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Abstract

Metal-organic frameworks (MOFs) have emerged as promising nanomaterials for
the development of advanced sensing technologies. Indeed, their unparalleled
features comprising structural diversity, tailorability, high porosity, large surface
area, and adsorption affinities can offer superior sensing performance unattainable
by the array of conventional materials for selective, fast, and sensitive detection
of gases. However, for the integration of MOFs into sensor devices, a thorough
understanding of the material’s underpinning properties and mechanisms is vital.
In this integrated thesis, the key principles, which are used for functionalising MOFs
with desired properties, are studied from the single-crystal level (Chapter 1). Herein,
Chapter 2 introduces near-field infrared spectroscopy techniques for the chemical
characterisation of individual MOF-type crystals at the nanoscale.

Based on this technique, Chapter 3 presents a new strategy to reveal the
encapsulation of luminescent ‘guest’ molecules in the pores of the ‘host’” MOF
framework. This so-called guest@MOF principle is a smart way to engineer novel
material for sensors and optoelectronics, however, unambiguously proving the
successful encapsulation in lieu of surface adsorption has been challenging thus far.

Turning to defect tuning - another strategy to tune MOF materials for sensing
applications - Chapter 4 demonstrates how the combination of nanoscale analytics
and density functional theory calculations can probe point defects in individual
MOF crystals, further scrutinising their impact on mechanical properties.

Chapter 5 offers insights into the sensing mechanism itself by studying the
exceptional response of a guest@QMOF material towards volatile acetone. Herein,
several spectroscopy techniques ranging from nanoscale analytics to in situ and
operando techniques based on inelastic neutron scattering and synchrotron radiation,
all corroborated by theoretical simulations, are used to explore the underlying
principles of the unique sensing performance.

Building upon the findings of Chapter 3-5, Chapter 6 presents a detailed
characterisation of a promising MOF material for sensing applications. Specifically,
theoretical calculations and spectroscopy techniques can explain the interplay
between the physical, chemical, and mechanical properties to provide a fundamental
understanding of the material’s behaviour and structure-function relations.

Finally, Chapter 7 serves as a critical review of the presented findings, further
highlighting their contribution to the future development of tailored MOF materials
as next-generation sensors.
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1.1 Motivations

The repertoire of senses is perhaps the most remarkable and astonishing source of
data collection through which living systems perceive, understand, and interact
with the outside world. From the detection of external stimuli including touch,
pressure, vibrations, temperature, light, and sound to the conscious sensation and
response, sensing organs convert chemical and physical information into neuronal
signals levering thermodynamics, Nernstian potentials, photochemical processes,
and molecular recognition. Inspired by natural sensing systems, scientists and
engineers strive to develop new technologies that can probe physical and chemical
changes to enhance the perception of the surrounding environment.[1-3] Amongst
them are chemical sensing devices that convert a chemical or physical property
of a specific analyte into a quantifiable signal, and offer solutions for detection,

measurement, smart automation, and monitoring across a wide range of industries.
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These include medical diagnostics[4], industrial and manufacturing detection[5],
civil security[6], food safety|7], and environmental monitoring[8, 9]. For instance,
in the medical sector, chemical sensors are utilized to detect the concentration
of glucose or electrolytes in human blood.[10] Piloted by the rising demand of
consumers to track data of their personal health, the use of wearable sensing devices
has weaved itself into society and can be coupled with new ways for screening
and monitoring of critical conditions.|11H13] However, there is no portable sensor
to detect low concentrations of volatile organic compounds (VOCs) in exhaled
human breath, even though they serve as important biomarkers for disease early
detection, response to treatment, exposure to hazardous substances, or precision
monitoring.[14}16] Sensing devices that analyse VOCs in breath samples can thus
present a non-invasive solution for diagnostics and monitoring.

Similarly, low levels of toxic or explosive VOCs in the industrial and manufac-
turing sector, or civil security, are difficult to detect, and yet are most hazardous to
human health and the environment. |17, 18] Thus, their rapid detection is paramount
for controlling the air quality especially in enclosed spaces to ensure workplace and
public safety.[19] Although existing portable sensing devices target toxic VOCs
such as benzene, dichloromethane, or formaldehyde; all of them inherently have
limitations associated with sensitivity, selectivity, operating temperature, or cost
that prevent general use.|20-22]

The two exemplary problems described above are in fact intertwined. They
can be solved through the engineering of revolutionary sensing technologies that
incorporate metal-organic frameworks (MOFs), a new class of nanomaterials offering
unique properties beyond the array of conventional materials. Constructed via
self-assembly of metal clusters and organic linkers, naturally, MOFs are hybrid
materials, which crystallise in extended coordination networks.[23(25] Significantly,
their characteristic features include structural diversity, tailorability, high porosity,
large surface area, and adsorption affinities [26]; and while all of these are hugely
beneficial for applications in gas storage and separation [27], catalysis [2§], drug

delivery [29], and electronics |30} 31], their unparalleled advantages for sensing
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application can be easily understood.[32-34] Firstly, their high surface areas allow for
concentration of the analyte into the pores, which enhances the detective sensitivity.
Secondly, the tuneable pore size and functional binding sites enhance the selectivity
through size exclusion and specific host-guest interactions; and thirdly, the high
porosity of MOFs renders them a promising candidate for reversible uptake and
release of guest molecules, which ensures the regeneration and recycling of detection.

While the deployment of novel MOF-based sensor technologies will bring major
benefits to the economy, public services, and to the wider society, their realisation
depends upon rational design and control of the material functions.[35] Hence, prior
to designing high-performance and high-precision sensors for targeted applications,
a thorough understanding of the underpinning physical and chemical phenomena in

MOFs as well as their structure-function relationships is indubitably necessary.

1.2 Contributions

This DPhil thesis aims to address these challenges by unravelling the principal
characteristics of MOFs that are crucial for sensing technologies, including host-
guest interactions, defect engineering, sensing mechanisms, and terahertz (THz)
phenomena. Specifically, the results comprised in the following chapters shed new
light on the ongoing advancements from a new perspective — the single crystal
level — by leveraging near-field techniques.

This integrated thesis is composed of 7 chapters: a brief introduction sets off
with an exploration of the primary goals and accomplishments presented by each
chapter. Chapter 2 demonstrates the use of near-field spectroscopy techniques for
advancing the field of MOF characterisation. After a detailed introduction to the
technique itself, the chapter then presents several use cases for MOF single-crystal
characterisation, highlighting how nanoscale analytics provide a significant tool
for distinguishing between different MOF materials and studying the material’s
behaviour and phenomena at such local scales.

