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ABSTRACT OF THE DISSERTATION

Theoretical Modeling of Water Confined in Metal-Organic Frameworks for Atmospheric Water
Capture

by

Kelly Marie Hunter
Doctor of Philosophy in Chemistry
University of California San Diego, 2022

Professor Francesco Paesani, Chair

Water is essential to life, yet a majority of people in the world currently experience water
scarcity. New methods of obtaining clean drinking water are required so that all people may have
access to safe water. The process of atmospheric water capture, or harvesting water from the
air, has emerged as one of the most promising methods for obtaining clean water. Metal-organic
frameworks (MOFs) are materials that can operate at a wide range of temperatures and quantity of
water in the atmosphere, being able to function in water harvesting. Therefore, it is necessary to
understand the properties of water confined in MOFs to obtain an overall depiction of atmospheric

water capture. In this work, we investigate the behavior of both bulk and confined water through

X1v



molecular dynamics simulations. Developing accurate models for MOFs, computer simulations
then provide a molecular-level picture of water present in various environments. In combination
with experiment, we unravel the mechanism of pore filling in various MOFs. Systems that have
open metal sites allow water to form strong interactions with the framework, serving as nucleation
sites for water adsorption. Water also exhibits different properties in various regions of these
MOFs with large pore spaces, having limited mobility near the MOF interface but resembling bulk
water in the middle of the pore. On the other hand, MOFs that do not have open metal sites but
contain hydrophilic groups allow water clusters to form in single pores, filling one pore at a time
rather than all pores simultaneously. It is further investigated how the interactions between water
and the MOF are critical for a correct description of these systems in order to achieve agreement
with experimental properties. The comparison of water—water and MOF—water interactions
reveals the strongest properties that contribute to water adsorption, which vary between different
MOFs. Utilizing accurate models for both water and MOFs, we are able to obtain a deeper
understanding of water confined in MOFs. With this information, future water harvesting MOFs

can be developed that can provide a source of clean drinking water to the world.
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Chapter 1

Introduction

1.1 Water in the world

Water is one of the most ubiquitous molecules in nature, yet over fifty percent of the
world’s population are currently experiencing water stress,” making water scarcity one of society’s
most prominent issues today. This matter is even further intensified for certain geographical
regions of the world; land-locked areas that are far from bodies of water, such as rivers, lakes,
and oceans, tend to have the highest water vulnerability and most limited access to clean drinking
water.> These regions are also typically the hottest, driest areas of the planet.>> Therefore, there
is an urgent need to develop methods and technologies that can provide safe drinking water to all
areas the world.

Current technologies that can obtain and purify drinking water include desalination,*~’

t,3-11 and atmospheric water capture.> >3 While desalination can remove

wastewater treatmen
the contaminants present in salt water,” it traditionally suffers high-energy costs and is only possi-
ble in coastal regions near large bodies of water.>*® Additionally, many desalination membranes

have a selectivity/permeability trade-off.!* Permeable membranes allow water molecules to pass

through them but may not be selective to remove certain contaminants from water, of which there



exists a greater need.!* Wastewater treatment further suffers this selectivity/permeability trade-
off,!! incurs high-energy costs,® and often has to go through multiple iterations of purification to
remove a large number of pollutants present in wastewater.’ Finally, while atmospheric water
capture has presented some challenges, it also holds much promise. Water harvesting through fog
collection can be difficult as it requires the constant presence of fog, which restricts it to areas
that frequently have fog, such as coastal regions.” !> Water can also be cooled below its dew
point, but cooling can require large amounts of energy or heat depending on the local climate of
the area.!? Capture of atmospheric water by an adsorbent, however, is one of the most promising
techniques as adsorption can occur at multiple temperature and humidity ranges, which reflect the
different environments and areas of the world.? Deserts and arid regions typically vary between
5-35% relative humidity (RH), a measure of the water content in the air.!> Tt is therefore essential
to investigate materials that can adsorb water when there is little water vapor in the atmosphere at
low RH values. Utilizing a material that can capture and release water at various temperatures

and humidities would provide a source of clean drinking water to every area of the world.

1.2 Metal-organic frameworks (MOFs)

Metal-organic frameworks (MOFs) are a popular class of materials that are used in a

2,21-24

variety of applications such as catalysis,'®20 liquid and gas adsorption, chemical separa-

28-30 31-33

tion,> 11:2-27 drug delivery, electronic devices, and in countless other areas. The diverse
chemical nature of MOFs are what make them of interest and application to many different fields.
MOFs are constructed from a metal-containing unit, also called a secondary building unit (SBU),
and an organic linker, which combine to form three-dimensional repeating structures that have
large surface areas and high porosity.* Although MOFs are synthesized from two components,
the variation of the metal center or the modification of the organic linker creates MOFs with

different structures, establishing a vast number of MOFs that have unique properties. For example,



utilizing different metal centers (Al, Cr, Fe, etc.) in the MIL (Matériaux de I’Institut Lavoisier)
family of MOFs affects the adsorption and catalytic properties of each MOF.>> Furthermore,
changing the functional group on the organic linker (methyl, ethyl, carboxyaldehyde, etc.) of
zeolitic imidazolate frameworks (ZIFs) produces MOFs with different three-dimensional struc-
tures and adsorption capacities.3® Finally, within the UiO (Universitetet i Oslo) family of MOFs,
incorporating one benzene ring (UiO-66), two benzene rings (UiO-67), or three benzene rings
(UiO-68) into a MOF structure results in different water adsorption properties for each MOF.’
Exchanging any component of the material affects its structure and properties; it is therefore
essential to study the properties of various MOFs for their use in atmospheric water capture.
MOFs have been widely used in liquid and gas adsorption because of their large pore

21-24 which make them promising candidates for atmospheric

volumes and tunable structures,
water capture.2 However, many MOFs are not stable in water; water can displace the organic
linker to interact with the metal center, causing pore collapse and preventing further use of the
MOF.38-40 [t is therefore imperative to utilize MOFs that remain stable in water for long periods
of time during water adsorption. Properties such as the basicity of the organic linker, shielding of
metal-linker coordination sites, and the extent of coordination between the metal and the linker
all contribute to the stability of MOFs in water.>® While some MOFs have metal centers that
are fully coordinated to the organic linker, other MOFs contain open metal sites, which are not
fully coordinated to linkers.>*%? These systems allow water to interact with and bind directly to
the metal center, creating a strong MOF—water interaction which can lead to water adsorption
at low RH values.*>*! Adsorption at low RH is essential for MOFs to harvest water from the
atmosphere in arid desert regions that vary between 5-35% RH.!

Another important consideration in atmospheric water capture is the total amount of
water a MOF can adsorb, which often relies on the size of the pore.> While large pore sizes are

ideal for maximum water uptake, releasing the water from these pores could exert forces on the

pore walls that can lead to pore collapse,*? creating a limit to the size of the pore. For example,



ZIF-90, which will be discussed in Chapters 4-5, has spherical pores with a diameter of 11 A.*43
While ZIF-90 adsorbs water around 30% RH, ZIF-90 can only adsorb about 30% of its weight in
water.>® On the other hand, Ni;F,BTDD and Ni,Cl,BTDD, which will be discussed in Chapter 6,
have cylindrical pores with diameters of 23 A.** These two systems can adsorb water at 32%
RH, and they can also adsorb over 100% of their weight in water, one of the largest values for
MOFs.** This balance between adsorption at low RH and total amount of water adsorption is
critical for atmospheric water capture so that MOFs can provide clean drinking water.
Obtaining a complete understanding of the process of atmospheric water capture is
essential to develop MOFs that can efficiently harvest water from the air. Here, theoretical and
computational chemistry can contribute by providing a molecular-level insight into water adsorbed
in MOFs. Simulations of water filling the MOF pores depict how water interacts with and binds
to the MOF, allowing future MOFs to be designed that have similar or different interactions.
Furthermore, the structural, dynamical, and thermodynamic properties of water in MOFs can be
calculated to obtain an understanding of how water behaves while confined in the MOF pores. A
comparison of MOF—water interactions along with water—water interactions is important to reveal
how water first fills the pores, interacting with the MOF interface, but then nucleates pore filling
by forming hydrogen bonds with other water molecules. A detailed, molecular-level description
of both water and MOFs is therefore necessary to understand the process of atmospheric water
capture and to develop future water harvesting MOFs that can adsorb large amounts of water at

low RH values.

1.3 The many-body potential energy function (MB-pol)

In order to study atmospheric water capture, it is imperative to have an accurate under-
standing of how water behaves in various environments. Although water contains only three

atoms, one oxygen atom and two hydrogen atoms, the properties of water are unique compared to



other molecules.*> These anomalous properties, such as the density maximum at 4 °C and high
surface tension, have often been attributed to the formation of strong hydrogen bonds with other

water molecules.*’ The properties of small water clusters as well as bulk water have been well

t.46_5 1

described by both theory and experimen However, describing the properties of water in

confinement, specifically water confined in MOFs, requires much attention, needing an accurate
description of water, the MOF, and the interactions between the two. Therefore, an understanding
of the properties of bulk water (Chapter 2) is required in order to describe the behavior of water
in confinement (Chapters 3-6).

Multiple potential energy functions (PEFs) exist that accurately describe the properties of
water, such as CC-pol,>?>* WHBB,>>-57 HBB2-pol,’%> and MB-pol.°*-% As a many-body PEF,
MB-pol has been shown to correctly predict the properties of water from the gas to the condensed

phase.®3 It is built upon a many-body expansion of the interaction energy as given by:

N N N
Exy=Y V0O +Y Vi )+ Y VP jk)+...+VV(1,..,N) (1.1)

i=1 i<j i<j<k
Equation 1.1 represents the total interaction energy for a generic N-molecule system, described

as a sum of one-body (1B) monomer distortion energies, two-body (2B) pairwise interactions, up

to N-body (NB) interaction energies.%>

MB-pol can reproduce the vibration-rotation tunneling spectrum of the water dimer,®°

the energetics of small clusters,%! the isomeric quantum equilibria and tunneling pathways of

64,65

the water hexamer, and the structural, thermodynamic, and dynamical properties of liquid

62,63 Furthermore, the energetics of the ice phases,% the X-ray absorption spectrum of

water.
liquid water,%’ and the electron affinity of water%® have been reproduced. MB-pol has also been
shown to accurately reproduce the THz spectra of the octamer cluster® and the vibrational spectra

73.76 and ice.””"" Therefore,

of water clusters,¢%-65-70 liquid water,’ =74 the air/water interface,
MB-pol is an ideal model to describe the properties of water in various environments. When

MB-pol is combined with accurate models for MOFs, a realistic picture of atmospheric water



capture can be obtained.

1.4 Force fields and force field development

1.4.1 Force fields

Similar to the PEFs that are used to simulate water, force fields can be developed and
utilized to simulate various systems, including MOFs. A force field calculates the energy of a
system based on its atomic coordinates at any point in time.? This energy consists of both bonded
parameters (bonds, angles, dihedrals, impropers, inversions, etc.), which describe intramolecular
distortions of a particular molecule, and nonbonded parameters (electrostatics and van der Waals
(VDW)), which represent intermolecular interactions between similar or different molecules.30

An example of the energy of a specific configuration given by a force field is:

ki ki V,
Vi)=Y Sli—ho)+ ) S(0i—0i0)+ ) 7”<1+cos(nco—v)>+
bonds angles torsions
NN SN (G aid) (1.2)
;j:Zi;rl (48’7 [(E) - <7]> ] * 47t80r,~j>

where there is summation over all the bonds, angles, torsions, and electrostatic and VDW
parameters of the system.®? Equation 1.2 represents the potential energy of the system, which can
be modified by using different functional forms to describe the various parameters in the force
field. For example, bonds can be described through a harmonic potential (as used in Equation 1.2),
through a Morse potential, or through another potential. Similarly, the VDW parameters can be
represented by a Lennard-Jones potential (as used in Equation 1.2), a Buckingham potential, or
any other VDW term.

Numerous force fields currently exist that can be used to describe a variety of chemical

systems. Well-known force fields include the General Amber Force Field (GAFF)8! and the



Universal Force Field (UFF).%? These force fields have the benefit of being applicable to a wide
range of systems, such as the organic linkers of MOFs, although they suffer from the transferability
of not being able to describe the metal centers of MOFs, which have high coordination numbers
and are often charged.?>8% More specific force fields have therefore recently been developed
to try to mitigate the lack of accuracy in describing the metal centers of MOFs. Force fields
such as MOF-FF® and QuickFE®* extensions of UFF for MOFs (UFFAMOF),** % and a zeolitic
imidazolate framework force field (ZIF-FF)®” have been used to describe the unique coordination
environments of MOFs. While these force fields have been successful at describing the properties
of certain MOFs, the high degree of variability in the components and structures of MOFs

sometimes requires a greater level of specificity in their force field description.

1.4.2 Force field development

Two important factors to take into account for MOF force fields are framework flexibility,
or the ability of MOF atoms to move and vibrate in solution, and polarizability, or the ability of
MOF atoms to change charge. It has previously been shown that flexibility of the framework
atoms can affect both the structure and dynamics of guest molecules adsorbed in MOFs,38 so
including this flexibility in the force field is essential. Framework polarizability, on the other
hand, can affect the distribution of water molecules within the MOF pores.®® However, MB-pol

water molecules are both flexible and polarizable,®0-62

so using a non-polarizable force field
for the MOF can still result in agreement with experimental properties, which will be shown
in Chapters 3-6. The development of accurate, flexible, and non-polarizable force fields for
MOFs that can be utilized with the MB-pol water model is needed. A systematic procedure for
developing these force fields is also crucial so that the process can be applied to any number of
MOFs with many different properties.

The general process for developing MOF force fields as used by our group is as follows.

After optimization of the MOF structure, the charges are calculated for the atoms through



a periodic charge calculation (such as the density derived electrostatic and chemical DDEC

)?0 or for a subset of the MOF atoms (such as the charge model 5 CM5 charge scheme).”!

charges
All bonded parameters involving the organic linker are taken from GAFF.8! However, all bonded
parameters involving the metal center are fit using a genetic algorithm. After obtaining all the
bonded parameters for the MOF, nonbonded parameters between water and the MOF need to be
derived, which are represented through either Lorentz-Berthelot mixing rules or through fitting
the metal-water interaction. With the force field developed for the MOF and MB-pol being
utilized for water, comparison of the theoretical properties of water confined in the MOF can be
compared to experiment. If theory and experiment do not agree, further refinement of the force
field or the MOF—water interactions can be made until qualitative and quantitative agreement is
reached. Details of this force field development process as well as the refinement of force fields

are given in Chapters 3-6. In the future, this force field development process can be improved by

adding polarizability to the MOF so that both water and the MOF are flexible and polarizable.

1.5 Summary

In the following chapters, the behavior of water in various environments is investigated.
First, in Chapter 2, the properties of bulk water are studied to ensure that simulations are accurate
and achieve agreement with experiment. Following the study of bulk water, water confined in
various MOFs can be investigated. In Chapter 3, the Co,Cl,BTDD MOF is studied, dissecting
the properties of water as a function of distance from the pore surface. Then, in Chapters 4 and 5,
it is shown how the description of the interactions between water and ZIF-90 is essential to obtain
quantitative agreement with experiment, as well as how the combination of theory and experiment
can elucidate the mechanism of pore filling. Chapter 6 investigates how the structure of water
varies in Ni,XoBTDD (X = F, Cl, Br), where only the halide atom is exchanged in the MOF

structure. Finally, in Chapter 7, conclusions from all previous studies are drawn.



Chapter 2

Disentangling Coupling Effects in the

Infrared Spectra of Liquid Water

2.1 Introduction

Despite its apparent simplicity, with only 3 atoms and 10 electrons, water displays a
unique behavior across the phase diagram which still befuddles scientists. As the most essential
liquid on Earth, water exhibits several anomalous properties that are directly related to its
ability to form dynamic hydrogen-bond (H-bond) networks that continually fluctuate via the
breaking and forming of H-bonds. Vibrational spectroscopy is a powerful tool to investigate
both structure and dynamics of the H-bond network of water in different environments.>% %294
However, an unambigous assignment of the vibrational spectra of water is highly nontrivial due
to the fluctuating nature of the H-bond network and the presence of both intramolecular and
intermolecular couplings.

Through selective isotopic substitutions, different types of coupling within the H-bond

network can be separated to allow for the investigation of both individual and multiple coupling

effects at the same time. On the experimental side, infrared (IR) spectroscopy has been widely



used to probe either fully coupled or completely isolated OH stretches of neat H,O or diluted
HOD in D,O solutions, respectively.”>19 However, it has proven experimentally difficult to
disentangle intermediate levels of couplings due to relatively fast H/D exchange in solution that
effectively precludes the monitoring of OH stretches of diluted H,O molecules in D,O as well as
diluted HOD molecules in H,O, which would be ideal systems for independently characterizing
intramolecular and intermolecular couplings, respectively. On the other hand, the majority of
theoretical studies have focused on fully coupled or isolated OH stretches in order to provide
molecular interpretations of the experimental spectra.>!>7!-72.104-120 Thege Jimitations on both
experimental and theoretical sides have so far prevented a quantitative assessment of coupling
effects in the structural rearrangements of the water H-bond network.

