20) adsorption. Combined with its center fre-
quency, it is assigned to the OD stretch of adsorbed D20 on the
ZIF-90 interior surface, due to the symmetry transfer from ZIF-
90.33373930 Other possible origins of this spectral change®' were
ruled out (SI Fig. 5 and 6 for details). We extract the OD feature

by treating the non-resonant signal as a local oscillator (see SI
S4). Compared to bulk DO, OD features of both the bulk
(DRIFTS) and interfacial (VSFG) D20 in ZIF-90 exhibit
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Figure 3. a) Raw VSFG spectra from 23% to 33% RH, b) an
ATR spectrum of pure bulk D>0O, a DRIFTS spectrum at 43%
RH and an extracted VSFG spectra at 33%RH of D20 adsorbed
by ZIF-90. No VSFG lineshape changes were observed above
33%.

blueshifts (Fig. 3b), suggesting weaker hydrogen-bond interac-
tions experienced by the D>O molecules in ZIF-90, which is
supported by our previous MD simulations.'!

Spectral fittings show that the DRIFTS spectra have three peaks
at 2400 cm!, 2550 cm™ and 2665 cm™ (Fig. 4a), while VSFG
spectra have two peaks centered at ~2515 cm™ and 2630 cm’!
(Fig. 4b). Besides the Fermi resonance at 2400 cm, the 2550
cm! and 2665 cm’! peaks were assigned to the asymmetric and
symmetric OD stretching modes.!' The peak lineshape differ-
ence between VSFG and DRIFTS spectra suggest that the
VSFG signal is not a phantom signal due to liquid water absorp-
tion.”!

Despite a small redshift between the DRIFTS and VSFG spec-
tra (~35 cm!), the overall peak positions are similar, which is
somewhat counterintuitive. As explained above, VSFG probes
D20 bound to the aldehyde groups at the step of water cluster-
ing, whereas DRIFTS probes all D20 inside the pore, at both
water clustering and pore filling steps (see SI S6 and SI Fig. 13
for details). Based on MD simulation, if during the water cluster
step D20 is only bound to the aldehyde groups of ZIF-90, its
OD frequency should be ~2720 cm’!, significantly blueshifted
compared to D20 in the bulk region of the pore (~2600 and 2660
cm’!, SI Fig 14). This blueshift is observed because the hydro-
gen bonding between D20 and aldehyde groups is weaker than
that between D20 molecules.!! Thus, the similar spectral posi-
tions in the DRIFTS and VSFG spectra suggest that instead of
only binding to the organic linkers, DO molecules in the water
clustering step experience a comparable local environment to
the ones of pore filling steps.

A more unexpected result is that the RH dependence of the
VSFG peak intensities closely follows the adsorption isotherm
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Figure 4. Fitting results for a) DRIFTS and b) VSFG at saturation. ¢) Experimental integrated VSFG intensity (blue), adsorption
isotherm (yellow), bound D2O that contribute to VSFG signal from simulation, Nsur (purple), and total simulated D20 inside pore
versus RH, Nt (red). Nar is calculated as the average number of water throughout the simulation that form a hydrogen bond to the
carbonyl group of the framework (OW-o distance < 3.5 A and HW-OW-o angle < 30°) for more than 400 fs, which is coherent

lifetime of the OD oscillation

(Fig. 4c¢). Since VSFG probes D20 bound to the interior sur-
faces, the VSFG spectra are sensitive to the water clustering
stages of D20 uptake. In other words, the RH dependence of the
VSFG signal suggests that the onset of water clustering and
pore filling occur simultaneously. We note that the RH depend-
ence of the DRIFTS intensity (SI Fig. 10) differs drastically
from that of the VSFG spectrum because DRIFTS intensity
scales nonlinearly with the adsorbate concentration.'?"15

MD simulations with the MB-pol model provide molecular-
level insights into the underlying molecular mechanism of D20
uptake by ZIF-90. At 30% RH, the simulations indicate that in-
stead of a uniform distribution across all pores, DO molecules
localize into a single pore (Fig. 5a).2° Only at 40% RH do D>O
molecules nearly uniformly occupy all pores (Fig. 5b). This re-
sult is robust against the initial distribution of DO molecules at
every RH (SI S6 and SI Figs. 15-17).