Each of the following chapters begins with a literature review, and then expands

on a summary of the corresponding published paper, further providing additional
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insights based on the Supplementary Information of each manuscript.[36-38] Fi-
nally, a scientific discussion and contextualisation of the results herein achieved
will be included.

More specifically, Chapter 3 seeks to unravel host-guest interactions of MOFs.
While a guest@MOF composite material, where ‘guest’” molecules with desired
properties are confined into the nanoscale pores of the ‘host’” framework, depicts a
facile strategy to engineer the functions of MOFs even further, as will be outlined in
the literature review, it remains challenging in this field of research to distinguish
whether the guest molecules are effectively encapsulated within the MOF or adsorbed
onto their external surface.[39] This difference however is central not only for
designing specific adsorption sites for targeted analytes, and controlling their
interactions, but also to achieve high guest loading in the MOF by leveraging
its porosity. Chapter 3, therefore, addresses this open question by providing a
strategy to confirm guest encapsulation in MOF-type single crystals.

Chapter 4, in turn, explores the tuning of defects in MOF crystals to enhance their
reactivity. For instance, open metal-sites introduce additional adsorption affinities,
which can be crucial for gas capture and targeted chemical sensing. Following a
detailed literature review on defect engineering in MOFs, and accordingly, techniques
to characterise structural defects, Chapter 4 then delves into defect transformation
during the crystallisation of a prototypical MOF: the zeolitic imidazolate framework
ZIF-8. Again, near-field nanoscale analytical techniques, substantiated by ab initio
density functional theory (DFT) calculations, reveal new insights into defects in
MOFs, and their implications for materials performance and stability — key for
potential sensing applications.

In Chapter 5, the sensing mechanism itself is unravelled for a guest@MOF
composite material with exceptional gas sensing abilities. Firstly, potential use
cases for VOC sensing are outlined, and even though advances of MOFs for gas
sensing are discussed in literature, the underlying sensing mechanisms is yet to
be understood. This is precisely why this chapter demonstrates the efficacy of

synchrotron-radiation spectroscopy and inelastic neutron scattering (INS), as well
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as fluorescence and near-field infrared spectroscopy to afford in situ gas dosing
experiments. Corroborated by DFT calculations, this synergistic approach discovers
the chemical and physical dynamics of the guest@MOF system upon exposure to
volatile gases. Knowledge of the underpinning mechanisms that can explain the
sensing behaviour in response to physical and chemical stimuli is central to harnessing
the unique sensing ability, and further tune it towards potential applications.

Building upon the results of Chapters 3-5, Chapter 6 suggests a MOF system
with enhanced sensing performance, namely the zeolitic imidazolate framework ZIF-
71. Whereas its structure, synthesis, and basic characterisation have been reported
in literature[40], and the material has been proven beneficial for applications in
gas adsorption and separation, a detailed understanding of the interplay between
physical, mechanical, and chemical properties has been lacking thus far. Herein,
Chapter 6 summarises studies on the molecular vibrations and single-crystal
properties derived from frequency calculations and nanoscale analytics. This is
followed by a detailed analysis of the key vibrational modes in the low-energy region,
where phenomena like gate-opening, phase transitions and shearing can be linked
with the core physical and mechanical behaviour of ZIF materials.[41] Leveraging
the concepts of guest encapsulation and defect engineering (the latter to introduce
open metal site as additional reaction sites), and knowledge of the underpinning
mechanisms of vapour sensing allow for tailored design of a guest@QZIF-71 system
with enhanced sensing abilities.

These ideas are discussed in the last and concluding chapter, which provides an
overview of the results and discoveries made, and presents perspective for future
areas for exploration in the field. Together, the results compiled in this thesis provide
a detailed investigation of the key phenomena of MOFs that offer a versatile platform

to inspire further tuning, and development of MOF-based sensing technologies.



It is sometimes of great use in natural philosophy to
doubt of things that are commonly taken for granted;
especially as the means of resolving any doubt, when
once it is entertained, are often within our reach.

— Sir William Herschel
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2.1 Introduction

The design of cutting-edge sensing technologies based on MOF materials relies on a
thorough understanding of the material’s intrinsic properties and response behaviour

when exposed to external stimuli. In particular, due to their nanoscopic nature, the
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features of MOF crystals determine not only the mechanical, optical, physical and
chemical properties, but also the overall performance. The power of engineering MOF
systems for application is, therefore, solely ascribed to knowledge and meticulous
control of the size, shape, and structure of the nanocrystals. Although most common
characterisation techniques in the field of MOF research, including powder X-ray
diffraction (PXRD), nitrogen adsorption/ desorption isotherms, thermogravimetric
analysis (TGA), or nuclear magnetic resonance (NMR) spectroscopy, are used
respectively to confirm crystallinity, porosity, thermal stability, or purity of the
sample, they all determine (averaged) bulk properties from a powder sample.[42] If,
however, the morphologies of single crystals are investigated, additional imaging
techniques may include atomic force microscopy (AFM) or scanning electron
microscopy (SEM). While these are powerful tools to image MOF-type crystals
with nanoscale resolution, they do not offer fully qualitative analysis about local
structure, or chemical composition. One way to achieve this is to couple SEM
with energy dispersive X-ray spectroscopy (EDS), however, based on an electron
beam, this technique is better suited for probing heavier elements such as metal
incorporation in MOFs; and it is a technique deemed destructive, since a conductive
coating is required to alleviate image artifacts given the insulating nature of most
MOFs.[42] A common approach to obtain chemical information is based on Fourier
transform infrared (FTIR) spectroscopy. In the infrared region of the electromagnetic
spectrum, corresponding to wavenumbers of approximately 300 to 3000 cm ™!, the
photon energies match the vibrational frequencies in a material. If a material
is illuminated at a frequency that corresponds to a fundamental vibration, the
molecular vibration v is excited as the energy AF is absorbed, following the relation

AFE = hv, where h is the Planck’s constant.