The introduction of highly accurate many-body potential energy functions (PEFs) for
water, such as CC-pol,°>>>* WHBB,>>>7 HBB2-pol,’®>° and MB-pol,00-63121 has effectively
transformed the landscape of water simulations, enhancing the prospect for predictive theoretical
studies of water at the molecular level. Among the existing many-body PEFs, we and others have
shown that MB-pol correctly predicts the properties of water from the gas to the condensed phase,
reproducing the vibration-rotation tunneling spectrum of the water dimer,®° the energetics of small

clusters,%! the isomeric quantum equilibria and tunneling pathways of the water hexamer,% %

structural, thermodynamic, and dynamical properties of liquid water,5% 63

and the energetics of the
ice phases.®® MB-pol has also been shown to accurately reproduce the THz spectra of the octamer
cluster,% the infrared and Raman spectra of liquid water,”!~73 the temperature-dependence of the
sum-frequency generation spectra of the air/water interface,’® and the infrared and Raman spectra
of ice I,.”7 More recently, molecular configurations extracted from classical and path-integral
molecular dynamics simulations with MB-pol have been used in many-body perturbation theory
calculations to model the X-ray absorption spectrum of liquid water as well as to determine the
67,68

electron affinity of water, both in the bulk and at the air/water interface.

Building upon the demonstrated predictive power of MB-pol and taking advantage of the
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fact that isotope exchange is a rare event in computer simulations of water, which is completely
turned off when using non-dissociable models, we present a systematic investigation of IR OH-
stretch lineshapes calculated for different isotopic mixtures. Specifically, we report the results of
centroid molecular dynamics (CMD) simulations for four different solutions: neat H>O, diluted
HOD in H,O0, diluted H>O in D,0, and diluted HOD in D, O, corresponding to solutions with fully
coupled OH stretches, only intermolecularly coupled OH stretches, only intramolecularly coupled
OH stretches, and fully decoupled OH stretches, respectively. The combination of MB-pol, a
water model exhibiting chemical and spectroscopic accuracy, with quantum dynamics simulations
carried out within the CMD formalism allows for unambiguously disentangling intramolecular
and intermolecular coupling effects on both the frequency shift and intensity of the OH-stretch
lineshape in liquid water, which has so far remained elusive. Furthermore, by combining the

122,123 and local monomer>’ (LM) methods, calculations carried out on molecular

local mode
configurations extracted along the CMD trajectories allow for further dissecting the IR OH-stretch

lineshape by quantifying contributions due to Fermi resonances.

2.2 Computational Methods

To investigate coupling effects on the vibrational dynamics of the H-bond network in
liquid water, four isotopic solutions (neat H>O, diluted HOD in H,O, diluted H>O in D,0O, and
diluted HOD in D;0) with different degrees of intramolecular and intermolecular couplings,
as depicted in Figure 2.1, are investigated. Within each solution, we focus our analysis on the
OH stretch vibrations; for neat H,O, we investigate both intramolecular and intermolecular
couplings (Fig. 2.1a), for HOD in H,O, we specifically monitor the OH vibrations of the “solute”
HOD molecules which are intermolecularly coupled to the OH vibrations of the “solvent” H,O

molecules (Fig. 2.1b), for H;O in D,O, we consider the OH stretches of the “solute” H,O

molecules which are intramolecularly coupled but completely decoupled from the OD vibrations
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(a) H,0 HOD in H,0

(d) HOD in D,0

50
i

Figure 2.1: Depiction of the different coupling effects in the four isotopic solutions analyzed in
this study. The oxygen atoms are shown in red, the hydrogen atoms in white, and the deuterium
atoms in blue. The top left molecule in each panel represents the “solute” molecule being probed
in the calculations of the corresponding IR OH-stretch lineshape, and the bottom right molecule

is one of the “solvent” molecules. Blue arrows represent intramolecular coupling, and green
arrows represent intermolecular coupling.

of the solvent D,O molecules (Fig. 2.1c), and for HOD in D,0, we investigate the uncoupled OH
vibrations of the “solute” HOD molecule (Fig. 2.1d). Analogous simulations, presented in the
Supporting Information, were also performed to characterize coupling effects on the OD-stretch
vibrational dynamics.

Nuclear quantum effects (NQE) are accounted for within the CMD formalism, which
approximates the exact quantum expressions in terms of phase space representations amenable to
classical-like interpretations of the variables of interest.'24-128 T all CMD simulations, each atom

is represented by a Feynman’s ring-polymer discretized with 32 beads, and the centroid variables
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are propagated according to the velocity-Verlet algorithm using the partially adiabatic separation
scheme of Refs. 127 and 129, with an adiabaticity parameter Y= 0.25 and a time step of 0.05 fs.
A Nosé-Hoover chain of four thermostats is attached to each degree of freedom to ensure adequate
canonical sampling at 298.15 K. Short-range interactions are truncated at an atom-atom separation
of 9.0 A, while the electrostatic interactions are treated using the Ewald sum.?® Each isotopic
solution consists of 216 molecules total, with two “solute”” molecules surrounded by 214 “solvent”
molecules (e.g. two HOD molecules in 214 D,0O molecules) to mimic the 1% concentration
typically used in experiments.”®> 20 independent CMD trajectories are collected for each isotopic
solution, starting from initial configurations extracted from previous path-integral molecular
dynamics (PIMD) simulations carried out for HyO and D,O solutions at the corresponding
experimental densities.”>73 Cubic simulation boxes with sides of 18.6428 A and 18.6506 A are
thus used for isotopic mixtures with HyO and D;0 as the “solvents”, respectively.

In all simulations, the water interactions are described by MB-pol, a many-body PEF
rigorously derived from the many-body expansion of the interaction energy between water

molecules,%0-62

which has been shown to provide an accurate representation of water across
different phases.®> The IR spectra for all isotopic solutions are calculated within the time-

dependent formalism according to

Tie(®) = | | canh(Br) /_ Zdteiw’(y(O)u(t)) 2.1)

1% ﬁch

where V is the system volume, c is the speed of light in vacuum, € is the permittivity of free space,
and B = (kgT)~!, with kg being Boltzmann’s constant. In Eq. 2.1, {(u(0)u(t)) is the ensemble
averaged quantum dipole-dipole time correlation function obtained for each isotopic solution
by averaging u(0)u(t) over the corresponding 20 independent CMD trajectories, with () given
by the many-body MB-u function introduced in Ref. 71. MB-u includes explicit one-body (1B)

and two-body (2B) terms, with all higher-order N-body (NB) terms being described by classical
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induction.
Finally, to quantify Fermi resonance contributions deemed to be important to the H,O

IR lineshape,130 local mode and local monomer (LM) calculations’’- 122123

are performed on
molecular clusters consisting of 16 D,O molecules around a H;O molecule, which were extracted
from the corresponding CMD simulations carried out for the diluted H,O in D,0 solution. In the
LM calculations, the coordinates of the D,O molecules as well as the oxygen atom of the H,O

molecule are kept fixed to their CMD values, while constrained optimizations of the hydrogen

positions are performed by interfacing the ORCA package!3! with our in-house MB-pol software.

2.3 Results and Discussion

To first assess the accuracy of our theoretical and computational approach, the IR line-
shapes calculated from CMD simulations of neat H,O and diluted HOD in D,O solutions are
compared with the corresponding experimental spectra in Figure 2.2. Similar comparisons were
reported in different contexts in previous studies with MB-pol.”"-7> As discussed in detail in
Refs. 71 and 72, MB-pol slightly underestimates the H-bond strength in liquid water, which
results in OH stretching frequencies that are approximately 57 cm™! blue-shifted compared
to experiment. After accounting for this shift, overall good agreement is found between the
theoretical and experimental lineshapes, which is nearly quantitative for the HOD in D,O system.
However, some noticeable differences exist in the low-frequency region of the neat H,O lineshape
with the CMD band lacking intensity between 3000 cm~! and 3300 cm™~!, as originally observed
in Ref. 71.

The IR lineshapes calculated for the “solute” molecules (i.e., HO or HOD) of the
four different isotopic solutions are shown in Fig. 2.3. To further characterize the interplay
between vibrational and electrostatic couplings, the IR lineshapes for each isotopic solution are

calculated using different representations of the dipole moment in Eq. 2.1, corresponding to
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Figure 2.2: IR OH-stretch lineshapes (blue traces) calculated from CMD simulations of neat
H,O (a) and diluted HOD in D, O (b) solutions compared with the corresponding experimental
results (black traces) from Refs. 95 and 97, respectively. Also shown are the CMD lineshapes
(light blue) red-shifted by 57 cm™! to facilitate comparisons with the experimental results. See
main text for details.

different approximations to many-body effects on the water dipole moment within the MB-u
expression.”! Specifically, each panel of Fig. 2.3 shows comparisons between IR lineshapes
computed using the gas-phase (1B) term (red traces), the 1B+NB representation including many-
body effects through classical induction (green traces), and the full many-body (1B+2B+NB)
MB-u representation which, in addition to inductive many-body effects, accounts for explicit
short-range 2B contributions (blue traces). In this analysis, all lineshapes are normalized with
respect to the number of OH oscillators of the “solute” molecules to allow for comparisons of
both frequency shifts and intensities as a function of different levels of coupling. The full-width at
half maximum (fwhm) and frequency of maximum absorbance (fma) are calculated and compared
among different approximations to the many-body dipole moment in Table 2.1. The fwhm for
neat HO and HOD in D,O calculated with the 1B+2B+NB representation of the dipole moment
are 337 cm~! and 237 cm ™!, respectively, which are in good agreement with the corresponding
experimental values of 378 cm™! and 255 cm™!.9%-97

Fig. 2.3 shows that, at the 1B level of electrostatic coupling (red traces), the IR lineshapes
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Figure 2.3: IR OH-stretch lineshapes calculated from CMD simulations of neat H,O (a), diluted
HOD in H,O (b), diluted H,O in D,O (c), and diluted HOD in D,O (d). For each isotopic
solution, the OH-stretch lineshape is calculated using the 1B, 1B+NB, and 1B+2B+NB hierarchy
of approximations to the dipole moment (see main text for details). All lineshapes are on the
same intensity scale and are normalized to the number of OH oscillators of the “solute” molecule.

calculated for “solutes” with intramolecular coupling (i.e., neat HoO and H,O in D;0) are the
most blue-shifted. As discussed in Ref. 72, due to the lack of electrostatic coupling with the
surrounding “solvent” molecules, these 1B lineshapes only report on “solute” dipole moment
fluctuations associated with intramolecular distortions. Since changes in the 1B (gas-phase) dipole
moment due to stretching and bending vibrations in solution are relatively smaller than those

associated with induction interactions,’? the transition dipole moment remains approximately

constant, independently of the instantaneous “‘solute” configuration. This makes the 1B lineshapes
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Table 2.1: Full-width at half maximum (fwhm) and frequency of maximum absorbance (fma) in
cm ™! of the OH-stretch lineshape calculated for the four different isotopic solutions using the
1B, 1B+NB, and 1B+2B+NB hierarchy of approximations to the dipole moment (see main text
for details).

1B 1B+NB 1B+2B+NB
fwhm fma fwhm fma fwhm fma
H>O 294 3570 344 3463 337 3453

HODin H,O 260 3520 273 3486 281 3470
H,OinD,O 259 3560 287 3500 287 3483
HODinD,O 252 3503 239 3480 237 3473

effectively identical to the corresponding lineshapes calculated within the Condon approximation
using the full many-body representation of the dipole moment.”> The blue shifts observed in
the 1B lineshapes of neat H,O and H>O in D,O thus indicate that intermolecular coupling is
responsible for slightly stronger H-bonds and, consequently, weaker OH bonds.

Inclusion of N-body electrostatic effects (green traces) results in an overall increase in
intensity of all lineshapes. Specifically, the lineshape for the fully coupled neat H>O solution
exhibits the highest intensity, while the lowest intensity is found for the lineshape of the in-
tramolecularly coupled H,O in D, O solution. The lineshapes for the intermolecularly coupled
HOD in H>O and fully decoupled HOD in D,O solutions display nearly identical intensities.
Comparisons with the corresponding 1B lineshapes demonstrate that N-body electrostatic effects
are clearly responsible for significant redistribution of the IR intensity over the entire frequency
range of the OH vibrations, resulting in changes to the lineshapes which directly correlate with
the specific level of vibrational coupling present in each solution. In particular, the 1B+NB line-
shapes of both solutions with intermolecular coupling (i.e., neat HyO and HOD in H,O) display
relatively higher intensities between 3250 cm™! and 3400 cm~! (see Supporting Information for
specific details). Since this frequency range is associated with stronger H-bonds, these results
thus emphasize the importance of many-body electrostatic effects in the vibrational dynamics
of strongly coupled OH stretches in liquid water. On the other hand, it should be noted that the

lineshape of the intramolecularly coupled H,O in D, O solution grows in intensity below 3250
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cm

When the dipole moments in Eq. 2.1 are represented by the full many-body MB-u function,
which includes a short-range 2B term in addition to a classical representation of many-body
effects, further increase in the IR intensity is observed for the corresponding lineshapes (blue
traces) shown in Fig. 2.3, particularly in the low-frequency region. The comparison among IR
lineshapes calculated as a function of the level of electrostatic coupling (Table 2.1) shows that
the fwhm calculated for the diluted HOD in H,O, diluted H>O in D,0O, and neat H,O solutions
increase by 21 cm~!, 28 cm ™!, and 43 cm™!, respectively, going from the 1B to the IB+2B+NB
representation of the dipole moment, while the fwhm calculated for the diluted HOD in D,O
decreases by 15 cm~!. Since the 1B lineshape depends only on the gas-phase dipole moment
of the HOD molecule, the narrowing of the linewidth with the increase of electrostatic coupling
demonstrates that, when integrated in the H-bond network, the dipole moment of a fully decoupled
OH oscillator samples a narrower distribution of values than in the gas phase. Table 2.1 shows
that, depending on the isotopic solution, the changes in linewidths are accompanied by red shifts
in the frequencies of maximum absorbance in the range of 30 to 117 cm~! going from the 1B to
the 1B+2B+NB representation of the dipole moment.

These changes are particularly pronounced in the lineshape of diluted HOD in H,O.
While this isotopic mixture cannot be probed in experiments, the theoretical predictions shown in
Fig. 2.3b can be used to characterize the nature of intermolecular coupling, isolated from any other
competing effects. Since, as discussed in detail in Ref. 119, the 2B term of the MB-u function
recovers electrostatic contributions associated with quantum-mechanical effects (e.g., charge
transfer and penetration, and Pauli repulsion) that cannot be described by classical expressions,
the large difference in IR intensity between 1B+NB and 1B+2B+NB lineshapes of diluted HOD
in H>O provides direct evidence for the partially quantum-mechanical nature of H-bonds in
liquid water. The 1B+2B+NB lineshape for the diluted H>O in D,O solution also exhibits higher

intensity than its 1B+NB analog in the low-frequency region, although the differences are not as
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large as those observed for the diluted HOD in H;O solution. While these results provide further
support for the partially quantum-mechanical nature of H-bonds in liquid water, the differences
between the lineshapes for diluted H>,O in D,O and diluted HOD in H,O solutions clearly indicate
that 2B quantum-mechanical effects in H-bonding are enhanced by intermolecular coupling.

The analysis of the IR lineshapes for the diluted H,O in D, O solution (Fig. 2.3c), which
cannot be probed experimentally, provides the unique opportunity to isolate the contributions
due to intramolecular coupling. As mentioned above, compared to the lineshapes for both fully
decoupled HOD in D,0O and intermolecularly coupled HOD in H,O solutions, the lineshape
for the intramolecularly coupled H>O in D>O solution grows in intensity below 3250 cm~!. To
determine the origin of this intensity enhancement, we performed LM calculations.>’> 122123
Since, by construction, the LM method provides a rigorous theoretical framework for identifying
both fundamental and overtone transitions, it allows for the dissection of the OH lineshape in
terms of actual OH stretching vibrations and HOH bending overtones, which may give rise to
Fermi resonances.!16-118:130 However, due to the associated computational cost, LM calculations
are only carried out on clusters consisting of a HoO molecule solvated by 16 D,O molecules,
which are extracted from the CMD trajectories for the diluted H,O in DO solution. The LM
results, decomposed in contributions associated with HOH bending overtones (dark green) and
OH stretching vibrations (light green) are shown along with the corresponding 1B+2B+NB (light
blue) lineshape in Fig. 2.4a. Also shown for reference are both experimental (black) and CMD
(blue) lineshapes for neat H,O. The comparison between LM and CMD results indicates that
the relative increase in intensity observed below 3250 cm™~! in the 1B+2B+NB lineshape for
the diluted H>O in D,O solution can be attributed to Fermi resonances arising from quantum-
mechanical mixing between HOH bending overtones and OH stretching fundamentals as recently
suggested.?!72:118,120,130

This analysis also sheds light on the missing intensity in the low-frequency region of the

CMD IR lineshape for the neat H>O solution compared to experiment. As mentioned above and
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Figure 2.4: a) LM frequency distributions of OH stretches (light green) and HOH-bend overtones
(dark green) calculated for diluted H,O in D, 0, experimental (black) and CMD (blue) IR OH-
stretch lineshapes of neat HyO, and CMD (light blue) IR OH-stretch lineshape of diluted H,O in
D,0. b) LM frequency distributions of OH stretches (light green) and HOH-bend overtones (dark
green) calculated for diluted H,O in D,0 and shifted by -57 cm~! and 50 cm ™!, respectively,
full LM lineshape (yellow), experimental (black) and CMD (blue) IR OH-stretch lineshapes of
neat H,O, with the latter being shifted by -57 cm™!. See main text for details.
discussed in detail in Refs. 71 and 72, MB-pol slightly underestimates the strength of H-bonds in
liquid water, which translates into a 57 cm™! blue shift of the calculated OH stretch lineshape
relative to experiment. At the same time, weaker H-bonds also lead to a ~25 cm~! red shift of
the calculated HOH bend lineshape (see inset in Fig. 2.4a). After correcting for these inaccuracies
by shifting the LM OH-stretch and HOH-bend-overtone frequency distributions by -57 cm™!
and 50 cm™! (twice the difference from the bending region), respectively, Figure 2.4b shows
that the lineshape obtained by adding the two LM components is in excellent agreement with
the experimental lineshape, recovering, almost completely, the missing intensity below ~3300
m~!. The results reported in Fig. 2.4b thus demonstrate that the differences between the CMD
and experimental OH-stretch lineshapes can be traced back to MB-pol slightly underestimating
the strength of H-bonds in liquid water which, in turn, results in the underestimation of Fermi

resonance contributions due to the predicted weaker coupling between OH stretches and HOH

bend overtones. In this regard, it should be noted that a deviation of 57 cm™!, corresponding to
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0.16 kcal/mol, is well within what is currently defined chemical accuracy (1 kcal/mol), which
is achieved by MB-pol. This implies that, as originally suggested in Ref. 71, a quantitative
representation of the IR OH-stretch lineshape might effectively require “exact” knowledge of
the multidimensional Born-Oppenheimer potential energy surface of liquid water, including
an accurate description of autoionization, which is currently beyond reach of even the most

sophisticated electronic structure methods.

