
Figure 1. Proposed layer/cluster mechanism. In mechanism 1, individual pores are filled before additional 
pores are filled, while in mechanism 2, all pores fill simultaneously at a similar rate. 
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Figure 2. SEM images a) micron-sized and b) nanometer-sized ZIF-90 crystals. The corresponding SFG 
signal is large for the micron-sized crystal but negligible for the nanocrystals. 
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Figure 3. a) Raw VSFG spectra from 23% to 33% RH, b) an ATR spectrum of pure bulk heavy water, a 
DRIFTS spectrum at 43% RH and an extracted VSFG spectra at 33% RH of heavy water adsorbed by ZIF-90. 
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Figure 4. a) Fitting results for DRIFTS at 43% RH purge. b) VSFG at 33.4% fitting results c) VSFG integrated 
spectral intensity (blue), DRIFTS 2665 cm-1 peak (red), adsorption isotherm (yellow), bound heavy water 
that contribute to VSFG signal (purple), and total simulated heavy water in the pores versus RH (green). 
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Figure 5. MD simulations to show the water molecule distri-bution as a function of RH. (a) Schematic of the 
ZIF-90 framework used in the simulation, each square indicates pore space where water can be adsorbed. 
(b) at 30% RH, water preferentially clusters in single unit cells, and only the sur-face site on this specific 
unit cells are occupied, whereas (c) at 40% RH, water evenly distributes among unit cells with all surface 
site occupied. (d) The enthalpy of adsorption at 30% RH of water in ZIF-90 shows that when starting with 
water evenly distributed in the materials, its enthalpy of adsorption increases by clustering into single unit 

cells. 
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Water Capture Mechanisms at Zeolitic Imidazolate Framework 
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ABSTRACT: Water capture mechanisms of zeolitic imidazolate framework ZIF-90 are revealed by differentiating the water 
clustering at interior interfaces of ZIF-90 and the center pore filling step, using vibrational sum-frequency generation 
spectroscopy (VSFG) at a one-micron spatial resolution. Spectral lineshapes of VSFG and IR spectra suggest that OD modes of 
heavy water in both water clustering and center pore filling steps experience similar environments, which is unexpected as 
weaker hydrogen bond interactions are involved in initial water clustering at interior surfaces. VSFG intensity shows similar 
dependence on the relative humidity as the adsorption isotherm, suggesting that water clustering and pore filling occur 
simultaneously. MD simulations based on MB-pol corroborate the experimental observations, indicating that 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 computational simulations provides critical mechanistic insights into the pore filling 
mechanism that could be applied to the rational design of future MOFs.

Interest in atmospheric water capture materials has grown 
recently as the supply of fresh water becomes scarce. Metal-
organic frameworks (MOFs), a class of porous crystalline 
solids composed of transition metal centers coordinated to 
organic linkers, hold great promise for water harvesting 
purposes due to their high porosity and tunability. 
Understanding the water capture mechanisms, which 
depend on the competition between water-framework and 
water-water interactions, is crucial to rationally designing 
MOFs for energy-efficient water capture.1–4

Figure 1. Proposed layer/cluster mechanism. In mechanism 1, 
individual pores are filled before additional pores are filled, 
while in mechanism 2, all pores fill simultaneously at a similar 
rate. 

Among different water adsorption mechanisms in MOFs,1–3 
the layer/cluster adsorption is a common mechanism in 
which water clusters are firstly formed through nucleation 
on hydrophilic sites in the MOF. Then, water uptake at the 
center of the pore occurs through reversible pore filling.2 

While the mechanistic step is clear, specific details are 
missing.5,6 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 water 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. Common methods to study MOFs, such 
as adsorption/desorption isotherms,7–9 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 adsorption in 
MOFs.10,11 Although several studies using diffraction 
techniques have revealed molecular-level details of water 
adsorption in a few MOFs, its application for the pore filling 
mechanism has been limited.12–14 On the other hand, 
molecular dynamics (MD) simulations can provide 
molecular-level insights into interfacial processes, but these 
simulations often lack corresponding experimental 
comparison.10,11,15–17 
In this work, we reveal that the adsorption mechanisms of 
water in ZIF-90 mechanism 1. This work is feasible by 
selectively probing the water clustering step, using a 
spatially-resolved vibrational sum-frequency generation 
(VSFG) spectroscopy and MB-pol18–20 water-based 
simulations.11 This study emphasizes the importance of 
interfacial-specific techniques21–26 to decipher the effects of 

Page 6 of 11

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



water-water and water-framework interactions on the 
water adsorption mechanism, which can provide guidance 
to the rational design of MOFs for water harvesting.
Two crucial technical aspects that enable the micron-
resolved VSFG to probe adsorbed water at interior MOF 
surfaces. First, ZIF-90 lacks inversion symmetry which (𝐼43

 space group) makes it VSFG active. Indeed, the metal 𝑚
center in ZIF-90 (under dry conditions) even generates a 
strong second order non-resonant background signal 
(broad feature at 2500 cm-1) 27. The interactions between 
water and the organic linkers template the water hydrogen-
bond network that adopts the same symmetry as ZIF-90, 
becoming VSFG active. 28–34 Because VSFG probes water 
adsorbed on hydrophilic groups that compose the interior 
interfaces, it is sensitive to the initial water cluster 
formation stage.