2.2 Vibrational modes

The discovery of absorption bands in the infrared (IR) region, as a pioneering proof
for a region of the electromagnetic spectrum beyond the visible light, led to the

first studied vibrational spectrum by Sir William Herschel in 1800.[43] However, it
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Figure 2.1: The normal vibrational modes of polyatomic molecules.

was not until quantum theory advanced at the beginning of the twentieth century
that an understanding of the molecular vibrations in the entire spectrum could be
achieved.[23] Employing the Schrodinger wave equation successfully correlated the
observable IR frequencies with transitions between quantised vibrational energy
levels. In general, a molecular vibration describes the coherent oscillations of
atoms relative to each other at a characteristic frequency. As the modes only
involve (approximately) harmonic displacements of the atoms from their equilibrium
positions, the centre of gravity is preserved. Therefore, the three translational
motions of the entire molecule along the z-, y- and z-axes, as well as the three
rotational motions about these mutually perpendicular directions are excluded when
considering vibrational modes. A molecule with NV atoms has thus 3N — 6 degrees
of freedom, which correlate with the number of normal molecular Vibrations.
However, for molecules with certain elements of symmetry, some vibrations may be
deteriorated, while in linear molecules, the rotation around the axis of the bond is
lost as a degree of freedom since there is no displacement of any of the atoms involved.
As a result, a linear molecule has an additional vibration, and the total number of
molecular vibrations is 3N — 5. Each normal mode is associated with a combination
of displacements of the atoms. Only if these collectively evoke a change in dipole

moment, a transition to another quantum state is observed. This leads to the so-
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called optical selection rule, where a molecule is only promoted to the excited state in
IR-active modes, while in IR-inactive modes, its dipole moment does not change. [45]

Each molecular vibration is described by a combination of coupled motions
of atoms, including displacements with a change in the length of a bond, either
symmetrical or asymmetrical stretching, and modes with a change in angle. The
latter are described by in-plane bending modes (scissoring and rocking) and out-
of-plane vibrations (wagging and twisting), as illustrated in Figure 2.1} For many
vibrational modes, only a few atoms are subject to a large displacement, and thus the
frequency of such modes is characteristic of the specific functional group. Because
their frequency and intensity also depend on the atomic environment in the molecule,
these absorption bands are unique for a particular molecule, and can thus be used
to distinguish one molecule from another containing similar functional groups. 46|
Beyond this so-call fingerprint region, the low-energy vibrations are prevalent in the
far-IR or Terahertz (THz) region ranging from 0 to 300 cm™!, as indicated in Figure
2.2 As opposed to the mid-IR region, where vibrational bands are used to identify
the presence or absence of specific functional groups, simultaneous vibrations of
all atoms, or in other words collective modes, are excited in the low-energy region.
Therefore, these THz modes provide structural information and can hold the key to
the intrinsic mechanical and physical properties of a material.[47] However, their
investigation demands for advanced techniques employing synchrotron radiation
(SR), coupled with theoretical methods such as density functional theory (DFT)
to aid in, since the absorbed long wavelength radiation is often below the cut-off

of conventional mid-IR detectors.

2.3 Density functional theory

Ab initio density functional theory (DFT) calculations, in principle, evaluate the
force fields acting on the electrons. As the second derivative of the energy, the
force constant considers the interactions emerging from electrons and nuclei within
the molecule. In the DFT approach, the terms involving the Coulomb interactions

between the electrons (exchange correlation energy) are modelled by functionals
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Figure 2.2: The infrared (IR) region of the electromagnetic spectrum. Different types of
IR radiation are characterised by their frequency and wavelength, and the characteristic
vibrational dynamics, as well as suitable techniques to probe them, are illustrated.

employing different levels of theory. Here the crystal orbital is approximated by
a linear combination of Bloch functions, built from localized functions (“atomic
orbitals”). These atomic orbitals are respectively represented as linear combinations
of Gaussian-type functions whose constant coefficients are defined by the input
data.[48] Commonly used, for instance, is the B3LYP functional, a hybrid model
proposed by Becke (B3)[49] to advance the gradient-corrected correlation of Lee
et al.(LYP)[50]. Combined with the Grimme’s dispersion correction (B3LYP-
D3) , the DFT calculations yield theoretical IR spectra demonstrating the closest

resemblance with experimental frequencies.[52]

2.4 Fourier transform infrared (FTIR) spectroscopy

To measure the infrared absorption spectrum of a sample, the core of a FTIR
spectrometer is an interferometer whose purpose is to modulate the IR radiation
intensity or optical signal. Even though there exists a range of interferometers,
modern FTIR spectroscopy still relies on the theoretical concept and design that
was originally developed by Michelson in 1891. In a Michelson interferometer,
modulation is achieved by separating the incident radiation into two beams at a

beamsplitter, as illustrated in Figure[2.3] One beam is transmitted to a fixed mirror,
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Figure 2.3: Setup of a Michelson interferometer. A collimated beam from an IR light
source is split by a beamsplitter. Both beams are back-reflected by different mirrors,
superpositioned at the beamsplitter and focussed onto a detector.

while the other beam passes to a moving mirror translated along the optical path.
Both mirrors reflect the beams back to the beamsplitter, where they are recombined
and focussed onto a detector. Because of the translational motion of the mirror,
the back-reflected beam has been Doppler shifted, and after superposition, the new
beam exhibits a time-dependent interference. As a result, the intensity of each
wavelength measured at the detector varies with the optical path difference. The
corresponding interferogram can be demodulated and Fourier transformed to yield
the IR absorption spectrum. In the following sections, the working principle and
theory of FTIR spectroscopy will be introduced, following the detailed descriptions
provided in the Handbook of Vibrational Spectroscopy by Chalmers and Griffiths,
and Fourier Transform Infrared Spectroscopy by Griffiths and Haseth.[23], 54, |55]

2.4.1 Principles of an interferometer

Before considering the broadband IR light source that is used for FTIR spectroscopy,
it is useful to assume a monochromatic, perfectly collimated IR beam. If the
wavelength of such a source is Ay [cm], the corresponding wavenumber wy [em™}],

or spatial frequency, is

Wy = —. (21)
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For a monochromatic light source, the electromagnetic wave E propagating as a

function of time ¢ along the z-axis can be represented in terms of a cosine function

E(z,t) = acos|2m(vt — §>], (2.2)

with the amplitude of the light wave a, its frequency v, and wavelength A. The

wavefront travels along the z direction with a speed
c = \v. (2.3)

In vacuum, the speed of light is approximately 2.99 x 108%, while in a medium

with refractive index n, the speed of a light wave is described by

A =2 (2.5)

Now, using the angular frequency w, with
w =27V, (2.6)

and the propagation constant k given by

w 2T 2T

leads to a compact form of equation describing a plane wave propagating

through space:

E(z,t) = acos(wt — kz). (2.8)

Considering an ideal point source, a spherical wave can be assumed leading to

E(rt) = %cos(wt — kr). (2.9)
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However, a complex exponential representation is often preferred such that

equation [2.8] can be written in the form

E(z,t) = %{aei(“t_kz)}. (2.10)

This expression can be divided into factors with spatial and time dependence:

E(z,t) %{ae’i’“em}

{ae‘i‘bem} (2.11)

{Aew},

where ¢ = 27%, and A = ae " is the complex amplitude.