2.4 Conclusions

In this study, we have combined accurate modeling of water through the use of the
MB-pol potential energy function with CMD simulations that account for nuclear quantum

effects. Building upon our previous studies,’ 72

we have investigated four isotopic solutions with
different levels of vibrational coupling, including neat H,O, diluted HOD in H,O, diluted H,O in
D,0, and diluted HOD in D,0 solutions. Our analysis, carried out with different approximations
to many-body effects in the representation of the water dipole moment, indicates that the IR
OH-stretch lineshapes of all four isotopic solutions increase in intensity and shift toward lower
frequencies as electrostatic couplings are taken into account. In this regard, the narrowing
of the lineshape for the diluted HOD in D;O solution going from the 1B to the 1B+2B+NB
representation of the dipole moment demonstrates that the dipole moment of a fully decoupled
OH oscillator immersed in the D,O H-bond network samples a narrower distribution than in the
gas phase.

Comparisons between the IR OH-stretch lineshapes for the diluted HOD in H,O and
diluted H>O in D;0 solutions, which cannot be probed experimentally due to isotope exchange,
have allowed us to further disentangle the IR OH-stretch lineshape of neat H,O into effects

associated with intermolecular and intramolecular couplings. In particular, the analysis of the IR

lineshape of the intermolecularly coupled OH stretch of HOD in H,O provides direct evidence
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for the partially quantum-mechanical nature of H-bonds in liquid water, with intermolecular
coupling becoming larger for stronger H-bonds. On the other hand, the IR lineshape of the
intramolecularly coupled OH stretch of H,O in D,O shows the presence of significant overlap
between the frequencies of the IR OH-stretch fundamentals and HOH-bend overtones. Additional
LM calculations carried out for the OH stretches of H>O in D, O have allowed us to quantify the
role played by Fermi resonances in modulating the IR OH-stretch lineshape. In particular, by
taking into account that MB-pol slightly underestimates the H-bond strength in liquid water, the
present results quantitatively demonstrate that Fermi resonances are responsible for the shoulder

at ~3250 cm~! of the IR OH-stretch lineshape of neat H,O.

2.5 Supporting Information

Additional comparisons of the IR OH-stretch lineshapes along with the analogous IR
OD-stretch lineshapes are presented. It is shown that similar conclusions about the role of
intramolecular and intermolecular couplings can be drawn from the analysis of the IR OD-stretch

lineshapes.
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Chapter 3

Hydrogen Bonding Structure of Confined
Water Templated by a Metal-Organic

Framework with Open Metal Sites

Due to the formation of frustrated hydrogen-bond (H-bond) networks, water confined
within pores or at interfaces exhibits significantly altered physical properties compared to bulk
water, with important implications for different fields, including chemistry,!3313* biology,!3>-137
and atmospheric science.'?%13? As a consequence of the unique structural and dynamical
properties of frustrated H-bond networks, confinement of water gives rise to anomalous behavior,
as inferred from measurements of various quantities, such as the dielectric constant'4? and
diffusion coefficient.!*! Significant progress has recently been made in developing a more
complete picture of the water H-bonding structure,'#? especially due to the introduction of
accurate many-body molecular models.'*? Nevertheless, a precise prediction of the properties
of water across different phases and in different environments remains a challenge due to the
dynamic nature of the H-bond network which results from the subtle balance between energetic,

entropic, and nuclear quantum effects.!43-14
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As confinement increases, so too does the importance of interactions between the water
molecules and the confining environment, with distinct consequences for the H-bonding struc-
ture.!46 147 Studies aiming to characterize the thermodynamic and dynamic properties of water in
confinement have targeted various porous materials, such as hydrophobic carbon nanotubes!48-152
and hydrophilic zeolites and silicas, as water containers.!>3 It was found that water inside carbon
nanotubes forms one-dimensional and tightly H-bonded chains, while ordered phases were iden-
tified in water confined in zeolites. On the other hand, water adsorbed on metal surfaces often
displays well-defined patterns that are templated by the strength and anisotropy of the underlying

water—metal interactions.!>*

However, the uniformity of the hydrophobicity or hydrophilicity
associated with these materials engenders mostly predictable water—substrate interactions that
may differ significantly from those observed in heterogeneous environments, such as aquaporins
and other structures found in biological systems,'3> where both hydrophilic and hydrophobic
patches coexist and lead to a variety of competing H-bonding domains.!33-13

Metal-organic frameworks (MOFs) have recently received attention as water containers

15,38,155-158 and for

exhibiting tunable hydrophilicity of potential use in adsorption heat pumps
atmospheric water harvesting.*!"13% In this regard, we posit that a MOF termed Co,Cl,BTDD
(H,BTDD=bis(1H-1,2,3-triazolo[4,5-b],[4°,5’-1]) dibenzo[ 1,4]dioxin)), which was recently in-
vestigated for its record reversible water uptake (Fig. 3.1), will provide a relevant crystalline
analog for investigating the H-bonding structure of water in heterogeneous confinement.*! Here
we combine diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) measurements
with many-body molecular dynamics (MB-MD) simulations.®®-%%7! Qur analysis implicates the
initial formation of distinct one-dimensional (1-D) chains of adsorbed water molecules bridg-
ing between the framework hydrophilic open metal sites as the critical step for pore filling in
Co,C1,BTDD. As the relative humidity (RH) increases, these 1-D chains template the subsequent

formation of cylindrical water shells that extend along the hydrophobic pore channels and exhibit

progressively faster rotational and translational mobility as a function of the distance from the
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Figure 3.1: Structure and Water Adsorption of Co,Cl,BTDD. a Structure of Co,Cl,BTDD
viewed down the z-axis. C — gray, H — white, O — red, N — dark blue, Cl — green, Co — light blue.
Hydrophilic regions are indicated in purple and hydrophobic regions in orange. b Structure
of the secondary building unit along the z-axis. ¢ Water adsorption isotherm at 20 °C for
Co,CIL,BTDD exhibiting complete pore hydration at 28% RH, data adapted from ref. 41

pore surface.

3.1 Results

3.1.1 Infrared measurements of the water adsorption process

Co,ClLBTDD was synthesized as previously reported,'® with a consistent powder X-ray
diffraction pattern and N, adsorption isotherm (Supplementary Figs. 6, 7). The structure exhibits
hexagonal pores 2.2 nm in diameter linked by secondary building units consisting of infinite
chains of cobalt chloride bridged by triazolate groups, wherein each nitrogen atom is ligated to a
distinct Co?* (Fig. 3.1a, b). DRIFTS spectra were measured at 20 °C under variable RH (Fig. 3.2b
and Supplementary Fig. 8). With increasing RH, notable changes in the infrared spectrum appear
around 600 cm™! for the water librational mode, at 1600 cm~! for the HOH bending mode, and

near 3500 cm~! for the water OH-stretching band (Supplementary Fig. 8).161-162 At low RH, the
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OH-stretching region displays several well-defined peaks, indicating that the water molecules
experience distinct environments within the pore, which are non-equivalent on the IR timescale
(Fig. 3.2a). The highest frequency peak at 3700 cm~! can be attributed to the presence of free
OH bonds, i.e., OH bonds that are not engaged in H-bonding.!®3 Although free OH bonds

164 they are present at the air/water interface,'%> 1% which thus

are short-lived in bulk water,
seems to provide a closer reference for water adsorbed at low RH in the Co,Cl,BTDD pores.
The remaining series of peaks suggests a complicated interplay between water—framework and
water—water interactions that lead to a broad range of H-bond strengths.

As the RH increases, the individual peaks coalesce into a single broad band resembling

that of bulk water.

3.1.2 Simulating water in confinement using the MB-pol model

A molecular-level interpretation of the origin and evolution of the different spectral
features as a function of RH is obtained from classical MB-MD simulations carried out combining
the MB-pol water model,®*-6%7! which has been shown to accurately predict the properties of
water from the gas to the condensed phase, %7 with a flexible force field for Co,CloBTDD (see
the Supplementary Methods, Supplementary Figs. 1-5, and Supplementary Tables 1-4 for details).
All simulations were carried out at a temperature of 300 K (Supplementary Figs. 14, 15). To allow
for direct comparison with the experimental data, all theoretical infrared (IR) spectra, which are
calculated from the dipole-dipole time correlation function (see the Supplementary Methods for
details), are red-shifted by 175 cm™! in the OH-stretching region to account for zero-point energy
effects that are neglected in classical MB-MD simulations, as discussed in detail in Refs. 71,75.
Accounting for zero-point energy effects, good agreement is obtained with the experimental data
(Fig. 3.2b and Supplementary Fig. 8), with the theoretical spectra reproducing the same distinct

series of peaks at low RH and the emergence of a progressively broader band as the RH increases.

27



Q

%Relative humidity

-70

Kubelka-munk difference
Juswiiedxy

o

Infrared intensity
Aosay |

2600 2800 3000 3200 3400 3600 3800 4000
o (em™)

Figure 3.2: Experimental and Theoretical Infrared Spectra of Water in Co,CI,BTDD. a Differ-
ence Diffuse-Reflectance IR spectra of the water OH-stretch region in Co,Cl,BTDD under vari-
able RH conditions. b Calculated IR intensity using the MB-pol model of water in Co,Cl,BTDD
ranging from one water molecule per cobalt (1) to twelve water molecules per cobalt (12)

3.2 Discussion

To characterize the evolution of the H-bond network during pore filling, the results of
separate MB-MD simulations carried out with only one and two water molecules in the simulation

box are examined in Fig. 3.3a. The most favorable location of a single water molecule in the

28



Co,Cl1,BTDD pores corresponds to coordination with one of the open cobalt sites. In this
configuration, the two OH bonds of the water molecule are not equivalent on a picosecond
timescale due to different interactions with the framework. This results in two peaks at 3550
cm~! and 3700 cm~! (orange trace in Fig. 3.3b) that, while reminiscent of the symmetric and
asymmetric stretches, correspond to two distinct OH-stretch vibrations (see Supplementary Fig.
9 for specific details, and Supplementary Tables 6-17 and Supplementary Figs. 14, 15 for details
concerning simulation temperature at various water loadings). The peak at lower frequency is
associated with the stretching vibration of the OH bond weakly interacting with a triazolate group
of the framework while the peak at higher frequency is associated with the OH bond weakly
interacting with the nearest chloride atom of the framework.

The addition of a second water molecule leads to the formation of a H-bonded dimer, with
the first molecule remaining coordinated with the open cobalt site. MB-MD simulations indicate
that the two OH bonds on the second water are relatively free to rotate (on a timescale of 0.50 ps)
due to lack of specific interactions with the framework. The decomposition of the theoretical IR
spectrum in terms of individual OH-stretch contributions (pink trace in Fig. 3.3b) reveals that
the second water molecule is primarily responsible for the peaks at 3550 cm~! and 3700 cm~!.
The cobalt-bound water is instead responsible for the emergence of the two new peaks at 3300
cm~! and 3650 cm™~!, with the first peak corresponding to the H-bonded OH-stretch and the
second peak being associated with the non-H-bonded OH bond. Being relatively free to rotate,
the non-H-bonded OH bond experiences a wide range of local environments and is thus found to
also contribute to the peaks at 3550 cm~! and 3700 cm~! (see Supplementary Fig. 9 for specific
details).

A nearly one-to-one correspondence is found in Fig. 3.3b between the theoretical IR
spectra calculated for one and two water molecules and the experimental DRIFTS spectra
measured at low RH. Based on the equilibrium water isotherm data (Fig. 3.1c), the experimental

water uptake at 2, 4, and 6% RH corresponds to approximately 0.5, 0.9, and 1.2 water molecules
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Figure 3.3: Water at Low Loadings in Co,Cl,BTDD. a Simulations with one (orange) and two
(pink) water molecules. Distance shown along the z-axis is 24 A. b Calculated IR OH-stretches
of one (orange) and two (pink) water molecules with corresponding experimental DRIFTS
spectra at RH 2% (dotted black), 4% (dashed black), and 6% (solid black)
per cobalt atom, respectively. Although water molecules interact more strongly with the open
Co”* sites, the presence of the spectral feature at 3300 cm ™! , indicative of the water dimer at

the cobalt site, thus implies that water begins forming localized H-bonded clusters seeded by

cobalt-bound water molecules prior to full saturation of the open Co>™ sites.
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Figure 3.4: Chains of Water Bridge Between Cobalt Sites. a Structure of the one-dimensional
water chain with water at cobalt (blue), water bridges (pink), and water near the triazolate
(orange) highlighted. Distance shown along the z-axis is 24 A. b Density of states calculated for
individual hydrogen atoms

Simulating the adsorption of additional water molecules reveals the formation of 1-D
water chains bridging between cobalt sites. These chains consist of three types of water molecules
residing in three distinct local environments. Water molecules of the first type correspond to
those bound to the open Co?* sites (light blue in Fig. 3.4a), which engage in two H-bonds, one
each to two adjacent water molecules of the second type. These second-type water molecules
(pink in Fig. 3.4a) act as bridging molecules (similar to the second water molecule in Fig. 3.3a)
by accepting and donating one H-bond and do not interact directly with the framework. Water
molecules of the third type (orange in Fig. 3.4a) correspond to those that interact with the
framework by pointing one OH bond to the ©-system of the neighboring triazolate group, while
accepting two H-bonds, one each from two adjacent bridging water molecules.

Further insights into the nature of the interactions between the framework and the water
molecules residing in the three different local environments are gained by dissecting the density
of states (DOS), corresponding to the theoretical spectra, into individual contributions associated
with each type of water molecule along the 1-D chains. It is found that the cobalt-bound water

molecules only contribute to the peak at 3300 cm™~! (light blue trace in Fig. 3.4b), which is a
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spectral feature characteristic of double donor H-bonded water molecules. Since these molecules
are pinned to the open Co?™ sites and engage in two H-bonds, which are equivalent on the
IR timescale, their mobility is highly frustrated (Supplementary Fig. 10). The water-bridging
molecules contribute to the two peaks at 3500 and 3700 cm™~! (pink trace in Fig. 3.4b), which are
associated with the stretching vibrations of the H-bonded and free OH bonds, respectively. Due
to the absence of directional interactions with the framework, these molecules can easily switch
H-bond partners and display significantly faster orientational mobility than the cobalt-bound
molecules (Supplementary Fig. 10). Finally, the water-to-triazolate molecules contribute to the
two bands at 3050 and 3700 cm~! (orange trace in Fig. 3.4b), with the lower frequency peak
being associated with the stretching vibrations of the OH bonds pointing toward the ®t-systems of
the triazolate groups and the higher frequency peak corresponding to the stretching vibrations
of the other (free) OH bonds, respectively. Due to relatively stronger interactions with the
triazolate groups, these water molecules exhibit rotational mobility that is intermediate between
those displayed by cobalt-bound and bridging water molecules (Supplementary Fig. 10). The
combination of the theoretical DOSs calculated for the three types of water molecules along the
1-D chains results in a vibrational lineshape (gray trace in Fig. 3.4b) that reproduces the main
peaks of the experimental DRIFTS spectra measured below 30% RH, before the MOF pores
become fully hydrated (Fig. 3.2a and Supplementary Table 5). Although connecting every open
Co?T site with water chains would require four water molecules per cobalt, the isotherm data
indicate that pore hydration is initiated at 2.3 water molecules per cobalt (Fig. 3.1c). This suggests
that disconnected 1-D chains form in various locations within the framework before all cobalt
sites are saturated, which is supported by our MB-MD simulations showing that 1-D chains
bridging multiple cobalt sites begin to appear at a loading of two water molecules per cobalt.
At higher water loadings, the 1-D water chains bridging the hydrophilic open Co®™ sites
act as nucleators for the pore filling process, templating the formation of concentric cylindrical

shells that extend along the hydrophobic pore channels. As the water loading increases, the MB-
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MD simulations indicate that the water molecules become, on average, more mobile (Fig. 3.5a).
Because the orientational correlation functions reflect the extent of molecular rotation over time,
this suggests the emergence of liquid-like behavior. However, at the experimental maximum
loading of 12 H,O/Co?™, the average orientational mobility of the water molecules in the
Co,Cl,BTDD pores remains intermediate between that calculated for ice and bulk water. A
similar slowdown was predicted for water adsorbed in MIL-53.168

The evolution of the dynamical behavior of water adsorbed in Co,Clo,BTDD as a function
of RH can be further characterized by analyzing the variation of the water mobility from the
surface to the center of the pore. To this purpose, the water molecules along the MB-MD
trajectories are classified based on their distances from the surface of the pore and thus assigned
to three concentric cylindrical sectors (shown in dark yellow, orange, and red in Fig. 3.5b, e),
with a width of 4.0 Aeach.