Figure 2. SEM images a) micron-sized and b) nanometer-sized 
ZIF-90 crystals. The corresponding SFG signal is large for the 
micron-sized cyrstal but neglegible for the nanocrystals.

Second, although individual ZIF-90 crystals are VSFG active, 
signals from a collection of randomly oriented ZIF-90 
crystals cancel each other. We deployed the VSFG 
microscope to resolve single microcrystals at c.a. 1µm 
resolution.35 The necessity of this effort is evident by the 
comparison of the signal from ZIF-90 with 10s of microns 
diameters (sample A, Fig. 2a), and the signal from 
aggregates of nanocrystals (sample B, Fig. 2b). While other 
characterizations indicate both materials are ZIF-90 (SI Fig 
3), only sample A has strong VSFG signal (Fig. 2c). The 
microscope (1.6 micron resolution) thus can resolve the 
individual facets of single crystals in sample A, but not the 
randomly packed nanocrystals in sample B. Similar 
averaging would occur to sample A if a VSFG spectrometer 
with >100 micron beam diameter were used.36 In the 
following, we only focus on studying water adsorption in 
sample A.
Upon D2O adsorption of ZIF-90, spectral signatures appear. 
As the RH is increased from 23% to 29%, a reduction in the 
overall non-resonant signal appears, possibly due to 
changes in refractive indices upon external water 

condensation.  A new dip appears and becomes apparent at 
31% RH (Fig. 3a). This feature appears exclusively during 
D2O adsorption. Combined with its center frequency, it is 
assigned to the OD stretch of adsorbed D2O on the ZIF-90 
interior surface, due to the symmetry transfer from ZIF-90. 
Other possible origins of such a spectral change37 were 
examined and ruled out (SI Fig 5 and 6 for details). 

Figure 3. a) Raw VSFG spectra from 23% to 33% RH, b) an ATR 
spectrum of pure bulk heavy water, a DRIFTS spectrum at 43% 
RH and an extracted VSFG spectra at 33% RH of heavy water 
adsorbed by ZIF-90.

We extract the OD feature by treating the non-resonant 
signal as a local oscillator (see SI S4 and SI Fig 8 for details). 
Compared to bulk D2O, both the bulk (DRIFTS) and 
interfacial OD features of D2O in ZIF-90 exhibit blueshifts 
(Fig. 3b), suggesting weaker hydrogen bond interactions 
experienced by the D2O molecules in ZIF-90. Our previous 
results from MD simulations agree with this observation.11 
To quantitatively analyze the spectra, we fit DRIFTS and 
VSFG spectra (SI Fig 7 and 9). The DRIFTS spectra are fit 
with three gaussian peaks at 2400 cm-1, 2550 cm-1 and 2665 
cm-1 (Fig. 4a), while VSFG spectra are fit with two peaks 
centered at ~2515 cm-1 and 2630 cm-1 (Fig. 4b). Besides the 
Fermi resonance at 2400 cm-1, the 2550 cm-1 and 2665 cm-1 
peaks were assigned to the asymmetric and symmetric OD 
stretching modes, based on results from MB-pol 
simulations.11 We note for DRIFTS, the two modes’ 
intensities are comparable, while in VSFG, the symmetric 
mode is more intense. This difference possibly arises 
because DRIFTS only depends on the transition dipole 
moment, whereas VSFG is proportional to both transition 
dipole and polarizability. The difference in peak intensities 
and missing of Fermi resonance in VSFG also suggest that 
the VSFG signal is not a phantom signal due to liquid water 
absorption.37 The fact that the peaks in both DRIFTS and 
VSFG spectra have similar spectral position is 
counterintuitive. As explained above, VSFG probes D2O 
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bound to the hydrophilic linker at the step of water 
clustering, whereas DRIFTS probes all D2O inside the pore, 
at both water clustering and pore filling steps. Since 

hydrogen bonding between D2O and organic linkers is 
weaker than that between D2O molecules,11 we expect the 
VSFG spectra to be more blue-shifted relative to the DRIFTS 