R
R

At a particular value of z, the intensity is given by
I x EE". (2.12)

If two waves are superimposed (or in other words, they interfere) and they are
propagating in the same direction with the same polarisation and frequency, the

complex amplitude at any point is the sum of the two respective amplitudes:

Again, A; = ae™ ™ and A; = ae~**? represent the complex amplitudes of each

wave, and the resulting intensity can be written as

I=A
= (A1 + A2)(A] + A3)
(2.14)
= [AL” + [Aof* + ALA; + ATA,
=1+ I, +2\/I,I,cos(Ag),

where I; and I, are the intensities of the two waves with the phase difference

AP = ¢ — ¢o between them.
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Since the two waves originate from the same source (A¢ = 0 at the origin), the
phase difference is introduced by the translational motion of the moving mirror

described by the optical path difference or retardation 9:

A¢ = 2;5. (2.15)

Considering an ideal beamsplitter, where I; = I, = 0.5[y, the intensity at

the detector is

Iger = 0.515(1 + cos ¢) = 0.5]0(1 + 005(2;(5)). (2.16)

If the retardation ¢ is a multiple of A, the two beams interfere constructively
and Iz, = Iy, while the opposite is true if, for instance, the retardation is § = %
In this case, destructive interference occurs, and the resulting intensity is I4; = 0.
Moving the mirror with a constant speed thus results in a sinusoidal variation
of the intensity measured at the detector.

In practice, however, the signal at the detector is affected by experimental
factors, including beamsplitter efficiency and responsivity of the detector. Given

the same system set-up, these factors are constant and can be described by a

correction factor Ry:

2
L = 0.5RyIo(1 + cos ¢) = 0.5ROIO(1 + COS(;(S)). (2.17)

Since the first term describes the intensity of one beam without interference,
and is therefore independent of the optical path length, it is the second term
that is of interest in FTIR spectroscopy. This modulated component is called an

interferogram, and is recorded at the detector:

2
s

1(6) = Fycos( 3 ),

(2.18)

where Fj is defined as Fy = 0.5Ryly. Thus, in the case of a monochromatic light

source, the wavelength A\ can be measured directly from the interferogram, and
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the amplitude of the interferogram is direclty related to the intensity of the source

Iy, only altered by the instrumental characteristics Rj.

2.4.2 Theory of FTIR spectroscopy

Turning now from the monochromatic beam to a broadband light source, the

incoming wave will consist of a distribution of wavelengths such that

16)= [ :O FO\ cos(2>7\r5) dx, (2.19)

or for an ideal interferometer:

400 2
1(5) = / 0.510<A)(1+cos<7”5))dx. (2.20)
Using the wavenumber k = 27“, this can be written as

16)= [ zo 0.50(k) (1 + cos(kd)) dk

oo oo (2.21)
- / 0.516(k) dk + / 0.516(k) cos(k6) dk.

—00 —00
Again, only the second term is modulated, while the first term that describes
the time-averaged intensity, or direct current component, for one beam is filtered
out. The resulting modulated signal with alternating current (and therefore varying

intensity about the constant term) is written as

10)= [ " (k) cos(ks) dik. (2.22)

This interferogram is a Fourier transform, the solution of which yields the
spectrum of the incident light:
+oo
I(k) = / 1(6) cos(k3) do. (2.23)
T J—o0
Thus, by measuring the interferogram at the detector for varying optical path

differences, the spectral intensity distribution of the beam is obtained as a function

of wavenumber. If, in the case of spectroscopic measurements, the beam has passed
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Figure 2.4: Apodization in FTIR spectroscopy. a) A section of an infinitely long
interferogram composed of two cosine waves with equal amplitude, and the resulting
Fourier-transformed (FT) spectrum. b) Boxcar apodization function and its corresponding
spectrum in Fourier-space with indicated spectral resolution. c) Interferogram of a)
convoluted with boxcar function of b) and the resulting spectrum. d) Triangular
apodization function and corresponding spectrum. e) Convolution of interferogram
of a) with apodization function of d), and resulting spectrum.

through a sample, and accordingly, energy at specific frequencies gets absorbed via
excitation of molecular vibrations, characteristic absorption bands are observed in
the spectrum. This yields the unique IR absorption spectrum for a material.

In practice, however, the measured spectrum inherently contains instrumental
effects and background contributions, which are omitted through normalisation
with a reference spectrum recorded under the same conditions. Similarly, an ideal
interferometer that can measure an intensity spectrum with infinitely high spectral
resolution and bandwidth, has been assumed thus far.[56] Yet, in reality, the optical

path difference can only be varied by a finite distance, limiting the integration,
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and thus the resolution of the recorded spectrum. These truncations lead to a sinc
(Smxﬁ) line shape that is affected by large side lobes, as shown in Figure (b,c).

To suppress these effects, and account for the sampling over a finite optical
path difference, the interferogram is multiplied by an apodization function A(¢)
that is unity at the centre burst and decreases monotonically with increasing
retardation 0 (i.e. zero at £0,4z)-

I =2 / " 1(6) A(6) cos(kd) db. (2.24)

T J—o00

If the apodization function is a linear ramp, convolution with the interferogram

results in a line shape given by a sinc? function

sin?(mkdmaz )
A() = ————- 2.25

( ) (ﬂ_kdmax)z Y ( )
which is the Fourier transform of the apodization function (see Figure d,e).

Accordingly, for a sinc? function, the spectral resolution Aw is given by

Aw= <. (2.26)
oy

It therefore depends on the total retardation ¢, that describes the limited
translation of the moving mirror. For instance, if the mirror changes position
between +480 um and —480 um (retardation 960 pm), the spectral resolution is

limited to Aw = = 104 cm™!.