As discussed above, at low RH corresponding to a loading of 1 H,O/Co”*, the water
molecules are primarily coordinated to the open cobalt sites, although there is not a one-to-one
correspondence, and Co®*-pinned water dimers and trimers also form within the pores as inferred
by the DRIFTS lineshapes. These water molecules thus reside in sector 1, providing an outer shell
of H-bonding sites that effectively template the development of the H-bonding structure inside
the pores at high RH (Fig. 3.5b, c). Water molecules enter sector 2 at a loading of 2 H,O/Co?*
and start filling sector 3 at a loading of 7 HoO/Co** (Fig. 3.5d and Supplementary Figs. 11,
12). At the loading of 11 H,O/Co®*, the water molecules fill the pore completely although
they tend to cluster around the open cobalt sites as shown in Fig. 3.5e, f. Similar templating
effects of the framework on adsorbed water were predicted from computer simulations of water in
[Zn(L)(X)] (L = 3-methyl-2-(pyridin-4-ylmethylamino)-butanoic acid and X = Cl and Br),'® and
MOF-74.88 Analysis of both orientational and translational mobility shows that water molecules
occupying different sectors exhibit significantly different dynamical behavior (Table 3.1 and

Supplementary Figs. 11, 12). While water molecules in sector 1 reorient very slowly and are
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Figure 3.5: Dynamics of Water in Co,Cl,BTDD. a Orientational correlation functions calculated
from MB-MD simulations carried out for various loadings of water inside the Co,Cl,BTDD
pores. Also shown for reference are the corresponding orientational correlation functions
calculated from MB-MD simulations of liquid water (pink) and ice (gray). b Snapshot from
an MB-MD simulation of water in Co,Cl,BTDD for a loading of 1 H,O/Co?*. The three
concentric colored sectors are defined according to their distance from the pore surface: Sector
1 from 04 A(dark yellow), Sector 2 from 4-8 A(orange), and Sector 3 from 8—12 A(red). ¢
Two-dimensional (2-D) density map of water calculated from MB-MD simulations carried out
for a loading of 1 H,O/Co?* (lighter colors correspond to regions with higher water density). d
Orientational correlation functions calculated for water in the three different sectors of the pore
at either 1 HyO/Co?* (dashed line) or 11 H,O/Co?* (solid lines). e Snapshot of an MB-MD
simulation of water in Co,Cl,BTDD for a loading of 11 H,0/Co?* (the three concentric colored
sectors are defined as in b. f2-D density map for a loading of 11 HyO/Co?* (lighter colors
correspond to regions with higher water density)

effectively translationally immobile, being directly coordinated with the Co?* atoms or H-bonded
to the Co-bound molecules, water molecules in sectors 2 and 3 display progressively faster

dynamics. In particular, water molecules at the center of the pore (sector 3) reorient on a timescale
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of 4.4 ps and diffuse along the pore (z direction) by 0.24 A2 ps~!, which suggests dynamical
behavior similar to liquid water (Table 3.1). The overall difference in the orientational relaxation
times and diffusion coefficients of Table 3.1 displays the dynamical heterogeneity that exists
between the different sectors due to their distance from the pore surface. Additionally, it should
be noted that, due to confinement, water mobility along the x and y directions is systematically

lower than along the z direction.

Table 3.1: Dynamics of water in Co,Cl,BTDD orientational relaxation time (7;), calculated
from C,(t) = Ae~ /™ along with the total diffusion coefficient (D;,,), diffusion coefficient
along the xy-plane (D,,), and diffusion coefficient along the z direction (D,) for 11 H,0/Co**
with standard deviations. Experimental data for 1, and D,,, in bulk water are taken from
refs. 170, 171, respectively. See the Supplementary Methods for specific details about the
calculation of orientational relaxation time and diffusion coefficients.

T (ps) Dy (A% -ps™!) Dy (A%-ps™!) D, (A% ps7h)

Sector 1 >70 0.03 £ 0.01 0.02 £ 0.01 0.04 £ 0.01
Sector 2 83£18 0.11 +£0.03 0.09 £ 0.03 0.15 £ 0.04
Sector 3 44+£09 0.19+£0.05 0.16 £ 0.05 0.24 £ 0.08
Exp. Bulk water 2.5 0.23

No standard deviations were calculated for the orientational relaxation time in Sector 1
since it was only possible to determine that the relaxation time is longer than 70 ps

In addition to the dynamical heterogeneity exhibited by water molecules in different pore
environments, structural parameters reveal increasingly frustrated H-bond networks closer to the
pore surface. At the maximum loading of 12 H,O/Co”*, Supplementary Fig. 13 shows that the
distribution of the tetrahedral order parameter, q;.;, a metric of the local structure of the water
H-bond network, displays two distinct features — a dominant one with a maximum at q;.; ~
0.4, indicating less tetrahedrality and suggesting environments with interfacial character, and a
second feature with a maximum at g;; = 0.8, representative of liquid-like environments.!”> The
structural and dynamical heterogeneity exhibited by water at the maximum loading thus mirrors
the water adsorption process observed by DRIFTS, as the sites with the highest water density, the
least tetrahedral H-bonding network, and the slowest mobility in the full pore correspond with

the sites of initial water adsorption near the metal sites.
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Water confined in Co,Clo,BTDD pores exhibits similarities and differences with water
adsorbed on surfaces. For example, water at metal surfaces tends to display long-range order.!”3
Although at low RH, water inside Co,Cl,BTDD displays a similar order due to coordination
to the open cobalt sites, higher RH disrupts the long-range order, and water molecules display
progressively liquid-like behavior as they approach the center of the MOF pores. This is reflected
in the broadening of the OH-stretch vibrational lineshapes towards lower frequencies characteristic
of H-bond networks.

In summary, water adsorbed in Co,Cl,BTDD displays heterogeneous structural and
dynamical behavior which varies as a function of both RH and distance from the pore surface.
By directly connecting adsorption isotherms with the evolution of IR spectra of water inside
MOF pores as a function of RH, the foregoing combined experimental and theoretical approach
provides detailed insights into the molecular mechanisms that determine water adsorption in
porous materials exhibiting both hydrophilic and hydrophobic regions. These mechanistic
insights can contribute to the design of next-generation porous materials for water harvesting.
Fundamentally, our approach advances the understanding of water structure and dynamics within
amphipathic confined and interfacial environments which are widespread in biology, atmospheric

science, and chemistry.

3.3 Methods

3.3.1 Synthesis

Co,C1,BTDD was synthesized and activated according to a previously published proce-
dure.'® Briefly, 200 mg H,BTDD! (0.75 mmol) was dissolved in 200 mL N,N’- dimethyl-
formamide (DMF) with heating, then cooled to room temperature. Separately, 1.5 mmol (2 eq.)
cobalt chloride hydrate was dissolved in 200 mL ethanol and 4 mL concentrated hydrochloric

acid. The clear solutions were combined, capped, and heated to 65 °C in an oven for 10 days.
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The resulting solids were filtered, washed with DMF and methanol. Solvent exchange of DMF
was carried out by Soxhlet extraction with methanol for approximately 48 h. The materials were

then activated under dynamic vacuum at 150 °C for 24 h.

3.3.2 Spectroscopic measurements

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) measurements
were performed using a Bruker Tensor 37 IR spectrometer equipped with a liquid nitrogen cooled
mercury cadmium telluride detector and a Pike DiffusIR accessory. A sample of Co,Cl,BTDD,
pre-activated at 150 °C under vacuum to remove all solvents, was diluted with KBr in a ratio of
approximately 1:5 (MOF:KBr) in an argon-filled glovebox. The resulting solid solution was then
packed into a ceramic cup and sealed in the DiffusIR cell. The cell was brought out of the box,
and a static dry spectrum was recorded with the cell sealed. Two gas streams of flowing argon
(UHP grade 5.0, Airgas), one wet (bubbled through a fine frit through MilliQ H,O) and one dry,
were each flow controlled using mass flow controllers (MFCs), and joined together at a T fitting
before connecting to the DRIFTS cell. The wet stream and dry stream were controlled via the
MFCs to change relative humidity (RH) every 20 min (a time period previously demonstrated to
result in saturation of the IR spectrum at all loadings). The MFCs were controlled such that the
total flow rate was constant at 1 liter per minute (LPM) (e.g. for 40% RH, 0.4 LPM wet, 0.6 LPM
dry). The temperature for all measurements was 20 °C. Spectra were recorded at the end of the
period at which the sample atmosphere was at each RH, every 20 min. Data was transformed
using the Kubelka-Munk function.!” The static dry spectrum was subtracted from the humid

measurements in all cases.
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3.3.3 Molecular dynamics simulations

All simulations utilized the many-body potential energy function (MB-pol) to describe
water, which is built upon a many-body expansion of the interaction energy for water.50-62
MB-pol has been previously shown to accurately reproduce the properties of water from the
gas to the condensed phase.®® The framework atoms of Co,ClLBTDD were modeled with
a flexible force field consisting of point charges (details in the Supplementary Methods). In
simulating Co,Cl,BTDD, the first configuration utilizes one water molecule per cobalt atom (1,
corresponding to 54 water molecules), and in each subsequent simulation at each loading, an
additional water molecule is added per cobalt atom (2, 3, etc.). The initial configurations for each
loading were generated using Packmol,'”> adding the specific number of water molecules to 756
MOF atoms. Classical many-body molecular dynamics (MB-MD) simulations were performed
using in-house software based on the DL_POLY _2 simulation package,!”® which was modified

60-62 " A1l simulations were carried out for a

to include the MB-pol potential energy function.
system consisting of 1 x 1 x 3 primitive cells under periodic boundary conditions with cell
dimensions 38.6590 A, 33.4793 A, and 25.6914 A and angles 90°, 90°, and 120° along the x,
y, and z dimensions, respectively. Each system was equilibrated through a constant volume and
constant temperature (NVT) canonical ensemble at 300 K for 10 ps, and dynamical information
was obtained through a constant volume and constant energy (NVE) microcanonical ensemble
for 50 ps where the temperature remained stable around 300 K. Constant pressure and constant
temperature (NPT) simulations at 1.0 atm and 300 K were also performed to investigate the
flexibility of the framework throughout the simulation. During the NPT simulations, all three cell
dimensions vary by 4.5% with average values of 36.6955 A, 31.7789 A, and 24.3865 A along the
X, Yy, and z dimensions, respectively. While the cell size varies slightly, the framework remains
constant in size throughout the simulations. Twenty independent MB-MD trajectories starting

from different initial configurations were performed for each loading with a time step of 0.2 fs.

The equations of motion were propagated according to the velocity-Verlet algorithm, and the
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temperature was maintained at 300 K by a Nosé-Hoover chain of four thermostats.!”” Short-
range interactions were truncated at an atom—atom distance of 9.0 A, and the electrostatics were
calculated using the Ewald sum.®? Standard long-range electrostatic interactions as implemented
in DL_POLY _2 were applied to Lennard-Jones potentials to account for errors due to the truncation
at 9 A.17% Cross interactions between water and the MOF were derived from Lorentz-Berthelot

mixing rules.

3.4 Data availability

Any data generated and analyzed for this study that are not included in this Article and its

Supplementary Information are available from the authors upon request.
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ucsd.edu/software/mbpol_openmm.html) and i-PI (http://paesanigroup.ucsd.edu/software/mbx.
html). All computer codes used in the analysis presented in this study are available from the

authors upon request.
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Chapter 4

Simulation Meets Experiment: Unraveling
the Properties of Water in Metal-Organic
Frameworks through Vibrational

Spectroscopy

4.1 Introduction

Hydrogen bonding (H-bonding) between water and host materials has proven to be
important for the structure and function of the latter.!”-130 Strong H-bonds can lead to the

formation of extended networks that modulate fundamental processes, including hydration pro-

181

cesses, °' chemical synthesis and reactions, 8% 183 heat dissipation,184’ 185

and macroscopic struc-
tural formations. '3+ 186-18% Under confinement, H-bonded networks are disrupted due to physical

constraints and host—water interactions.!8%139 A variety of porous materials, such as carbon

150,152,190-192 189,193 194,195

nanotubes, zeolites, 133 silica pores and channels, and other materials

have been used as model systems to determine the physical properties of water in confinement.
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These model systems highlight the fact that the properties of the confining environment, whether
hydrophobic or hydrophilic, influence H-bonding with the host.

Metal-organic frameworks (MOFs) are an attractive class of porous materials. Comprised
of inorganic subunits, also known as secondary building units (SBUs), and organic linkers, MOFs
assemble in crystalline three-dimensional structures with large surface areas and high porosity.3*

Because of their chemical diversity and tunability, MOFs have found a wide range of applications

38,40,196,197 26

including, but not limited to, liquid and gas adsorption, chemical separation,”

198 I"[,ZOO 201

catalysis,!*® chemical degradation,!®® and proton transpo as well as in electronic devices

and magnets.?%?

It has recently been shown that some MOFs display remarkable water capture
capabilities under ambient conditions.*!-4+203-205 To further capitalize on the potential of MOFs
as water harvesting materials, it is necessary to gain fundamental insights on the framework—water
and water—water interactions in the confining pores, as these interactions determine both the onset
and overall capacity of water adsorption.

An accurate description of the water H-bonding network in MOFs, which can allow
for unambiguously disentangling framework—water and water—water interactions, is critical for
understanding the physical mechanisms governing water adsorption in MOFs as a function of
pore size and shape as well as the physicochemical properties of the framework. In this regard,
an integrated approach that combines spectroscopic measurements and molecular simulations
can provide such a level of detail. Linear infrared (IR) spectroscopy is sensitive to variations
in the strength of the water H-bonding network,”? although all measurements are performed at
the ensemble-averaged level, and the decoding of structure from the spectra is often challenging.
On the other hand, molecular dynamics (MD) simulations provides a means to directly connect
different spectroscopic features to specific H-bonding motifs. However, the calculated spectra,
and, therefore, the reliability of the comparisons with the experimental measurements depend
sensitively on the ability of the molecular models to correctly describe the underlying molecular

interactions.
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Diffuse reflection infrared Fourier transform spectroscopy (DRIFTS) can provide func-
tional group-specific information regarding the interaction between water and the framework. A
study carried out on MIL-53(Al), which exhibits the so-called “breathing effect”, highlighted
the complex mechanisms that modulate water adsorption in this MOF.?% It was determined that
water interacts tightly with multiple sites of the framework at lower hydration levels, while at
higher hydration levels the spectral signatures associated with the water OH stretching vibrations
are localized to fewer sites of the framework. A study on the Co,Cl,BTDD MOF, a hydrophilic
MOF that captures 82% water by weight below 30% relative humidity (RH),*! used DRIFTS
to elucidate the adsorption mechanism as a function of RH.?"” Results from Ref. 207 provide a
different picture from that derived from the analysis of the IR spectra of water in MIL-53(Al).
Water was found to strongly bind to the open Co™ sites of the framework at low RH and to subse-
quently form disconnected one-dimensional chains of H-bonded molecules bridging between the
Co?* sites. Upon further increase in RH, these water chains were found to nucleate pore filling,
with water molecules occupying the entire pore volume before the RH reaches 30%. The different
results from Refs. 206 and 207 exemplify not only the power of IR spectroscopy in providing
functional group-specific information about the water adsorption process but also the variety of
hydration mechanisms that can be observed in MOFs, depending on the pore sizes, shapes, and
nature of the framework.

On the modeling side, one of the major challenges faced by MD simulations of MOFs
is the development of force fields (FFs) that can accurately describe the underlying molecular

)81 and the universal

interactions. Common FFs such as the general Amber force field (GAFF
force field (UFF)®? have been used to represent the organic linkers of MOFs. These FFs have the
advantage of being applicable to a wide range of systems, although they suffer from a lack of
transferability in describing the coordination and geometry of metal centers in MOFs.3+35 More
specific FFs have been developed to address this deficiency, such as MOF-FF® and QuickFF,?3

extensions of UFF for MOFs (UFF4MOF),84 86 and a zeolitic imidazolate framework force field
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(ZIF-FF).7 These FFs have been extensively used to simulate adsorption isotherms as well
as structural, thermodynamic, and dynamical properties of various molecules (e.g., methane
and small hydrocarbons, carbon dioxide, and water) adsorbed in the MOF pores. Recently,
more sophisticated polarizable models have also been used to model guest—framework interac-
tions.8%298-212. Among different guest molecules, modeling water in MOFs presents particular
challenges due to the complex nature of the water—water interactions, which is responsible for the
anomalous behavior of water as a function of temperature and pressure.*> 144147

In this study, we integrate experimental and computational IR spectroscopy with MD
simulations to investigate the properties of water in ZIF-90. Compared to most ZIFs that are
highly hydrophobic (e.g., ZIF-8),3%43:213 ZIF-90 gives rise to a sharp step in the water adsorption
isotherm between 30% and 40% RH (Fig. 4.1A) due to the presence of the imidazolate-2-
carboxyaldehyde linkers, which make the framework hydrophilic.?!4 While the overarching
goal of this study is to gain general insights into the interplay between framework—water and
water—water interactions, direct comparisons between experimental and simulated IR spectra
also provide the unique opportunity to assess both merits and shortcomings of current models

for MOF simulations and computational IR spectroscopy as well as to identify possible areas of

improvement, which are critical for in silico screening of MOFs for water harvesting.