We further plot the number of D20 molecules adsorbed at inte-
rior surfaces (Nsuf), which can contribute to the VSFG signal, as
well as the total number of adsorbed D>O molecules (Nit) as a
function of RH (Fig. 4c¢), to determine if water clustering and
pore filling occur concurrently (mechanism 1) or sequentially
(mechanism 2). Both Nsur and Niwt follow a similar trend and
saturate at 40% when all pores are filled, agreeing with the RH
dependence of the VSFG intensity and adsorption isotherm.
This implies that water clustering and pore filling occur concur-
rently, with the D2O molecules filling one pore after another, as
in mechanism 1 (Fig. 1).

Our MD simulations further indicate that adsorption in a single
pore is energetically favorable through the enthalpy of adsorp-
tion. At 30% RH, the enthalpy of adsorption is ~2 kcal/mol
lower at the beginning of the simulation when the D20 mole-
cules are uniformly distributed in the pores (Fig. 5S¢ and SI Figs.
17-18). As the simulation progresses, the water molecules clus-
ter into fewer pores, and the enthalpy of adsorption increases.
Furthermore, the enthalpy of adsorption does not change
throughout the simulation once all pores are filled at 40% RH
(Fig. 5¢). This result is explained by considering that water-car-
bonyl interactions are weaker than water-water interactions in

ZIF-90. It should be noted that, due to slower orientational dy-
namics, the entropy of the DO molecules in ZIF-90 is larger
than in the bulk and decreases as the RH increases (SI Tables
S3-S6).52-5% At the very early stages of uptake, the entropic term
thus drives D20 molecules to the interior surface of a pore
where they offer additional hydrogen-bonding sites. Due to
stronger water-water interactions (i.e., larger enthalpic term)
additional D20 molecules prefer to form hydrogen bonds with
the surface-bound D20 molecules, instead of binding to alde-
hyde groups in other pores.

Since water clustering and pore filling occur simultaneously, it
follows that, although VSFG detects D20 involved in the clus-
tering step, these molecules, at the same time, experience hy-
drogen-bonding interactions with other D20 molecules in the
pore, which explains why the positions of the D20 peaks in the
DRIFTS and VSFG spectra are similar. This conclusion is sup-
ported by the vibrational densities of states calculated for bulk
D20 and D20 adsorbed at the interior of the ZIF-90 pores (SI
Fig. 14).

For ZIF-90, water clustering and pore filling occur in single
pores before other pores are filled, driven by initial entropic
gains followed by increasing enthalpic contributions due to
stronger water-water interactions than water-framework inter-
actions. This mechanism is similar to the nucleation of water
dispersed in a hydrophobic medium>® and was also reported for
the hydrophobic ZIF-8.° However, it is unexpected for ZIF-90,
which is hydrophilic. Thus, this work shows that when design-
ing new MOFs for water harvesting, it is important to consider
both entropic effects and the relative strength of the water-
framework and water-water interactions, in addition to the hy-
drophilicity/hydrophobicity of the framework which is often
considered as the main factor that determines water uptake. Mo-
lecular-level mechanisms of water uptake evolution in MOFs
remain to be further explored to guide fine tuning of these ma-
terials for better performance.” The integration of advanced
spectroscopic techniques and computer simulations described



here provide such a capability to better understand and optimize
guest molecules capturing mechanism for many host materials.
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Figure 5. (a) At 30% RH, water preferentially clusters in single
pores, and only the surface site on this specific unit cells are occu-
pied, whereas (b) at 40% RH, water evenly distributes among pores
with all surface sites occupied. (c) Enthalpy of adsorption at 30%
RH (black) and 40% RH (blue). Each point represents an average
over 10 ps of the simulation.
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