1
0.096 cm
Similarly, the true spectrum is digitised and sampled at finite intervals Ad,

which limits the maximum frequency w,,q., known as the spectral bandwidth:

_ b
Wmax—A5

Even if the spectrum derived from the interferogram ranges from 0 to wyaz,

(2.27)

information is only obtained about the first half, since the second half is simply
its conjugate, as described by Nyquist theorem. In addition, discrete sampling
limits the number of data points in the resulting spectrum. Only spectral features
that are separated by %, are fully resolved. One way to improve and smoothen

the spectrum is given by adding zeros to both ends of the interferogram, thereby
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Figure 2.5: Spatial resolution of different FTIR techniques. Typically, macroscopic
(’bulk’) samples are probed with conventional FTIR spectroscopy (a), as free-space
focussing of an IR beam is limited by diffraction. In micro-FITR (b), the spatial resolution
of about 10 pm is achieved by imaging the sample in transmission mode through small
apertures. The spatial resolution can be improved yet further, to the 10 nm scale, by
performing s-SNOM and nanoFTIR leveraging a sharp metal tip (c). Adapted from ref.
with permission from Springer Nature Copyright (2021).

artificially increasing the total retardation. This technique called zero-filling does
not change the original data points, but instead, new points are added in between,

and higher sampling of the spectrum is achieved.

2.4.3 FTIR spectroscopy techniques

Building upon the fundamental principles of a Michelson interferometer and Fourier
transformation of the recorded signal, various spectroscopy techniques have been
developed, where a broadband infrared beam either passes through a sample
(transmission FTIR spectroscopy), or gets reflected by it, as in the case of attenuated
total reflectance (ATR-) FTIR. In these most commonly used techniques, FTIR
spectra are measured of a macroscopic (bulk) sample (see Figure . To push
the level of detection towards smaller scales, and gain chemical and structural

information that is spatially resolved, micro-FTIR spectroscopy was introduced.
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Here, a spatial resolution of about 10 um is achieved by imaging the sample in
transmission mode through small apertures.[47, 58, 59] A better resolution is however
unattainable using classical optical measurement techniques due the wave nature of
light that imposes a physical constraint on the spatial resolution. As was shown by
Abbe at the end of the 19%century, the diffraction limit of light depends on the
wavelength A of the light source.[60] If two features are closer than the minimum

distance Ax,,;,, they cannot be unambiguously resolved:

(2.28)

Here, n is the refractive index of the surrounding medium through which the
beam passes (usually air), and NA = nsin(26,,,,) is the numerical aperture derived
from the maximum collection angle 20,,,,, of the instrument. Given that the largest
values of the N A achievable with state-of-the-art measurement techniques are in
the range of 0.9 — 1.4, the maximum spatial resolution of conventional optical
techniques is approximated by Az, = % Therefore, for infrared light, the spatial
resolution is limited to a few micrometers.

One way to circumvent the diffraction limit, and still obtain chemical and
structural information of a sample at the nanoscale, is offered by scattering-type
scanning near-field optical microscopy (s-SNOM) coupled with FTIR nanospec-
troscopy (nanoFTIR).[61-63] These techniques enable simultaneous imaging and
FTIR spectroscopy with nanoscale spatial resolution, and their principles will be

described in Section [2.5] following the concepts presented in publications [64H71].

2.5 Principles of s-SNOM

Scattering-type scanning near-field optical microscopy (s-SNOM) is based on
a monochromatic infrared laser beam that, instead of illuminating the sample
directly, is focussed onto a metal-coated probing tip by a parabolic mirror. Akin to
scanning probe microscopy (SPM), where the sample is scanned by virtue of a sharp

tip measuring certain properties, this probing tip is in proximity to the sample.
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Figure 2.6: Schematic representation of an atomic force microscopy (AFM) setup. The
AFM cantilever reflects a laser to a position-sensitive detector to record the cantilever
deflection, which depends on the sample height. In tapping-mode, the tip oscillates with
a frequency (2.

However, in this case, it is illuminated and serves as an optical antenna, since the
electromagnetic field gets confined towards the tip apex creating an evanescent
near-field in its close surrounding. Due to the near-field interaction between the tip
and the sample, the optical properties of the sample modify the radiation that is
backscattered from the tip to a parabolic mirror. Therefore, the backscattered light
contains information about the sample, and if interferometric detection is employed,
the characteristic optical phase and amplitude (or absorption and reflection) of
the sample at the illumination frequency can be measured. Significantly, these are
measured from near-field interactions which only extend to the scale of the tip
radius (20 nm), thus scanning the sample surface provides images of the optical

phase and amplitude with nanoscale resolution.

2.5.1 Atomic force microscopy

Typically, s-SNOM is based on atomic force microscopy (AFM), which provides
spatially localised information about the topography of a sample. This is achieved
by scanning a sharp probe (AFM tip) across the surface of the sample under

investigation, while monitoring the deflection of the long, flexible probe cantilever.
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Figure 2.7: Working principle of s-SNOM. a) A focussed infrared laser beam illuminates
a metallic AFM tip, which creates an evanescent near-field in close proximity. The back-
scattered light from the tip contains information about the sample’s optical properties
due to this near-field interaction. b) Numerical simulation of field distribution of a metal
tip illuminated with far-infrared light with A = 118 pum, adapted from ref. with
permission from American Chemical Society, Copyright 2008.

Since the sample and tip are in close proximity, mechanical interactions such as
attractive and repulsive forces affect the cantilever due to its low spring constant.
The corresponding bending of the cantilever is detected by focussing a laser beam on
the backside, and measuring its reflection with a position-sensitive photodiode (see
Figure . If the tip is operated in contact mode, a feedback system adjusts the
height of the cantilever such that the deflection is constant, from which the height of
a sample at each pixel can be derived. s-SNOM, however, is based on a tapping-mode
AFM, where the tip oscillates with a resonance frequency 2 without establishing
contact with the sample. Instead, when the tip approaches the sample, the oscillation
amplitude is damped due to bespoke interaction forces. Akin to contact mode, a
feedback system is employed to keep the amplitude constant by changing the vertical
position of either the sample or the tip using a piezoelectric driver. Therefore,
by recording the vertical position, the topography of the scanned sample can be

measured with the resolution only being limited by the radius of the tip apex.