4.2 Methods

4.2.1 Material Synthesis and Characterization

ZIF-90 was synthesized by fully dissolving imidazole-2-carboxaldehyde (ICA) in N,N-
dimethyl-formamide (DMF) with heat as described in Ref. 215. The ICA/DMF solution was
cooled to room temperature, and pyridine was added. A solution of zinc nitrate hexahydrate in
methanol was poured into the ICA/pyridine/DMF solution rapidly and mixed overnight. ZIF-90

crystals were collected through 4 cycles of centrifugation with neat DMF. The collected product
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was then washed with DMF and dried. To confirm the synthesis of ZIF-90, the product was
analyzed using Powder X-Ray Diffraction (PXRD) and Scanning Electron Microscopy (SEM).
PXRD data match well with theoretically simulated spectra, and obtained SEM images visually

confirm the crystal structure of ZIF-90 (Figs. S1 and S2, respectively).

4.2.2 Spectroscopic Measurements

DRIFTS measurements were carried out on ZIF-90 crystal powder mixed with dry KBr
at 5% (w/w) using a Thermo Fischer Nicolet S10 FTIR spectrophotometer fitted with a PIKE
Technologies DiffusIR accessory. The enclosed internal space of the DiffusIR accessory was
purged with varying degrees of DO humidified air using a humidity generator (Fig. S3). Briefly,
dry air streams were mixed with D,O humidified air until the desired humidity was generated.
The enclosed internal space of the accessory was then allowed to equilibrate for 10 minutes
before each spectrum and background were recorded. A background spectrum of solid potassium
bromide (KBr) was taken for each RH value to correct for signal scatter using a Kubelka-Munk

transform.

4.2.3 Molecular Models and Simulations

ZIF-90 was modeled using a flexible force field. All bonded parameters involving the
zinc atom were taken from ZIF-FF,37 while all bonded parameters involving the atoms of the
ligand were taken from the General Amber Force Field (GAFF).8! The MOF structure was
optimized using periodic density functional theory (DFT) calculations carried out with the Vienna
Ab initio Simulation Package (VASP),?!621° ysing the PBE exchange-correlation functional>2®

with Grimme’s D3 dispersion correction®?!

in combination with a projector-augmented wave
(PAW) treatment?>>223 with a 700 eV kinetic energy cutoff. A 2x2x?2 k-point grid was used,

and forces were converged to a tolerance of 0.03 eV/A. Atomic point charges were calculated
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for the optimized ZIF-90 structure using the density derived electrostatic and chemical (DDEC)
charges.”” The Lennard-Jones (LJ) parameters were taken from ZIF-FF with an initial guess used
for the oxygen atom of the framework from the LJ 1,,;, value in GAFE.8! Atom types as well as
all bonded and non-bonded parameters for the MOF force field are given in Fig. S4 and Tables
S1-S4.

Water was modeled using the MB-pol potential energy function (PEF).°0-2 MB-pol has
been shown to correctly predict the properties of water from the gas to the condensed phase,53 167

which makes it particularly well-suited for modeling the properties of water adsorbed in MOFs

as a function of RH. Furthermore, MB-pol enables accurate simulations of vibrational spectra

71-74 75,76 77-19

of water clusters,0-65-70 liquid water, the air/water interface, and ice, and is thus
an ideal model to monitor the evolution of the DRIFTS spectra of water adsorbed in MOFs as a
function of RH.2

As in Ref. 207, the framework—water non-bonded interactions were represented in terms
of permanent electrostatics and Lennard-Jones (LJ) interactions. Since the extension of our
many-body models to generic molecules compatible with MB-pol is under development,??*2%>
in this study the LJ parameters between the MOF atoms and water were obtained by applying
the Lorentz-Berthelot mixing rules using the LJ parameters of the TIP4P/2005 water model,??
which is the closest point-charge model to MB-pol.!3’

All MD simulations were carried out in periodic boundary conditions for systems con-
sisting of 2x2x2 primitive cells of ZIF-90 and various water loadings, ranging from 25% to
70% RH, using in-house software based on the DL_POLY _2 simulation package.!”® Constant
pressure and constant temperature (NPT) simulations at 1.0 atm and 300 K were performed for
500 ps at each water loading. Since the average box dimensions do not deviate significantly from
the experimental values (see Table S5 in the Supporting Information), the latter were used in all

simulations to guarantee direct comparisons with the experimental measurements. Each system

was equilibrated in the canonical (constant number of atoms, volume, and temperature, NVT)
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ensemble at 300 K for 1 ns. All dynamical properties, including the IR spectra, were calculated in
the microcanonical (constant number of atoms, volume, and energy, NVE) ensemble at 300 K by
averaging over 20, 50 ps long independent trajectories. The equations of motion were propagated
according to the velocity-Verlet algorithm with a time step of 0.2 fs, and the temperature was
maintained at 300 K by a Nosé-Hoover chain of four thermostats. Short-range interactions were
truncated at an atom—atom distance of 15.0 A, and long-range electrostatics were calculated using
the Ewald sum.3"

To assess the importance of nuclear quantum effects in determining the structural and
dynamical properties of water adsorbed in ZIF-90, centroid molecular dynamics (CMD) simu-

lations!24-128

were also performed. In the CMD simulations, each atom was represented by a
Feynman’s ring polymer discretized with 32 beads, and the centroid variables were propagated
using the partially adiabatic separation scheme of Refs. 127 and 129, with an adiabaticity pa-
rameter of y=0.25 and a time step of 0.05 fs. Given the associated computational cost, all CMD
simulations were only performed for systems consisting of 1x1x 1 primitive cells of ZIF-90 at
40% RH.

The theoretical IR spectra were calculated within the time-dependent formalism according

to

(o]

SVEOZEO] tanh (Bho) /_mem (u(0)u(r)) dt 4.1)

Iir = {

where V is the system volume, c is the speed of light in vacuum, € is the permittivity of free space,
and B = (kgT)~!, with kg being Boltzmann’s constant. In Eq. 4.1, (u(0)u(t)) is the ensemble-
averaged dipole-dipole time correlation function that was calculated by averaging over 20 NVE
trajectories at each water loading, with u being represented by the MB-u many-body dipole
moment function.”! Since MB-pol is a polarizable water model, the ZIF-90 atoms can polarize
water confined in the MOF, and the induced dipole moment of MB-u includes contributions from
the MOF atoms.

Due to the neglect of nuclear quantum effects, classical MD simulations predict vibra-
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tional spectra that are systematically blue-shifted relative to the corresponding experimental
spectra.’1:75:227:228 Therefore, in all the analyses presented in the following sections, the theoreti-
cal spectra calculated from classical MD simulations are red-shifted by 137 cm™! in the stretching
region, as shown in Fig. S5 in the Supporting Information, to facilitate comparisons with the
experimental DRIFTS spectra. Furthermore, MB-pol has been shown to slightly underestimate
the strength of H-bonds in liquid water, which results in a blue-shift of 57 cm™! in the OH
stretching region of the quantum CMD spectra.”! In the following analyses, the quantum CMD
spectra are thus red-shifted by 57 cm~! (Fig. S5) to facilitate comparisons with the experimental
DRIFTS spectra.

Finally, Fermi resonances between the overtones of the bending vibrations and stretching
vibrations of the water molecules in the liquid phase have been shown to be important for a quan-

65,130

titative representation of the OH-stretch lineshape in both water clusters and liquid water.”*

To calculate the Fermi resonance contributions to the OD-stretch lineshape, local mode/local

57,122,123 were performed on clusters comprised of a central D,O

monomer (LM) calculations
molecule surrounded by 16 H,O molecules, which were used to model the intramolecular (bend-
ing and stretching) modes of D,0O in the liquid phase. These clusters were the same clusters
used in Ref. 74, which were extracted from CMD simulations of a single H>O in a D, O solution.
The two hydrogen atoms on the HO molecule were optimized, while every other atom was held
fixed, using the ORCA package®?® interfaced with our in-house MB-pol software. After this

optimization, the central H,O molecule was converted to D,O while the 16 surrounding D,O

molecules in the cluster were converted to H,O for the LM calculations.

4.3 Results and Discussion

ZIF-90 exhibits a type V adsorption isotherm (Fig. 4.1A),%¢ adsorbing water in one pore-

filling step that begins at ~30% RH and ends at ~40% RH. To facilitate the analysis of the IR
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Figure 4.1: A) Water adsorption isotherm for ZIF-90 from Ref. 36. B) Experimental IR spectra
of D0 in ZIF-90 at 8% RH, 16% RH, 29% RH, 37% RH, and 60% RH. C) IR spectra of
experimental bulk D,O (black) from Ref. 1, D,O in ZIF-90 at 60% RH (red), and HOD in
ZIF-90 at 63% RH (blue). The spectra are normalized to a value of one.

spectra, all measurements and simulations were carried out with D,0 since the OD stretching
vibrations do not overlap with any of the framework vibrations. The experimental IR spectra of
D;0 in ZIF-90 in the OD stretching region, obtained after subtracting the spectrum measured at
0% RH from the spectra measured at different RH values, are shown in Fig. 4.1B. As the humidity
increases to ~10%, two peaks centered at ~2550 and ~2650 cm™! begin to develop, with their
intensity monotonically increasing as the RH increases. Importantly, Fig. 4.1B also shows that the
spectral weight shifts from the lower to the higher frequency portion of the lineshape as the RH
increases. The comparison with the IR spectrum of bulk D,0O (Fig. 4.1C) indicates that ZIF-90
induces a blue shift of ~40 cm~! to the OD lineshape of the adsorbed D,O molecules. The OD
lineshape in ZIF-90 displays appreciably higher intensity on the blue side of the maximum at 2650
cm~!. Importantly, DRIFTS measurements carried out for HOD in ZIF-90 (Fig. 4.1C) provide a
significantly narrower OD-stretch lineshape that lacks the two distinct peaks that characterize the
analogous OD-stretch of D,0O in ZIF-90. Furthermore, the absence of intramolecular coupling in
the HOD molecules results in a decrease of the IR intensity on the red side of the spectrum around
~2400 cm~!. The comparison of the IR spectra of D,O and HOD in ZIF-90 thus allows us to
unambiguously assign the shoulder at ~2400 cm™! in the D,O spectrum to the Fermi resonances

and not to particular ice-like structures of D>O in the ZIF-90 pores.
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Figure 4.2: A) Experimental bulk D,0 IR spectrum (black) from Ref. 1, CMD bulk D,0 (pink)
spectrum, Fermi resonance contribution (red), and CMD bulk D, O spectrum with added Fermi
resonance contribution (shaded pink). B) Experimental IR spectrum of water in ZIF-90 at 40%
RH (black), MD 40% RH (green) spectrum, Fermi resonance contribution (dark green), and MD
40% RH spectrum with added Fermi resonance contribution (shaded green). C) Experimental
IR spectrum of water in ZIF-90 at 40% RH (black), CMD 40% RH (light blue) spectrum,
Fermi resonance contribution (blue), and CMD 40% RH spectrum with added Fermi resonance
contribution (shaded light blue). All MD spectra are red-shifted by 137 cm™!, CMD spectra are
red-shifted by 57 cm™~!, DOD bending overtones are blue-shifted by 24 cm~!, and all spectra
are normalized to a value of one at the lower frequency peak.
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To gain insights into the adsorption process, IR spectra were calculated from both MD and
CMD simulations carried out at different D,O loadings. Fig. 4.2 shows a comparison between
the experimental, MD, and CMD OD-stretch lineshapes at 300 K. As discussed in Ref. 74, due to
numerical limitations associated with using Cartesian coordinates to propagate the dynamical
trajectories, the lineshape calculated using quantum CMD simulations is unable to quantitatively
describe Fermi resonances.?%23! On the other hand, the Fermi resonances do not appear in
the lineshape calculated using classical MD simulations because, in this case, the overtones
of the bending vibrations do not overlap with the OD stretching vibrations. Fig. 4.2A shows
the experimental and simulated CMD IR spectrum of bulk D,O. The CMD spectrum is able to
reproduce the experimental D,O spectrum fairly well, only lacking intensity around ~2400 cm™!,
which is due to missing intensity from the Fermi resonances.’* This inability to reproduce Fermi
resonances leads to two distinct peaks in the CMD spectrum of bulk D, O instead of the single,
broad peak with two shoulders observed in the experimental spectrum (Fig. 4.2A). After adding
the contributions from the Fermi resonances (red trace), the resulting CMD OD-stretch lineshape
of bulk D,O is in remarkably good agreement with the corresponding experimental lineshape.

Figs. 4.2B and 4.2C show comparisons between the experimental and theoretical line-
shapes for D,O in ZIF-90 at 40% RH calculated from both (classical) MD and (quantum) CMD
simulations, respectively. While the simulated lineshapes correctly reproduce both the blue
shift of the OD-stretch linesahpe measured experimentally (Fig. S7) and the presence of two
distinct peaks, both MD and CMD lineshapes overestimate the separation between the two peaks
compared to experiment.

The origin of the blue shift can be explained by investigating the structure of bulk D,O
and D,0 in ZIF-90. As shown in Table 4.1, DO molecules adsorbed in MOF pores form longer,
and, consequently, weaker D-bonds compared to bulk. These longer D-bonds are associated with
OD stretching vibrations that absorb at relatively higher frequencies, causing the blue shift of the

OD-stretch lineshape found for D>O confined in the ZIF-90 pores.
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Table 4.1: Average OD bond, water—water (OW—OW) D-bond lengths, and water—MOF (OW-0)
D-bond lengths calculated from MD and CMD simulations for bulk D,O as well as ZIF-90 at
40% RH using both the original and modified force fields.

D-bond (A)
simulation OD bond (A) OW-OW OW-o

bulk D,0O CMD 0.976 1.916

Z1F-90 40% RH CMD 0.973 1.937 2.146
(original FF)

Z1F-90 40% RH MD 0.969 1.943 2.147
(original FF)

Z1F-90 40% RH CMD 0.975 1.945 1.713
(modified FF)

ZIF-90 40% RH MD 0.970 1.950 1.715
(modified FF)

Since it has been shown that MB-pol correctly describes the properties®® and IR spectrum
of bulk D,O (Fig. 4.2A), the differences between the experimental and simulated IR spectra of
D, 0 in ZIF-90 are likely due to an inaccurate representation of the interactions between the D,O
molecules and the ZIF-90 framework. The present simulations (Fig. S9) as well as other studies
of water in ZIF-90* indicate that the D,O molecules adsorbed in the ZIF-90 pores can D-bond to
the carbonyl groups of the framework. Furthermore, Figs. 4.2B and 4.2C show that, compared
to experimental results, the low-frequency peak in both MD and CMD OD-stretch lineshapes
is red-shifted and misses intensity around ~2550 cm~!. This frequency region corresponds to
OD stretching vibrations of DO molecules that are D-bonded to the carbonyl groups of the
framework.>3?

In order to more accurately describe the strength of D-bonding between the D, O molecules
and the framework, we modified the LJ potential between the DO oxygen atom (OW) and the

oxygen atom (0) of the carbonyl functional groups of the framework by decreasing Gow—, by 10%
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Figure 4.3: OW-OW (dark colors) and OW-o (light colors) RDFs of water confined in ZIF-90

in the original force field (black colors) and the modified force field (blue colors).
and €ow—_, by 20%, which leads to a modified FF. By doing this, the OW-o repulsion decreases,
which allows the D,O molecules to approach the framework more closely and establish stronger
D-bonds with the carbonyl groups.

The effects of modifying the OW—o LJ potential can be directly seen in the differences
between the radial distribution functions (RDFs) calculated from MD simulations carried out with
the original and modified FFs (Fig. 4.3) as well as in the average water—-MOF D-bond length in
Table 4.1. In the original FF, the first peak in the OW-OW RDF is located at 2.8 A (black), while
the first peak in the OW—o RDF is at 3.1 A (gray), suggesting that the D,O molecules approach
each other closer than D,O molecules can approach the MOF atoms. On the other hand, the first
peak in the OW—OW RDF remains at 2.8 A (royal blue) but the first peak in the OW—o RDF moves
to 2.55 A (light blue) with the modified FF. This indicates that, while the interaction between

D>0O molecules is not affected by changes in the framework—D,O interactions, the modified FF
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Figure 4.4: A) IR spectra of water in ZIF-90 at 40% RH from experiment (black), MD at 40%
RH for the modified FF (pink), Fermi resonance contribution (red), and MD at 40% RH with
added Fermi resonance contribution for the modified FF (shaded pink). B) IR spectra of water
in ZIF-90 at 40% RH from experiment (black), CMD at 40% RH for the modified FF (light
blue), Fermi resonance contribution (blue), and CMD at 40% RH with added Fermi resonance
contribution for the modified FF (shaded light blue). All MD spectra are red-shifted by 137
cm~!, CMD spectra are red-shifted by 57 cm~!, and DOD overtones are blue-shifted by 24
cm™!. All spectra are normalized to a value of one at the lower frequency peak.
leads to D,O molecules forming shorter and stronger D-bonds with the framework than in the
original FF (Table 4.1). It should be noted that other modifications of the original FF were also
investigated and were found to significantly affect the D,O structure in the ZIF-90 pores, leading
to large deviations in both RDFs and IR spectra as shown in the Supporting Information (Figs.
S10, S11, and S12).