Figure 4. a) Fitting results for DRIFTS at 43% RH purge. b) VSFG at 33.4% fitting results c) VSFG integrated spectral intensity (blue), 
DRIFTS 2665 cm-1 peak (red), adsorption isotherm (yellow), bound heavy water that contribute to VSFG signal (purple), and total 
simulated heavy water in the pores versus RH (green).

spectra. Similar spectral positions in DRIFTS and VSFG 
seem to suggest that D2O molecules in the water clustering 
and pore filling steps experience similar local 
environments. A more unexpected result is that the peak 
intensities of DRIFTS and VSFG show drastically different 
RH dependence (Fig. 4c). DRIFTS intensity increases 
steadily versus RH while VSFG spectra show a sharp 
increase near 30% of RH. 
The DRIFTS trend indicates that there could be 
condensation prior to adsorption on the exterior of ZIF-90, 
which causes the steady increase in DRIFTS and, possibly, 
the decrease of the non-resonant SFG signal. The trend 
observed in the VSFG data is like the adsorption isotherm, 
however, more puzzling. Since VSFG probes D2O bound to 
the interior surfaces of MOFs, it is expected that VSFG 
should be sensitive to the D2O adsorption at early stages of 
hydration before the pore filling step occurs, which causes 
the step increase in the adsorption isotherm. In other 
words, the RH dependence of the VSFG signal suggests that 
water clustering and pore filling occur simultaneously.  
MD simulations with MB-pol can shed light on the 
underlying molecular mechanisms. At 30% RH, the 
simulations indicate that instead of an even distribution 
across all pores of the simulation box, the D2O molecules 
condense into a single pore. It is only at 40% RH, when 
nearly all pores are filled, that their interior surfaces are 
adsorbed by D2O molecules (Fig. 5). This result is robust 
against the initial distribution of D2O molecules (see SI S6 
and SI Figs.10 and 11 for details). 
We further plot the number of D2O molecules adsorbed at 
interior surfaces, which can contribute to the VSFG signal, 
as well as the total number of adsorbed D2O molecules as a 
function of RH (Fig. 4c, SI S6 for details), to determine if 
water clustering and pore filling occur concurrently 
(mechanism 1) or sequentially (mechanism 2).  The number 
of D2O molecules at the interior surface and the total 
number of D2O molecules follow a similar trend and 
saturate at 40% when all pores are filled, which implies that 
water clustering and pore filling occur concurrently, with 
the D2O molecules filling one pore after another, as in 
mechanism 1 (Fig. 1). 
Our simulations further indicate that condensation in a 
single pore is energetically favorable.  When water is 
clustered in a single pore, its enthalpy of adsorption is ~2 
kcal/mol lower than when the D2O molecules are evenly 

distributed (Fig.5c and SI Fig.12). This result agrees with 
our understanding water-carbonyl interactions being 
weaker than water-water interactions in ZIF-90. it is thus 
reasonable to expect that as water molecules adsorb onto 
the interior surfaces of ZIF-90, they serve as a seed to attract 
more water molecules. These additional water molecules 
prefer to hydrogen bond with the adsorbed water 
molecules, instead of binding to other aldehyde groups in 
other pores.

Figure 5. MD simulations to show the water molecule 
distribution as a function of RH. (a) Schematic of the ZIF-90 
framework used in the simulation, each square indicates pore 
space where water can be adsorbed. (b) at 30% RH, water 
preferentially clusters in single unit cells, and only the surface 
site on this specific unit cells are occupied, whereas (c) at 40% 
RH, water evenly distributes among unit cells with all surface 
site occupied. (d) The enthalpy of adsorption at 30% RH of 
water in ZIF-90 shows that when starting with water evenly 
distributed in the materials, its enthalpy of adsorption 
increases by clustering into single unit cells. 

The water pore filling mechanism also explains why the 
positions of the D2O features in the DRIFTS and VSFG 
spectra are similar. Because water clustering and pore 
filling occur simultaneously, although the VSFG signal 
detects D2O involved in the clustering step, these molecules 
experience hydrogen-bonding interactions with other D2O 
molecules in the bulk. Therefore, the VSFG OD spectra have 
similar peak positions as bulk D2O probed by DRIFTS, which 
is supported by the calculated density-of-state spectra of 
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bulk D2O and D2O adsorbed at the interior ZIF-90 surfaces 
(SI Fig 12).
The new ability of probing water cluster at interior surface 
of ZIF-90, integrated with MB-pol simulations suggest that 
water clustering and pore filling occur in single pores before 

water occupies other pores, driven by the stronger water-
water interactions than water-framework interactions. The 
demonstrated method to probe the water clustering step 
can be applied to other MOFs to aid the optimization of 
water interactions and water capturing mechanisms. 
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