2.5.2 Field enhancement

For the purpose of s-SNOM imaging, an infrared laser beam is focussed by a
parabolic mirror onto a metallic AFM tip. Upon illumination, the tip acts as

an optical antenna, with surface plasmon polaritons being excited, and charge
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accumulation being induced towards the apex of the tip. The distribution of the
electric field is visualised in Figure 2.7 where a plane wave with linear polarisation
parallel to the tip axis (p-polarisation) is numerically simulated with a wavelength
A = 118 nm, as indicated by the red arrows.[73] In this figure, the colour scheme
describes the ratio between the local and incident electric fields, or in other words,
the field enhancement. At the apex of the metallic tip, a very high local field
(near-field) is induced that decays exponentially with the distance. If a sample
is placed in close proximity (e.g. closer than the spatial decay of the evanescent
near-field), the optical properties of the sample, due to near-field interactions,
alter the light that is backscattered from the tip. This is best described by the
complex scattering coefficient ¢ linking the incident field E;, with the scattered

field FE,.; following the relation:

Eseat = 0E,. (2.29)

Importantly, the complex coefficient o = se™ includes the optical amplitude
s and phase ¢ of the sample, and thus, collecting the backscattered light with
the same parabolic mirror and employing an interferometric detection scheme
yields information about optical properties the sample. Further, since the near-
field interactions are localised around the apex of the tip, these are in fact local

sample properties.

2.5.3 Detection of the backscattered light

However, the back-propagating light collected by the parabolic mirror contains more
than just the near-field interactions. This is due to reflection from other optical
elements and direct scattering from the tip without any near-field contributions.
Therefore, assuming the simplest case, the intensity of the backscattered light
14 directly measured by the detector depends on the electric fields of near-field

scattering E,; and background scattering Ej,:

[det = [scat X |Escat|2 == ‘Enf + Ecbg’2 = (Enf + Ebg)(Enf + Ebg>*' (230)
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Because s-SNOM is based on a tapping-mode AFM, the tip is subjected to vertical
oscillations with a frequency €2 and an amplitude set to values significantly smaller
than the wavelength of the incident light. Thus, both scattering contributions are

in fact modulated by the oscillation frequency:

Escat = Enf + Ebg = Z Enf,n COS(th) + Z Ebg,n COS(”Qt), (231)
n=0 n=0
where
Eﬂf,n = Unf,nEin = Snf,neiwnf’"Einy (232)
and
Ebgﬂ’b = O-bg,nEin = Sbg,neicpbg’nEm (233)

are the n'"-order complex-valued Fourier coefficients of the two electric fields.

Significantly, the tip oscillation differently affects the two contributions: since
the near-field scattering is associated with an exponential decay of the evanescent
waves from the tip apex, it exhibits a non-linear decrease as the distance from the
tip increases. The background contributions, in contrast, only depend on the spatial
variations of the incident field that are of the order of its wavelength. Therefore, and
since the tapping amplitude is significantly smaller than the wavelength (2 << \),
the background scattering is deemed to change linearly with the tip position.
Considering higher harmonics of the tip frequency thus reduces contributions
of the background scattering, and, at sufficiently high harmonics (i.e. integer
multiples of the tip frequency nf2), the corresponding Fourier coefficients are
negligible in comparison with the ones of the near-field scattering due to the
non-linearity of the latter.[74]

Therefore, demodulation at higher harmonics (n > 2 for infrared light) will
suppress the background contributions if the electric field F,.,; was measured.
Instead, however, the signal measured at the detector is proportional to the intensity
Lcat, With Ty o< Tgeqr X |Fseat|?; and thus, it is quadratic with background and

near-field terms being mixed. Given that higher harmonics of the background
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Figure 2.8: Signal splitting in pseudo-heterodyne detection in s-SNOM.The tip frequency
is denoted by 2, while M is the phase modulation frequency. Adapted from ref. |75] with
the permission of AIP Publishing (2006).

scattering are negligible (i.e. Ejp,, ~ 0 for n > 1), any harmonic component of

the detected intensity is denoted as

Lictn = EvogoEntn + Enfntiy - (2.34)

This indicates that all harmonic components of the detected signal I, are
affected by the background FEj,o, which cannot be fully suppressed by simple
demodulation at higher harmonics. To effectively obtain a near-field signal without
background contributions, this demodulation scheme is coupled with a pseudo-

heterodyne interferometric detection scheme explained below.

2.5.4 Pseudo-heterodyne detection

Building upon the principles of an asymmetrical Michelson interferometer, where
the sample stage represents one of the interferometer arms illuminated by the
transmitted beam, Oelic et al. suggested a pseudo-hetereodyne detection.[75] Here,
the second beam that is reflected by the beamsplitter is seen as the reference beam
and is modulated by a planar reference mirror moving sinusoidally in direction of
the beam propagation. After recombination of both beams at the beamsplitter,

the resulting interference is measured at the detector:

[det = [Escat + Eref]2 - (Ebg,(] + Enf,n + Eref)<Ebg,0 + Enf,n + ET6f>*' (235)
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Importantly, as the probing tip oscillates with a frequency €2, the scattering field
(near-field and background contributions) is modulated at the same frequency and its
higher harmonics, while the reference beam is phase-modulated with the frequency
M of the moving mirror. Since the phase modulation frequency M (~300 Hz) is
chosen to be significantly lower than the tip frequency Q2 (~250 kHz), the interfered
signal measured at the detector exhibits a spectrum, where sidebands appear at
multiples of the phase modulation frequency M around the tip oscillation frequency
) and its higher harmonics (i.e. at positions n{2 +mM), as indicated in Figure .
Therefore, assuming background contributions at sufficiently high harmonics are
negligible, the background-free near-field signals can be reconstructed by measuring
the Fourier coefficients at the first and second sidebands (n2 + 1M and n + 2M,
n > 1). Another important implication of the pseudo-heterodyne detection is that
both optical amplitude and phase can be derived simultaneously and independently

from the modulus and argument of the n'® harmonic of the near-field scattering:

Snfn ~ |Enganl (2.36)

and

2.5.5 Theory of s-SNOM

One might however ask how exactly the amplitude and phase of the scattering
coefficient are linked with the optical properties of the sample. Yet, even if a
completely accurate description using analytical methods is preferred, the probe-
sample coupling depends on too many variables (including precise tip geometry,
beam profile and wavelength of the incident light, sample topography, the material
of the probe and the sample, or probe height) to allow for numerically solving these
interactions. Instead, several analytical models have been established to describe
the complex interactions between light, s-SNOM probe and the sample. One of
the commonly used concepts to approach the relations between the complex-valued

scattering coefficient and the dielectric properties of the sample is the point-dipole
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Figure 2.9: Illustration of the point-dipole model for s-<SNOM. The incident electric
field creates a point dipole pg in the metallic tip. Due to near-field interactions, a mirror
dipole p’ emerges in the sample.