The influence of modifying the OW-o LJ potential is clearly seen in the IR spectra calcu-
lated from MD and CMD simulations which are shown in Fig. 4.4A and Fig. 4.4B, respectively.
Decreasing Gow—, by 10% and decreasing €ow—, by 20% in the modified FF redistributes the
IR intensity between ~2500-2550 cm™!. Specifically, the shorter water—-MOF D-bonds in the
modified FF move the IR intensity from the high-frequency range to the mid-frequency range of
the OD-stretch lineshape, leaving the low-frequency peak of the strongest D-bonds between water

molecules unchanged. With the modified FF, the CMD simulation closely reproduces the intensity

of the two main peaks of the experimental spectrum at ~2550 and ~2650 cm~!. Furthermore,
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adding the Fermi resonance contributions increases the intensity on the red side of both the MD
and CMD OD-stretch lineshapes, which makes the CMD lineshape reproduce the corresponding
experimental lineshape nearly quantitatively. As seen in Table 4.1, simulations with the modified
FF also lead to slightly longer OW—OW D-bond which results in the loss of some IR intensity
from the lower-frequency peak at ~2450 cm~! (Fig. 4.4).

To provide further insights into the structural arrangements of the D,O molecules in the
ZIF-90 pores in connection with the OD-stretch lineshape, Fig. 4.5 shows the distribution of
different D-bond topologies for both bulk D,O and D,0O in ZIF-90 at 40% RH. The majority of
bulk D,O molecules donate and accept at least one D-bond, with the varying number of donors
and acceptors resulting in the broad OD-stretch band. On the other hand, the MD simulations of
D0 in ZIF-90 carried out with the original FF indicate that, among D, O molecules not involved
in D-bonding with the framework (Fig. 4.5A), a relatively smaller fraction donates and accepts
at least one D-bond compared to bulk D,O. When the D,O molecules donate one D-bond to
the framework (Fig. 4.5B), the fraction of D,O molecules that are involved in D-bonding with
themselves is significantly smaller than in bulk D,O. Therefore, due to the overall smaller number
of D-bond donors and acceptors, the vibrations of the D,O molecules confined in ZIF-90 retain
some character of the symmetric and asymmetric stretches of gas-phase D,O, which results in
the two distinct peaks found in the IR spectra.

The comparison between the D-bonding topologies obtained with the original and modi-
fied FFs indicates that the latter leads to an overall decrease in the number of D,O molecules that
are D-bonded with themselves when the D,O molecules are not involved in D-bonding with the
framework (Fig. 4.5A). This is accompanied by an overall increase of D,O molecules that donate
D-bonds to the carbonyl groups of the framework, whose fraction increases from 25% in the MD
simulations with the original FF to 40% in the MD simulations with the modified FF (Fig. 4.5B),
resulting in a more tetrahedral arrangement of the D,O molecules in the ZIF-90 pores (Fig. S13).

The structure of the D-bonding network at 40% RH obtained from MD simulations with MB-pol
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Figure 4.5: A) Donating (D) and accepting (A) D-bond distribution of water molecules when
there are zero D-bonds donated to the MOF at 40% RH. D-bond distributions are shown for
bulk D,O (dark red), the original FF (red), and the modified FF (light red). D-bonds are plotted
as a percent of the total number of water molecules in each simulation. B) Donating (D) and
accepting (A) D-bond distribution of water molecules when there is one D-bond donated to the
MOF at 40% RH. D-bond distributions are shown for bulk D,O (dark blue), the original FF
(blue), and the modified FF (light blue). D-bonds are plotted as a percent of the total number of
water molecules in each simulation.

is compared in Fig. S14 of the Supporting Information to that obtained from simulations with
the empirical and nonpolarizable g-TIP4P/f water model.>3> While the two sets of simulations
provide similar trends, q-TIP4P/f overall predicts a larger number of water molecules donating
two hydrogen bonds to other water molecules. These results are consistent with gq-TIP4P/f also
predicting a more tetrahedral structure of liquid water compared to MB-pol.5? As shown in
Ref. 89, the differences between polarizable and nonpolarizable models of water become more
pronounced in MOFs with frameworks containing charged functional groups that polarize the
water molecules and lead to the formation of strong hydrogen bonds. Given the differences in
strength between the stronger D,O-D,0 and weaker D,O-carbonyl D-bonds,??? this analysis
demonstrates that the rearrangements of the D-bonding network predicted by the MD simulations
with the modified FF are responsible for the redistribution of the IR intensity in the ~2500-2550
cm~! frequency range of the simulated OD-stretch lineshape shown in Fig. 4.4.

A small red shift between the experimental and simulated OD-stretch lineshapes still
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remains after modifying the FF and including the Fermi resonances (Fig. 4.4). In this context,
it should be reminded that the intrinsic shifts applied the simulated lineshapes are based on the
analysis of the IR spectrum of bulk D,O. As highlighted in Fig. 4.1C, there is a ~40 cm~! blue
shift in the experimental spectra of D,O confined in ZIF-90 relative to bulk D,O. This blue shift
accounts for the small differences that remain in the higher-frequency portion of the lineshape.
Although the level of agreement with the experimental OD-stretch lineshape is nearly quantitative,
the simulated lineshapes display slightly lower intensities between 2000 cm ™! and 2400 cm~!.
As discussed above, this frequency range is primarily associated with Fermi resonances. While
this is the first study where Fermi resonance contributions are included in simulations of the IR
spectra of water in MOFs, state-of-the-art calculations currently only allow for determining these
contributions from simulations of relatively small gas-phase water clusters. This approximation is
likely responsible for the remaining differences between experimental and simulated lineshapes

in the 2000-2400 cm~! frequency region.

4.4 Conclusions

In this study, we have characterized the structure of DO adsorbed in ZIF-90 as a function
of relative humidity by integrating experimental and computational IR spectroscopy. Due to the
confining environment provided by the framework, the D,O molecules are found to establish
longer and relatively weaker D-bonds that manifest in an OD-stretch band that is blue shifted
compared to bulk. A systematic analysis of the OD-stretch band, carried out using both (classical)
MD and (quantum) CMD simulations demonstrates the importance of explicitly taking into
account both Fermi resonances and nuclear quantum effects. Our simulations indicate that the
D,0O molecules preferentially interact with the carbonyl groups of the framework. However,
it is found that “off-the-shelf” force fields commonly used in MD simulations of MOFs are

unable to correctly represent the strength of the framework—water interactions. If polarizable
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force fields similar to the MB-pol water model, such as those recently developed for small

molecules,??% 225

were developed for MOFs, the description of framework—water interactions
could be improved and could thus remove the need for modifications between various force
fields. Guided by direct comparisons with the experimental OD-stretch lineshape, we have
demonstrated that it is possible to use the comparison between experimental and simulated IR
spectra to guide the refinement of the force field parameterization representing the framework—
water interactions. This “reverse engineering” process has led to a refined set of Lennard-Jones
parameters describing the interactions between the oxygen atoms of the water molecules and the
carbonyl groups of the framework, which results in nearly quantitative agreement between the
experimental and simulated OD-stretch lineshapes and, in turn, allows for an accurate, molecular-
level characterization of the structural arrangements of the D,O molecules inside the ZIF-90
pores. Our results suggest that the integration of experimental and computational vibrational
spectroscopy can play an important role in characterizing the molecular properties of water

adsorbed in MOFs and identifying key framework—water interactions, which is critical for the

design of efficient MOF-based materials for water harvesting.

4.5 Supporting Information

Experimental PXRD, SEM, and humidity generator; all force field parameters for ZIF-90;
additional comparisons of experimental and simulated IR spectra; structural and dynamical

properties of water confined in ZIF-90.
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Chapter 5

Water Capture Mechanisms at Zeolitic

Imidazolate Framework Interfaces

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 due to their high porosity and tunability. Understanding the water capture mechanisms

is crucial to rationally designing MOFs for energy-efficient water capture.? 840,234

2,38,40 the layer/cluster adsorp-

Among different water adsorption mechanisms in MOFs,
tion is a common mechanism in which water clusters are first formed through nucleation on
hydrophilic sites in the MOF (detailed description of water cluster in SI S6 Figure 13a). Then,
water uptake at the center of the pore occurs through reversible pore filling.>® While the mech-
anistic step is clear, molecular-level details are missing.?3>23¢ For example, water clustering
and center pore filling could occur sequentially on single pore levels, but simultaneously overall
(mechanism 1, Figure 5.1). 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, Figure 5.1).
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Figure 5.1: 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. Note: cluster and pore sizes are not to scale.

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. Adsorption/desorption

isotherms,237-239

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.297-240-244 Although diffraction techniques
have revealed molecular-level details of water adsorption in MOFs, applications to investigating
the pore filling mechanism have been limited.'>243-247 On the other hand, molecular dynamics
(MD) simulations can provide molecular-level insights into interfacial processes but often lack
corresponding experimental comparison,*3-207,240,248,249

Here, by selectively probing the water clustering step, using a spatially resolved vibrational
sum-frequency generation (VSFG) spectroscopy and MD simulations with the MBpol®%-% water

1 240

mode 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.>%23! We find that
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ZIF-90 adsorbs water by mechanism 1. This study emphasizes the importance of interface-specific
techniques,>>>2>’ determining that the competition between water—water and water—framework
interactions dictates the uptake mechanism. Understanding 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 (/43m space group), making
it VSFG active, which is evident by its strong second-order nonresonant signal (broad feature
at 2600 cm™').2>® Then, when water 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.!3%25-263 This VSFG
mechanism is different from the widely studied case of planar air/water interfaces.?%*

Second, the VSFG microscope?® (1.6 um resolution) is necessary 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 >10 um, (sample A, Figure 5.2a,c), has a signal, while the aggregates of
ZIF-90 nanocrystals (sample B, Figure 5.2b,c, and SI Figure 3) do not. In the following, we only
focus on sample A and we also choose to study D0, instead of H,O adsorption, to distinguish
atmospheric H,O adsorption by ZIF-90 during the sample transfer under dry conditions.?66-268

As the RH is increased from 0% to 29% (Figure 5.3a starts from 23% for clarity, full
range data in SI Figure 8), the overall nonresonant signal reduces. Similar signal reduction occurs
when H;O is adsorbed in this RH range (SI Figure 6). Combining the fact that at this RH range no
resonant molecular feature appears and the adsorption isotherms show very limited water uptake,
we attribute the intensity reduction to an increase in refractive indices upon adsorption of a small

amount of water,2%® which leads to a decrease in the Fresnel coefficients and ultimate reduction

in the second-order response of the hydrated MOF (description in SI $2).270 This small water
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Figure 5.2: SEM images (a) micron-sized and (b) nanometer-sized ZIF-90 crystals. (c) The
SFG signal is large for the micron-sized crystal but negligible for the nanocrystals.
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Figure 5.3: (a) Raw VSFG spectra from 23% to 33% RH and (b) an ATR spectrum of pure
bulk D,0O, a DRIFTS spectrum at 43% RH, and an extracted VSFG spectra at 33%RH of D,O
adsorbed by ZIF-90. No VSFG line shape changes were observed above 33%.

adsorption prior to the major uptake is referred to as preadsorption.

As the RH increases, a dip near 2600 cm ™! becomes apparent at 31% RH (Figure 5.3a).
This feature appears exclusively during D,O (in contrast to H,O) adsorption. Combined with
its center frequency, it is assigned to the OD stretch of adsorbed D,O on the ZIF-90 interior
surface, due to the symmetry transfer from ZIF-90.!84 188.259.261.271 ther possible origins of
this spectral change®’? were ruled out (SI Figure 5 and 6 for details).We extract the OD feature
by treating the nonresonant signal as a local oscillator (see SI S4). Compared to bulk D,O, OD

features of both the bulk (DRIFTS) and interfacial (VSFG) D,0 in ZIF-90 exhibit blue shifts
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Figure 5.4: Fitting results for (a) DRIFTS and (b) VSFG at saturation. (c) Experimental
integrated VSFG intensity (blue), adsorption isotherm (yellow), bound D, O that contributes to
the VSFG signal from simulation, Ny, s (purple), and total simulated D,O inside pore versus RH,
Nior (red). Ny, 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 Aand HW-OW-o
angle <30°) for more than 400 fs, which is the coherent lifetime of the OD oscillation.

(Figure 5.3b), suggesting weaker hydrogen-bond interactions 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, 2550, and 2665
cm™~! (Figure 5.4a), while VSFG spectra have two peaks centered at ~2515 and 2630 cm™!
(Figure 5.4b). Besides the Fermi resonance at 2400 cm™!, the 2550 and 2665 cm™! peaks
were assigned to the asymmetric and symmetric OD stretching modes.?*” The peak line shape
difference between VSFG and DRIFTS spectra suggest that the VSFG signal is not a phantom
signal due to liquid water absorption.?’2

Despite a small red shift between the DRIFTS and VSFG spectra (~35 cm™ ), the overall
peak positions are similar, which is somewhat counterintuitive. As explained above, VSFG probes
D>O bound to the aldehyde groups at the step of water clustering, whereas DRIFTS probes all
D,O inside the pore, at both water clustering and pore filling steps (see SI S6 and SI Figure 13

for details). Based on MD simulations, if during the water cluster step DO is only bound to the
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aldehyde groups of ZIF-90, its OD frequency should be ~2720 cm™!, significantly blue-shifted
compared to D,0 in the bulk region of the pore (~2600 and 2660 cm~!, SI Figure 14). This blue
shift is observed because the hydrogen bonding between D,O and aldehyde groups is weaker
than that between D>O molecules.>*? Thus, the similar spectral positions in the DRIFTS and
VSFG spectra suggest that, instead of only binding to the organic linkers, D,O 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 (Figure 5.4c). Since VSFG probes D>O bound to the interior
surfaces, the VSFG spectra are sensitive to the water clustering stages of D,O 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 dependence of the DRIFTS intensity (SI
Figure 10) differs drastically from that of the VSFG spectrum because DRIFTS intensity scales
nonlinearly with the adsorbate concentration.?#1-244

MD simulations with the MB-pol model provide molecular-level insights into the under-
lying molecular mechanism of D,O uptake by ZIF-90. At 30% RH, the simulations indicate
that, instead of a uniform distribution across all pores, DO molecules localize into a single
pore (Figure 5.5a).*® Only at 40% RH do D>O molecules nearly uniformly occupy all pores
(Figure 5.5b). This result is robust against the initial distribution of DO molecules at every RH
(SI S6 and SI Figures 15-17).

We further plot the number of D,O molecules adsorbed at interior surfaces (N, ), which
can contribute to the VSFG signal, as well as the total number of adsorbed D,O molecules
(N¢or) as a function of RH (Figure 5.4¢), to determine if water clustering and pore filling occur
concurrently (mechanism 1) or sequentially (mechanism 2). Both Ny, s and N;,, 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 concurrently, with the D,O molecules filling one pore after another, as in mechanism 1
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(Figure 5.1).

Our MD simulations further indicate that adsorption in a single pore is energetically
favorable through the enthalpy of adsorption. At 30% RH, the enthalpy of adsorption is ~2
kcal/mol lower at the beginning of the simulation when the D,O molecules are uniformly
distributed in the pores (Figure 5.5¢ and SI Figures 17 and 18). As the simulation progresses, the
water molecules cluster 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 (Figure 5.5¢). This result is explained by considering that water—carbonyl interactions
are weaker than water-water interactions in ZIF-90. It should be noted that, due to slower
orientational dynamics, 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).273-276 At the very early stages of uptake,
the entropic term thus drives D,O 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 D,O molecules prefer to form hydrogen bonds with the surface-bound D,O
molecules, instead of binding to aldehyde groups in other pores.

Since water clustering and pore filling occur simultaneously, it follows that, although
VSFG detects D,O involved in the clustering step, these molecules, at the same time, experience
hydrogen-bonding interactions with other D,O molecules in the pore, which explains why the
positions of the D,O peaks in the DRIFTS and VSFG spectra are similar. This conclusion is
supported by the vibrational density of states calculated for bulk D,O and D,O adsorbed at the
interior of the ZIF-90 pores (SI Figure 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 interactions. This mechanism is similar
to the nucleation of water dispersed in a hydrophobic medium?’” and was also reported for the

hydrophobic ZIF-8.2*% However, it is unexpected for ZIF-90, which is hydrophilic. Thus, this
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work shows that when designing 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 hydrophilicity/hydrophobicity of the framework which is often considered
as the main factor that determines water uptake. Molecular-level mechanisms of water uptake
evolution in MOFs remain to be further explored to guide fine-tuning of these materials 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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Chapter 6

Molecular Mechanisms of Water
Harvesting in the Ni,X,BTDD (X = F, Cl,

Br) Metal-Organic Frameworks

Half a billion people face severe water scarcity year-round, and two-thirds of the world’s
population face severe water scarcity at least one month out of the year, making access to clean
water one of the biggest issues facing the world today.?’8 Lack of clean water can have severe
impacts for humanity, such as decreased food production?’ and negative impacts on human
health.'>280 Because of the world’s limited water supply, there exists an urgent need for newer
methods and technologies that can obtain clean water. Desalination, which is a well-established
method of water purification, requires large bodies of water such as rivers, lakes, and oceans as
well as the subsequent transport of the purified water to more remote areas of land.> %13 On the
other hand, the atmosphere contains ~10% of earth’s freshwater'? and is present across the planet.
Atmospheric water capture is therefore not restricted to certain geographical regions since water
can be harvested from the atmosphere anywhere in the world and does not face the challenge

of transporting clean water to rural areas. Water harvesting also does not disrupt the hydrologic
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cycle or utilize more limited water resources, such as rivers and lakes,!%13

making atmospheric
water capture a potential source of clean water across the globe.