model, as visualised in Figure based on two assumptions. Firstly, the probe
is approximated as a small sphere (with radius R), assuming that only the very
tip creates a near-field that is interacting with the sample. Secondly, the dipole
induced by polarisation at the tip due the incoming light (E;,) is considered to

be infinitely small with a dipole moment along the tip axis:

Po = by, (2.38)

Here, o denotes the polarizability of a sphere in air:

Et—l

a =471 R3 ,
€t+2

(2.39)

with ¢, describing the permittivity (or dielectric function) of the tip.
Since the dipole at the tip is in close proximity, it effectively polarises the

sample by inducing a mirror dipole:

P = Bpo. (2.40)
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It is the surface response function  that introduces the local dielectric properties

€s of the sample into the model through the relation

€, — 1
= ) 2.41
= (2.41)

Now, the additional dipole moment acts back on the probe, thereby enhancing
the original dipole moment in the tip, which in turn leads to stronger polarisation of
the sample. It is precisely this reciprocal polarisation that describes the near-field
interaction between the tip and the sample. Assuming that the incident field E;,
creates the dipole moment in the tip according to p = aF, the final solution of
the dipole moment in the tip is given by

«

p=FE; P — (2.42)
T 167(R+H)3)

where H is the height of the sample and R the radius of the probe. This leads

to the effective polarizability aery = 2~ as follows:
o
Qeff = 11— a8 (2.43)
" 16x(R+H)3)

Previously, the near-field scattering coefficient o0,y was introduced in Equation
2.29| relating the incoming and back-scattered light as 0,5 = E;E—Zt Relating E;,
and Eg,: with .y, yields, as the scattering coefficient is proportional to the dipole
moment p of the tip-sample coupling, and thus to the effective polarizability,

the following relation:

Qeff X Opf = snfei‘p"f. (2.44)

Considering the oscillation of the tip and demodulation at its higher harmonics,

Qepr is given by

Qefp = QepslA(D)]; (2.45)
with
h(t) = A(1 + cos(Q(1)), (2.46)
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Fourier transformation leads to aey ., the n Fourier coefficient corresponding
to the n'* demodulation (w.r.t. Q). Accordingly, the corresponding amplitude

s and phase ¢ are denoted as

Snfn = |Qefrnl, (2.47)

and
Onfn = Arg(aerrn). (2.48)

It is worth mentioning that the point-dipole model is the simplest approximation,
and more advanced theoretical models, such as the finite-dipole model [77], have

been developed recently to provide a better match with experimental data.

2.5.6 Fourier transform infrared nanospectroscopy (nanoFTIR)

Merging s-SNOM microscopy and FTIR spectroscopy enables FTIR spectroscopy
with nanoscale resolution; this technique is termed nanoFTIR. As opposed to
conventional FTIR spectroscopy, the tip and the sample are located on one
of the interferometric arms, and thus both amplitude and phase spectra are
simultaneously obtained from the backscattered signal.[66] Pseudo-heterodyne
detection, demodulation of the detector signal at higher harmonics of the tip
frequency, and Fourier transformation of the interferogram lead to the complex-
valued near-field spectrum FE,, (w). However, and despite background contributions
have been omitted, this spectrum is still influenced by instrumental features including
beamsplitter and detector characteristics, as well as atmospheric absorption. The

near-field spectrum is thus given by
E,(w) = 0y (w)R(w) Eipe(w), (2.49)

where R(w) is the response function of the instrument. To eliminate any absorption
features associated with the set-up and medium (air), the spectrum is, akin to
conventional FTIR techniques, normalised to a reference spectrum. However,
normalisation to a reference spectrum without any sample is not suitable, since

the near-field signal emerges from tip-sample interactions. Thus, this is best done
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with a spectrally flat substrate without any spectral absorption peaks or other

resonances (that is o, g;(w) = D = const) such as silicon or gold, where
E, si(w) = DR(w)Eine(w). (2.50)
The near-field contrast, is thus obtained as:

) = Encanf®) _ (@) R B
" B silw) DR(w)Eipe(w)

where the subscripts sam and Si correspond to the sample and silicon cali-

X O sam (W), (2.51)

brant, respectively.
Derived from this normalised near-field spectrum (or so-called nanoFTIR

spectrum), the nanoFTIR amplitude spectrum is given by

S’T'L sam
n=—""°, 2.52
i Sn,Si ( )
while the phase spectrum is
Pn = Pn,sam — ¥n,Si- (253)

Direct correlation between the nanoFTIR spectrum and conventional FTIR
spectra (e.g. absorption and reflection) — which, at first glance, might be surprising
given that nanoFTIR measures scattered light from near-field interactions between
tip and sample — is possible when considering that the nanoFTIR spectrum is
proportional to the scattering coefficient.[67] As derived from the point-dipole
model, or the more advanced finite-dipole model [77], the scattering coefficient

can also be written as

o(w, H) o< aepp(fB)(1+14)% (2.54)
with
o «a.fs the effective polarizablity of the tip,

o 1, the far-field reflection coefficient of the sample surface,
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° 5:B(W>— +17

sample permittivity e,, and

o f = f(H), a function that is independent of frequency and is described by

the tip-sample distance H.

Apart from regions close to plasma or phonon resonance, the product (ff) is
smaller than 1, since the height-dependent function f is less than unity in s-SNOM
measurements, and [ is around 1 (smaller than 1 for weak oscillators such as
organic materials, slightly larger for metals and doped semiconductors). Therefore,

o(w, H) can be expanded to a Taylor series as:

M“

ow, H) = (1+71,)*Y F,la (2.55)

7j=1
This leads to a polynomial equation, where the factors that are independent of

f can be directly computed. In the simplest case, (j = 1), this leads to

o(w, H) = [ag + ay f (H)B(w)](1 + r,)?, (2.56)

where the coefficients ag and a; only depend on the material and size of the tip
and are thus constants that are independent of frequency or height. For samples
that are thinner than the wavelength of the incident light (t << A = 10 pum for IR

light), the far-field reflection r; only depends on the substrate, leading to:

J Fn[a(j)fj] 5

Ny = (2.57)
a2 e fres]
Thus, if normalised to a reference spectrum, this equation leads to
T = ), B) (2.58)

On,ref Bref ,
which can be solved for f(w) if o is measured. Importantly, the local permittivity

of the sample can be determined through

1+ B(w)