In order to harvest water, materials that satisfy many working conditions are needed. The
properties of an ideal water sorbent include low energy demand for water release, high water
uptake, high cycling stability, and fast capture/release,'? of which metal-organic frameworks
(MOFs) fulfill many of these properties.> MOFs are a class of materials that contain a metal
center in a secondary building unit (SBU) and an organic linker, which combine to form three-

dimensional repeating structures that have large surface areas and high porosity.>* Because of

their large pores and various chemical properties, MOFs have applications in liquid and gas

2,12,13,24,281 9,11,25,27,282 16,21,283,284

adsorption, chemical separation, catalysis, and in numerous
other areas.>* 28> The ability to tune MOF structures by varying the metal center or organic linker
has allowed MOFs to be potential materials for water harvesting, and numerous MOFs have
already been shown to be successful water sorbents. 13-41,44,159,203,205,238,247,286-291

The MOF Nip X;BTDD (X =F, Cl, Br) has recently emerged as one of the most promising
materials for atmospheric water capture due to its record water uptake capacity at low relative
humidity (RH) values.** The SBU of Ni;X,BTDD consists of open nickel (NiZt) metal centers
bridged by the halides fluoride (F, Ni,F,BTDD), chloride (Cl, Ni,Cl,BTDD), or bromide (Br,
Ni,Br,BTDD), and the organic linker bis(1H-1,2,3-triazolo[4,5-b],[4’,5’-1])dibenzo[1,4]dioxin
(H,BTDD). Only the halide atoms (F, CI, Br) are exchanged in each MOF, leaving the Ni2t metal
center and organic linker unchanged, yet the substitution of the halide atoms produces MOFs
with various properties and water adsorption capacities. While the F and C1 MOFs have a pore
diameter of 23 A and can adsorb over 100% of their weight in water at 32% RH, the Br MOF
has a pore dimater of 22 A and can adsorb 64% of its weight in water below 25% RH, one of
the best values reported to date.** Furthermore, the Cl MOF maintains 98% of its water uptake

capacity after 400 cycles, and the Br MOF maintains its total water uptake capacity for more than

400 adsorption/desorption cycles.** However, the F MOF undergoes partial amorphization and
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suffers a decline in its water adsorption capacity after one cycle.** From this data, it can be seen
that the NipCl,BTDD and Ni,Br,BTDD MOFs have a high water uptake capacity, high cycling
stability, adsorb water over a narrow pressure and temperature range, and adsorb water reversibly,
possessing many of the ideal properties for a water sorbent. It is therefore essential to obtain a
molecular-level understanding of how halide subsitution in Ni X,BTDD results in different water
adsorption properties that benefit or hinder atmospheric water capture in these MOFs to aid in the
design of future water harvesting MOFs.

One of the critical features in atmospheric water capture is understanding the water
adsorption mechanism in MOFs, which has remained a challenge with only a few previous

studies revealing the mechanisms of pore filling.207-247.292

Disentangling the MOF-water and
water—water interactions in various systems provides information on how water first adsorbs in the
pore, interacting with the framework atoms, and then nucleates pore filling by forming hydrogen
bonds (H-bonds) with additional water molecules. Although the first MOF—water interactions are
important to initiate water adsorption at low RH values, these MOF—-water interactions must not be
too strong to prevent water desorption from the pore walls, a key property of water adsorbents. !
It is therefore crucial to not only describe the process of pore filling in various MOFs, but it is
imperative to understand how the interaction of water molecules with the framework atoms varies
in a family of similar MOFs. By investigating the structural, dynamical, and thermodynamic
properties of water in the Ni; X, BTDD MOF, the benefits of the Cl and Br MOFs along with the
shortcomings of the F MOF can be understood.

In this study, we perform molecular dynamics (MD) simulations of water confined in
the halide-substituted MOF Ni; X;BTDD (X =F, Cl, Br). After confirming that our force fields
reproduce the experimental properties of water in each MOF, we demonstrate how the interaction
strength of water with each MOF varies, with the F MOF having the strongest interactions. Water

is shown to form strong H-bonds with the fluoride atom of the F MOF, but strong H-bonds are

also formed with the nitrogen atoms in the Cl and Br MOFs. Because the strong interactions
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between water and the F MOF lead to a decrease in the water uptake capacity after the first
adsorption cycle,** the Cl and Br MOFs emerge as promising materials for atmospheric water
capture. The C1 MOF, which has a larger pore volume than the Br MOF, adsorbs larger amounts
of water, while the size of the pore in the Br MOF allows water to adsorb at a lower RH value,

forming strong H-bonds with the nitrogen atom of the framework.

6.1 Results

6.1.1 Infrared spectra and experimental comparison

Infrared (IR) spectra reveal information about the H-bonding network of water confined in
the N1, XoBTDD MOFs, comparing the MOF—water and water—water interactions, and facilitate
agreement with experiment to validate the MOF force fields and MD simulations. Fig. 6.1 shows
a comparison of the simulated IR spectra with experiment for each MOF. At low loadings, distinct
H-bonding environments exist that result in four features in the OH stretching region around
~3700 cm~!, ~3500 cm !, ~3300 cm !, and ~3200 cm~! in the experimental spectra. The
highest frequency peak at 3700 cm™~! corresponds the free OH stretch, whereas the peaks at
3500 cm ! and 3300 cm ™! can be attributed to H-bonded OH stretches. Furthermore, the lowest
frequency peak at 3200 cm~! is typically attributed to the Fermi resonance, or the coupling
between the OH stretch fundamental and HOH bending overtone, which has been previously
shown to be essential to the IR spectra of water clusters,®3 139 bulk water,’* and confined water.?*0
Adding the Fermi resonance contribution to the simulated IR spectra reproduces the experimental
peak at the lowest frequency. As the water loading is increased, the distinct peaks then grow into
one broad peak, indicating that the H-bonds are equivalent on the IR timescale (Supplementary
Information Fig. S6). While small differences exist between the simulated and experimental IR

spectra, the simulated spectra are able to reproduce the experimental features, ensuring accuracy

of the MD simulations.
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Figure 6.1: Theoretical and experimental infrared spectra of water in Ni;X,BTDD. A) Exper-
imental IR spectra of water in the fluoride MOF at 10% RH from Ref. 44 (black), simulated
9.2% RH (2 H,O/Ni*™, pink), Fermi resonance contribution (red), and simulated 9.2% RH (2
H,O/Ni?*) with added Fermi resonance contribution (shaded pink). B) Experimental IR spectra
of water in the chloride MOF at 5% RH from Ref. 44 (black), simulated 4.3% RH (1 H,O/Ni3*,
light green), Fermi resonance contribution (green), and simulated 4.3% RH (1 H,O/Ni**) with
added Fermi resonance contribution (shaded green). C) Experimental IR spectra of water in the
bromide MOF at 5% RH from Ref. 44 (black), simulated 5.4% RH (1 H,O/Ni>, light blue),
Fermi resonance contribution (blue), and simulated 5.4% RH (1 H,O/Ni?*) with added Fermi
resonance contribution (shaded blue). All OH stretches are red-shifted by 215 cm™! (F and Cl)
or by 219 cm~! (Br) to align with the experimental free OH stretch, HOH bending overtones
are blue-shifted by 10 cm™!, and all spectra are normalized to a value of one.
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The IR spectra can be further decomposed by utilizing simulations of one and two water
molecules in each MOF to observe the process of pore filling (Fig. 6.2). The first water molecule
adsorbed in the pore interacts with the Ni>™ metal center (blue water molecules in Figs. 6.2A-C).
This water molecule has two peaks in the IR spectra that are reminiscent of the symmetric and
asymmetric stretches of water (Supplementary Information Fig. S7). The addition of a second
water molecule (pink water molecules in Figs. 6.2A-C) initiates the formation of the H-bonding
network, with the first water molecule donating a H-bond to the second water. The spectral
features of these two water molecules can be broken down through the density of states (DOS)
spectra (Figs. 6.2D-F). The first blue water molecule, which interacts with the Ni>* metal center,

exhibits a water—water H-bonded peak around ~3450 cm™! for all three MOFs in addition to a
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Figure 6.2: Density of states of two water molecules in NiX,BTDD. Snapshot of the MD
simulation of two water molecules in the A) F MOF, B) CI MOF, and C) Br MOF. The first
water molecule interacting with the Ni*>* metal center in each MOF is highlighted in blue, and
the second water molecule H-bonded to the first is highlighted in pink. Color scheme of atoms
in panels A through C: Ni — orange, F — purple, Cl — green, Br — pink, N — blue, C — cyan, O
—red, H — white. Hydrogen bonds are shown in dashed red lines. Density of states spectra of
two water molecules in the D) F MOF, E) CI MOF, and F) Br MOF. The colors of each peak
correspond to the same colors of the water molecules in panels A through C. All OH stretches
are red-shifted by 215 cm~! (F and CI) or by 219 cm™! (Br).
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free OH stretch, which does not donate a H-bond to another water molecule, at 3700 cm~!. The
second pink water molecule in each MOF exhibits a free OH stretch that points into the middle of
the pore at 3700 cm~! and has an additional feature around ~3550-3600 cm~!. While these two
peaks can be reminiscent of the symmetric and asymmetric stretches of water, the lower frequency
peak around ~3550-3600 cm~! is also caused by interactions with the MOF atoms. Water in
the F MOF can form a H-bond with the F halide atom (Fig. 6.2A), whereas water in the Cl and
Br MOFs can form a H-bond with the N atom of the MOF (Fig. 6.5C). The formation of these
MOF-water H-bonds contribute to the spectral features around ~3550-3600 cm~!. Together
with the Fermi resonance at 3200 cm ™!, these peaks correspond to the four main features in the
experimental IR spectra at low RH values. Even with only two water molecules inside the MOF

pores, a description of pore filling is beginning to unfold with the initial stage of the H-bonding

network.
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Figure 6.3: Enthalpy of adsorption and excess entropy for water in NipX,BTDD. A) Simulated
enthalpy of adsorption for fluoride (red), chloride (green), and bromide (blue) as a function of
RH. B) Simulated excess entropy compared to bulk water for fluoride (red), chloride (green),
and bromide (blue) as a function of RH.
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6.1.2 Thermodynamic information

The interactions of water molecules with the framework interface not only influence the
adsorption process, but these interactions can have implications in the desorption process as
well. The F MOF has the largest enthalpy of adsorption at all loadings; therefore, it has the
strongest and most favorable interactions with water (Fig. 6.3A), while the chloride MOF has
the lowest enthalpy of adsorption. As water fills the pores of each MOF (at 32% RH for F and
Cl and 24% RH for Br), there is a decrease in the enthalpy of adsorption, suggesting that water
has stronger interactions with the MOF than with other water molecules. It is important to note
that the majority of energy adsorbed by the MOF (in the form of a change in temperature or an
additional input of energy) is used to break the MOF—water interactions, which makes a lower
enthalpy of adsorption more ideal for water desorption.??®> The large enthalpy of adsorption for
the F MOF can therefore contribute to the partial amorphization and decline in water adsorption
capacity in subsequent adsorption/desorption cycles.**

The trend for entropy is opposite that of the enthalpy of adsorption, where chloride has the
largest entropy, and fluoride has the lowest entropy (Fig. 6.3B).23-275 The first water molecules
that fill the pores have an entropy larger than that of bulk water, which is due to the slower
orientational dynamics resulting from the confining environment.?’%2%2 Similar to the enthalpy,
there is a decrease in the entropy at the RH of pore filling because of the greater number of water
molecules inside the pores. After the pores are filled, the entropy decreases below the value of
bulk water, suggesting that it is energetically unfavorable for the MOFs to adsorb any further

water molecules in the pores.

6.1.3 Structural information

The structure of water and H-bonding network in the various MOFs reveals further

information for how water fills the pores and interacts with the framework atoms. When a single
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water molecule is adsorbed in the F MOF, the spatial distribution of water is elongated across the
F-Ni—F atoms, with water orienting toward the framework F atoms (Fig. 6.4A). Similarly, when a
second water molecule is adsorbed in the pore, the spatial distribution of water remains elongated
along the F-Ni—F atoms, even with the formation of a water—water H-bond (Supplementary
Information Fig. S8). The spatial distribution of water in the Cl and Br MOFs, however, are
different than in the F MOF (Fig. 6.4B and 6.4C for CI and Br, respectively). In these MOFs, the
distribution of water is more centralized around the Ni*>T metal center and not elongated toward
the CI or Br atoms.

Although water has similar interactions with the Ni>* metal center in each MOF at low

Figure 6.4: Spatial distribution of one water molecule in Ni, X,BTDD. One water molecule
adsorbed in A) Ni;F,BTDD, B) Ni,CI,BTDD, and C) Ni,Br, BTDD. Red isosurfaces correspond
to water oxygen atoms, and white isosurfaces correspond to water hydrogen atoms. Color scheme
of atoms in panels A through C: Ni — orange, F — purple, CI — green, Br — pink, N — blue, C —
cyan, O —red, H — white.
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Figure 6.5: Radial distribution functions (RDFs) of water in Ni X, BTDD. RDFs of Ni,F,BTDD
(red), Ni,Cl,BTDD (green), and Ni;Br,BTDD (blue) MOFs at a loading of 1 H,O/Ni%t for A)
OW-NIi (the first peak of the RDF is magnified in the inset), B) HW-X, and C) HW-n.
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loadings (Fig. 6.5A), differences emerge in the H-bonding structure of water with the other
framework atoms. The hydrogen atoms of water approach the F halide atom much closer than the
other halides (Fig. 6.5B), suggesting the formation of a strong HyO-F H-bond. These H-bonds at
low RH reveal that water has favored interactions with the F atom and serve as an explanation for
how the F MOF has the highest water adsorption capacity below ~20% RH in the adsorption
isotherm, before pore filling occurs in any MOF.** On the other hand, water molecules in the
Cl and Br MOFs approach the MOF nitrogen (N) atoms at a closer distance, forming HyO-N
H-bonds with the framework. Even though the F, Cl, and Br atoms are all halogens, which
have similar chemical properties, the presence of the N atom near the Ni** metal center causes
differences for the structure of water filling the pore. Fluorine has the smallest atomic radius and
largest electronegativity value among the four atoms (N, F, CI, Br). Water is therefore attracted
to the F atom due to the small atomic size and large electronegativity, forming strong H-bonds
and leading to the large enthalpy of adsorption at all RH values (Fig. 6.3A). In comparing the N
atom to the Cl and Br atoms, nitrogen and chlorine have similar electronegativity values, which
are larger than bromine, but nitrogen has the smallest atomic radius. The smaller atomic radius
of nitrogen allows water to approach the framework N atoms to a closer extent and thus form
H-bonds with the N atoms compared to the Cl or Br atoms. The differences in these MOF-water
interactions remain the same (and in fact become more pronounced for the HyO-N H-bond) at
the maximum water loading in each MOF (Supplementary Information Fig. S9).

At aloading of 1 HyO/Ni?* (Fig. 6.6A-C), the distribution of water in each MOF is similar
to that of a single water molecule in Fig. 6.4. The distribution of water in the F MOF is elongated
along the F-Ni—F atoms, adopting a circular geometry in the hexagonal pore, whereas water
remains more localized around the Ni?>* metal centers in the Cl and Br MOFs. As the loading is
increased to 3 HoO/Ni?T (Fig. 6.6D-F), greater differences in the water structure emerge in all
the MOFs. The water molecules at different metal centers are beginning to connect to each other

through the formation of bridging H-bonds, which is revealed by the increased water density
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near the organic linkers. It is important to note here that a loading of 3 H,O/Ni’>* corresponds
to different RH values in all 3 MOFs due to the mass differences between the halide atoms. A
loading of 3 H,O/Ni?* corresponds to 32.1% RH in Ni;F,BTDD, 31.7% RH in Ni,Cl,BTDD,
and 20.2% RH in Nip;Br,BTDD. These RH values for F and Cl are at the step of water uptake in
the adsorption isotherm, where water completely fills the pores. However, this RH value for Br
is before pore saturation, which occurs at 24% RH. Therefore, while connected chains of water

molecules bridging the various metal centers are beginning to appear at the water uptake step in F

Figure 6.6: Two-dimensional density distribution of water in Ni; X, BTDD. Two-dimensional
density distributions of water molecules in Ni;F,BTDD (A, D, and G red colors), Ni,Cl,BTDD
(B, E, and H, green colors), and NioBr,BTDD (C, F, and I, blue colors). The top row represents
the lowest water loading simulated for each MOF, 1 H,O/Ni**: A) Ni,F,BTDD (0.96% RH),
B) Ni;Cl,BTDD (4.3% RH), C) Ni;Br,BTDD (5.4% RH). The middle row represents a loading
of 3 H,O/Ni** for each MOF: D) Ni,F,BTDD (32.1% RH), E) Ni,Cl,BTDD (31.7% RH), F)
Nip,Bry BTDD (20.2% RH). The bottom row represents the highest water loading simulated for
each MOF: G) Ni,F,BTDD 12 H,O/Ni** (54.0% RH), H) Ni,CLLBTDD 13 H,O/Ni** (71.5%
RH), I) Ni;Br,BTDD 11 H,O/Ni** (70.3% RH). Lighter colors correspond to regions of higher
water density.
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and Cl, these connected chains are forming before water adsorption occurs in Br. As described in
Ref. 44, this is attributed to the larger atomic size of Br. Since the Br atom protrudes into the pore
more than F or Cl, water also sticks out into the pore to a greater extent in the Br MOF. As the
loading is increased, these waters protruding into the pore begin to form H-bonds with each other,
coating the surface of the MOF in water molecules. These waters then nucleate the adsorption of
more water molecules, causing the pore filling step to occur at the lower value of 24% RH in the
Br MOF compared to 32% RH in the F and Cl MOFs.

At the maximum loading in each MOF (Fig. 6.6G-I), water adopts the same interactions
with the framework interface as lower loadings but now completely fills the pores. Water can
also bridge between different pores through the middle of the organic linker near the framework
oxygen atoms. The F MOF adopts an overall circular geometry in the hexagonal pore due to
the elongated interactions along the F—Ni—F atoms and formation of H-bonds with the F atoms.
Water in the C1 MOF has the highest density next to the Ni>* metal centers, which initiates the
H-bonding network in the pore. While water in the Br MOF also has the highest density next to
the Ni>* metal centers, areas of little to no water density exist right next to these regions. These
areas of low water density near the metal centers support the notion that the Br atoms protrude
further into the pore than the other halide atoms, causing water to nucleate pore filling at a lower
RH.

Even though water forms H-bonds with the framework atoms, the water molecules exhibit
a various H-bonding topology with the different atoms in each MOF (Fig. 6.7), where a H-bond
is defined as having an inter-atom distance < 3.5 A and an angle < 30°. In the F MOF, a greater
percent of water molecules donate and accept H-bonds from the framework F atom. On the other
hand, water donates and accepts more H-bonds to the framework N atoms in both the Cl and
Br MOFs. The timescales of these HoO-X and H,O-N H-bonds also differ, which provides a
further viewpoint into the enthalpy of adsorption. The H-bond correlation function, a measure

93

of the probability that a H-bond is intact after a specific amount of time,>*> reveals that water
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has the longest H-bond lifetime in the Br MOF when interacting with the N atom (Table 6.1 and
Supplementary Information Fig. S13). While water has a similar H-bond lifetime with the F atom
in the F MOF and the N atom in the CI MOF, this timescale is much longer with the N atom in
the Br MOF. Because of the larger atomic size of Br compared to Cl, the water molecules may be
pushed further away from the Br halide atom and towards the framework N atoms. The water
molecules then spend a longer amount of time forming H-bonds with the N atom in the Br MOF,
leading to a possible explanation of why the Br MOF has a larger enthalpy of adsorption than the
Cl1 MOF. This data reveals that exchanging the halide atom in Ni; X, BTDD not only affects how
water interacts with each respective halide atom, but varying the halide atom also affects how

water interacts with the framework atoms that remain unchanged in each MOF.

6.2 Discussion

Exchanging the halide atoms in the Ni,X,BTDD MOF results in three MOFs with

different properties and water adsorption capacities. The F and Cl MOFs adsorb over 100% of
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Figure 6.7: H-bonding topology of water in Ni,X,BTDD. H-bonding topology when water
donates one H-bond to a MOF atom in A) Ni,F,BTDD, B) Ni,Cl,BTDD, and C) Ni,Br,BTDD.
Darker colors represent the number of H-bond donors (D) and acceptors (A) when water forms
a H-bond with a halide MOF atom (F, Cl, or Br). Lighter colors represent the number of H-bond
donors (D) and acceptors (A) when water forms a H-bond with a nitrogen (N) MOF atom. The
number of H-bond donors and acceptors are shown as a percent of the total number of water
molecules confined in each MOF. The H-bonding topology is shown for the maximum loading
of each system: 12 H,O/Ni*" for F, 13 HyO/Ni** for Cl, and 11 HyO/Ni>* for Br. All axes are
on the same scale.
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Table 6.1: Relaxation time constants for the H-bond correlation function fit to the exponential
c(t)=Ae™! /% after the 0.2 ps timescale of librations and inter-atom vibrations.??3

H-bond (MOF) T2 (ps)
H,O-F (NiF,BTDD) 77.16
H,O-N (Ni,FobBTDD)  20.44

H,O-Cl (Ni,CLLBTDD) 11.57
H>,O-N (Ni;Cl,BTDD) 77.86
H,O-Br (Ni;Br,BTDD) 24.01
H>,O-N (Ni;Bro,BTDD) 148.96

their weight in water at 32% RH, and the Br MOF adsorbs a record 64% of its weight in water
below 25% RH, one of the best water uptake values reported to date.** Furthermore, the Cl and
Br MOFs retain most of their water uptake capacities after hundreds of adsorption/desorption
cycles. Even though the F MOF is not suitable for atmospheric water capture since it undergoes
partial amorphization and a decline in its water uptake capacity after the first adsorption cycle,**
it is important to understand these MOF—water interactions so that future MOFs do not undergo
the same challenges in water adsorption. It is also essential to understand the MOF-water
interactions in both the Cl and Br MOFs to disentangle which interactions lead to lower enthalpies
of adsorption and pore filling at lower RH values.

Utilizing MD simulations, we have shown that our molecular models achieve agreement
with the experimental properties of water in the IR spectra. The DOS spectra decompose the
IR lineshape, attributing the main spectral peaks at low RH values to free OH stretches, MOF-
water H-bonds, water—water H-bonds, and Fermi resonances; at higher water loadings, multiple
H-bonding environments exist that resemble bulk water. The thermodynamic properties of water
in NipX,BTDD begin to reveal the differences that exist among the three MOFs. All three MOFs
have larger enthalpies of adsorption at low RH values compared to high RH values, suggesting
that there are stronger MOF—water interactions than water—water interactions. This is important
to take note of because the MOF—water interactions must be overcome in order to desorb water

from the MOF pores. Furthermore, the F MOF has the largest enthalpy of adsorption at all water

84



loadings; water orients itself along the F-Ni—F atoms and forms a strong H-bond with the F atom
of the MOF at all loadings. This molecular-level description of water in the F MOF enables an
understanding of why the F MOF undergoes partial amorphization and has a decline in its water
uptake capacity after the first adsorption cycle, with water forming the strongest interactions with
the F MOF.

On the other hand, the Cl and Br MOFs have the potential to be successful water sorbents.
The water adsorption capacity is greater in the C1 MOF than the Br MOF because of the smaller
atomic size of Cl, resulting in a larger pore space. After interacting with the Ni>* metal center,
water molecules prefer to interact with the N atoms of the framework, forming HoO-N H-bonds.
The C1 MOF also has the lowest enthalpy of adsorption, suggesting that this MOF might need the
lowest energy input to desorb water. Due to the large atomic size of Br, the water molecules in
the Br MOF protrude into the pore to the greatest extent. This allows water molecules at various
Ni2* metal centers to connect to each other, initiating the H-bonding network with fewer water
molecules and leading to pore filling at the lowest RH compared to F and CI. Additionally, water
has the longest H-bond lifetime when forming a H-bond with the N framework atom in the Br
MOF, leading to the intermediate enthalpy of adsorption for Br.

This in-depth view into the structure, dynamics, and thermodynamics of water confined in
Nip X,BTDD has revealed a detailed description of the properties of water in a family of MOFs.
Substituting the halide atoms of the MOF affects not only how water interacts with the halide
atom, but it affects how water interacts with all the MOF atoms. While water prefers to interact
with the F atom in the F MOF, water has the strongest interactions with the N atoms in the Cl and
Br MOFs. These differences in the water structure and the subsequent effect on the H-bonding
network affect the cycling stability, RH of pore filling, and total water uptake of each MOF, which
are all important features for water sorbents. By understanding the behavior of water confined in
various MOFs, future water harvesting MOFs can be designed that can adsorb large amounts of

water while retaining their stability to provide a source of clean drinking water to all areas of the
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world.

6.3 Methods

6.3.1 Force fields and potential energy functions

Each MOF structure was first optimized using periodic density functional theory (DFT)

calculations carried out with the Vienna Ab initio Simulation Package (VASP),?16-219 ysing the

1220 21

PBE exchange-correlation functional??’ with Grimme’s D3 dispersion correction®?! in combi-
nation with a projector-augmented wave (PAW) treatment®>>223 with a 700 eV kinetic energy
cutoff. A 2 x 2 x 4 k-point grid was used, and forces were converged to a tolerance of 0.05
eV/A. Following periodic optimization, a cluster surrounding the Ni>* metal center was extracted
for each MOF (see Supporting Information for details). All bonded parameters involving the
Ni?* metal center were fit using a genetic algorithm, and all bonded parameters for the organic
linker were taken from the General Amber Force Field (GAFF).8! Atomic point charges were
calculated for the clusters using the charge model 5 (CMS5) charge scheme.”! The Lennard-Jones
(LJ) parameters were taken from the Universal Force Field (UFF)3? for the Ni, F, CI, and Br
atoms, and the LJ parameters for the organic linker atoms (H, C, N, O) were taken from GAFF?3!
Force field parameters are given in Supplementary Tables S1-S15.

The many-body potential energy function MB-pol was used to simulate water.%*-62 MB-
pol has been shown to correctly predict the properties of water from the gas to the condensed
phase for structural, thermodynamic, and dynamical properties.5> The many-body dipole moment
(MB-u) was used to calculate the dipole moment of water for the IR spectra.”! Local mode and
local monomer (LM) calculations’’- 122123 from Ref. 74 were utilized to add the Fermi resonance
contribution to the IR spectra.

Nonbonded interactions between water and the MOF were represented through electro-

static and Van der Waals (VDW) interactions. The Ni-OW, X-OW (X =F, Cl, Br), and X-HW
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interactions were fit to a Buckingham potential using a genetic algorithm (see Supplementary
Information for details). Cross interactions between water and the remaining MOF atoms were
described through Lennard-Jones (LJ) parameters. The LJ parameters were derived from Lorentz—
Berthelot mixing rules using the LJ parameters of the TIP4P/2005 water model,?® which is the

closest point-charge model to MB-pol.!3’

6.3.2 Molecular dynamics simulations

Classical molecular dynamics (MD) simulations were performed using an in-house code
based on the DL_POLY _2 simulation package,!”® which was modified to include MB-pol wa-
ter.®0-62 Simulations for each halide MOF were carried out for a system containing 1 x 1 x 3
unit cells under periodic boundary conditions. The initial configurations for each MD simula-
tion of the different halide MOFs were generated from Packmol.!”> Each configuration started
with 54 water molecules (1 HyO/Ni2T), and an additional 54 water molecules were added to
each subsequent simulation (+1 H,O/Ni>*) up to the point of pore saturation on the adsorption
isotherm (12 H,O/Ni** for NioF,BTDD, 13 H,O/Ni** for Ni,Cl,BTDD, and 11 H,O/Ni** for
Ni>Br,BTDD).** MD simulations were first performed utilizing a constant number of molecules,
pressure, and temperature in the NPT isobaric—isothermal ensemble. The system was heated to
1000 K for 10 ps at 1.0 atm, cooled to 500 K for 20 ps at 1.0 atm, and cooled to 300 K for 20 ps
at 1.0 atm, all in the NPT ensemble, to randomize the initial distribution of water molecules. MD
simulations were then performed for 1 ns at 300 K and 1.0 atm in the NPT ensemble to equilibrate
the system, calculate structural information, and obtain the average box dimensions. Average
box dimensions are listed in Supplementary Tables S16-S18 and were used for all subsequent
simulations at each loading. The angles of each simulation box were 90°, 90°, and 120° along the
X, y, and z dimensions, respectively. Following the initial equilibration, the system was simulated
with a constant number of molecules, volume, and temperature in the NVT canonical ensemble

for 100 ps at 300 K followed by a constant number of molecules, volume, and energy in the NVE
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microcanonical ensemble for 50 ps to obtain dynamical information, including the IR spectra,
where the temperature remained constant around 300 K. Subsequent configurations were heated to
1000 K for 10 ps in the NVT ensemble to randomize the distribution of water, cooled to 300 K for
10 ps in the NVT ensemble, and then run for 50 ps in the NVE ensemble where the temperature
remained constant around 300 K. 19 of these additional trajectories were run at each loading for
each halide, giving a total of 20 independent MD simulations in which all dynamical properties
were averaged over.

All MD simulations were performed with a time step of 0.2 fs, and the equations of motion
were propagated according to the velocity-Verlet algorithm. The temperature was maintained at
300 K by a Nosé-Hoover chain of four thermostats.!”” Short-range interactions were truncated at
an atom—atom distance of 9.0 A, and the electrostatics were calculated using the Ewald sum.30

Chapter 6, in full, is a reprint of the material as it is being prepared for publication in
“Molecular Mechanisms of Water Harvesting in the Ni;X,BTDD (X = F, Cl, Br) Metal-Organic
Frameworks”, Hunter, K.M.; Paesani, F. The dissertation author is the primary investigator and

author of this paper.
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Chapter 7

Conclusions

Water is one of the most essential molecules to life, yet a majority of the world’s population
do not have access to clean water. Not only are new sources of water essential, but safe drinking
water is needed in all areas of the world, especially the hottest and driest parts of the planet.
Therefore, there is an urgent need for new methods of obtaining clean drinking water. Atmospheric
water capture is one of the most promising methods of obtaining safe water, and MOFs have been
shown to be able to adsorb large amounts of water at low relative humidity, which are critical
features for water harvesting. However, a more detailed understanding of atmospheric water
capture is needed to provide a clearer picture of the properties that can enhance water adsorption.
It is thus essential to have a molecular-level understanding of water in various environments to
develop future materials that can contribute to atmospheric water capture.

Various water solutions were first investigated to obtain a complete understanding of the
properties of bulk water. The four isotopic solutions neat H,O, diluted HOD in H,O, diluted
H>0 in D, 0, and diluted HOD in D, O solutions provided different levels of intermolecular and
intramolecular coupling to isolate the various components of the OH stretching region of bulk
water. Intermolecular coupling between water molecules revealed the partially quantum mechani-

cal nature of hydrogen bonds in water, whereas intramolecular coupling helped decompose the
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importance of the bending overtone within the OH stretching region. Explicit calculation of the
Fermi resonance contribution in water provided an increase in the IR intensity around ~3250
cm™!, resulting in quantitative agreement with experiment and allowing this feature in the IR
spectra to be attributed to the Fermi resonance.

Having an understanding of bulk water, water confined in MOFs can be studied. It was
found that water fills the pores of the Co,Cl,BTDD MOF in a deliberate manner. Water first
interacts with the hydrophilic sites of the MOF, which contain open metal sites, and subsequently
forms one-dimensional hydrogen bonded chains along the interior of the pore surface. These
water molecules have distinct environments that result in various dynamical properties, which
then nucleate pore filling. Furthermore, there is a structural and dynamical heterogeneity in the
interior of the MOF, with water displaying distinct properties as a function of distance from the
pore surface. Water near the MOF interface has the slowest dynamics, due to the presence of
the MOF, whereas water in the center of the pore resembles bulk water, displaying dynamical
properties similar to that of bulk water.

Building on previous studies of water in MOFs, the interactions between water and the
framework along with a detailed description of pore filling was investigated for water confined in
ZIF-90. It was shown that the use of quantum centroid molecular dynamics (CMD) simulations
and the addition of the Fermi resonance, similar to the study done in bulk water, was essential
to capture the presence of nuclear quantum effects in confined water and achieve agreement
with experimental IR spectra. It was also demonstrated how modifications to existing force
fields may be required to correctly reproduce the structure and dynamics of water confined in
MOFs. By modifying the Lennard-Jones interactions between water and the carbonyl group of
the MOF, which was the primary adsorption site for water in ZIF-90, quantitative agreement with
experiment was obtained. This study provided the key detail that varying the interactions between
various force fields may be an essential step in performing accurate simulations of water confined

in MOFs.
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The use of experimental vibrational sum-frequency generation spectroscopy (VSFQG), a
new technique to study water confined in MOFs, further disentangled the contributions of interfa-
cial water vs. bulk-like water in ZIF-90. In combination with molecular dynamics simulations,
these methods discertained the mechanism of pore filling for water. Water was shown to fill one
pore at a time, first forming clusters that nucleate pore filling, as opposed to filling all pores
simultaneously. Similar techniques can be used to understand the pore filling mechanism for
water in various MOFs.

When studying the Ni; X,BTDD (X = F, CI, Br) MOF, even though only the halide atoms
are exchanged, the pore filling process and structure of water are different in each MOF. The F
MOF has the greatest water adsorption at the lowest RH values, which is attributed to the strong
interactions of water with the framework atoms and the formation of hydrogen bonds with the F
atoms in the MOF. Water conversely forms strong hydrogen bonds with the N atoms of the CI and
Br MOFs. Furthermore, water completely fills the pores of the Br MOF at 24% RH, the lowest
value of all three MOFs. This phenomenon is caused by the large Br atoms protruding into the
pore, which enable the water molecules at separate Ni metal centers to form hydrogen bonds with
each other that then nucleate pore filling at a lower RH.

This body of work has shown how small variations in MOFs, through exchanging specific
atoms or modifying the interactions between water and the framework, can change the properties
of water confined in various MOFs. The combination of theory and experiment has been able
to shed light on these processes, disentangling the mechanism of pore filling in distinct MOFs
and studying the hydrogen bonding network of confined water. The use of accurate models for
both water and MOFs have revealed key features in the pore filling mechanisms of water capture
that are critical to the design of future water harvesting materials. Water is essential to the world,
and the process of atmospheric water capture holds much promise in delivering a source of clean

drinking water to the world.
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