=) (2.59)

c(w) =
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The real and imaginary parts of the dielectric function €(w) can accordingly

be derived, where the absorption coefficient is

k(w) = Im(y/e(w)) ~ Im(B(w)). (2.60)

Since Im(n,(w)) ~ Im(o,(w)) ~ Im(B(w)), the so-called nanoFTIR spectrum

can be defined as the local absorption of the sample according to

ap(w) = Im(n,(w)) = Sn(W)) sin(¢n (W) — @nrer(w)). (2.61)

Sn,ref (w
It is this nanoFTIR absorption spectrum that can be directly compared with
conventional FTIR spectroscopy, where the far-field absorption Ay follows the

relation: Apy x k(w), and therefore
() ~ Tm(B()) ~ #lw) ~ Agy. (2.62)

This link - a,,(w) ~ Asy - allows for direct chemical recognition of a material

with nanoscale resolution.[67]

2.5.7 Experimental setup

In this work, the nanoFTIR measurements were performed with a neaSNOM instru-
ment (neaspec GmbH) encompassing a tapping-mode AFM, mid-IR illumination
optics, and electronics for data recording. Its setup is illustrated in Figure[2.10f The
broadband coherent mid-IR beam was generated based on a nonlinear difference-
frequency generator (DFG), where two near-IR beams emerging from 100-fs pulsed
fibre lasers (TOPTICA Photonics Inc.) were synchronously superimposed in a
GaSe crystal. To obtain the broadband spectrum from 700 — 2200 cm ™!, at least
two spectra measured with illumination sources tuned to cover different ranges
were merged. The coherent mid-IR light passed through a ZnSe beamsplitter, the
core of the asymmetric Michelson interferometer dividing the incident beam into
reference and sample arms. In the reference arm, the beam is reflected by a moving
reference mirror that is translated along the position d by a piezo-driven linear

stage in direction of the beam at a constant velocity for 1600 ym to perform FTIR
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Figure 2.10: Experimental setup of the s-SNOM instrument.

spectroscopy. The second beam illuminates the platinum-coated AFM tip with
a cantilever resonance frequency 2 = 250 kHz, and nominal tip radius 20 nm
(NanoAndMore GmbH). To maintain constant and well-aligned tip illumination, the
tip position is fixed, and the sample stage is moved by piezoelectrics for scanning.
Furthermore, for alignment purposes, a visible red beam generated by a HeNe
laser was used to focus the incident beam onto the AFM tip. The back-scattered
light from the tip is collected by the same parabolic mirror, superimposed with
the modulated reference light in the beamsplitter, and focussed onto the detector
with a second parabolic mirror. The mercury cadmium telluride (MCT) detector
(FTIR-160-0.10, Infrared Associates, Inc.) is cooled with liquid nitrogen, and the
signal is recorded with a fast data acquisition card as a function of the mirror
position d. Demodulation at higher harmonics n{2 (n = 2 for nanoFTIR, n = 3 for
s-SNOM imaging) of the tip oscillation frequency €2 generates the interferogram
I,,(0), with § = 2Ad, and subsequent Fourier transformation leads to the spectrum
of the back-scattered light. Normalisation to a reference spectrum measured on

silicon, and data processing with the neaSNOM software yields the amplitude
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and phase of the near-field signal, and thus, the local absorption spectrum of the

sample with a resolution akin to AFM.

2.6 Nanospectroscopy of metal-organic frameworks

Because nanoFTIR can provide high-quality broadband IR absorption spectra with
unprecedented spatial resolution, it has naturally emerged as an excellent tool
for nanoscale analysis of 2-D materials[78], polymers[65], biological samples|79,
80], and inorganic materials|81] in diverse areas of research. In the field of metal-
organic frameworks, however, the use of this powerful technique is still in its infancy.
Indeed, the first application of nanoFTIR and s-SNOM imaging for MOFs was
only reported in 2018, when the combination of these techniques was employed to
characterise mixed matrix membranes (MMM) comprising the zeolitic imidazolate
framework ZIF-94 as a filler material.[82] Specifically, s-SNOM images, recorded
with an illumination wavelength characteristic for ZIF-94, revealed a strong optical
absorption of individual particles on the surface, thereby differentiating between
MOF crystals and the polymeric membrane. However, it was not until the first
systematic study in 2020 that the strengths of nanoFTIR were introduced into the
field of MOF research.[37] Through a detailed comparison with conventional far-IR
techniques and DFT simulations, we demonstrated that the nanoFTIR spectra
can be directly compared to standard databases, allowing for straightforward
chemical identification of MOF materials. In addition, these techniques were
used for establishing the host-guest interactions of prototypical MOF systems
loaded with emissive molecules to pinpoint the precise location of the latter, as
outlined in Chapter 3. The concepts and strategies gained from this study revealed
a new dimension in the characterisation of MOFs at the single crystal level by
encouraging not only conventional imaging, but also chemical characterisation.
Indeed, several studies have adopted the ideas: for instance, nanoFTIR was used to
confirm thorough washing and guest encapsulation in two MOF systems (ZIF-8 and
ZIF-71) with luminescent guests to afford solid-state lighting, and stress sensing,

respectively.[83], 84] While these two examples focussed on the emerging host-guest
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interactions rather than the MOF itself, another study leveraged nanoFTIR to
investigate the amorphisation of the nano-porous MIL-100 (MIL: Materials of
Institut Lavoisier) material under increasing pressure.|85] As the pelleting pressure
increased, most vibrational bands were unaffected; however; one additional peak that
can be associated with under-coordinated carboxylates appeared in the nanoFTIR
spectrum. Significantly, these salient spectral changes indicate that specific bond
breakages are responsible for the structural transition of crystalline to amorphous
MIL-100. Similarly, bond breakages and structural changes were exposed by
nanoFTIR in the surrounding of nanoindents in ZIF monoliths.[86]

Even though phase transitions and structural transformations may negatively
affect the stability of MOFs in applications, there exists another smart strategy
that takes advantage of transformations to enhance the overall performance of
MOF materials. It is the MOF-to-MOF transformation, where the substitution of
metal cations leads to a new MOF material with striking properties unattainable
through conventional synthesis routes. Recently, Gutierrez et al. described the
post-synthetic MOF-to-MOF transformation of a non-luminescent framework into
a highly luminescent counterpart with sensitivity to acetone.|[87] This has been
achieved by simply immersing the original MOF in a solution containing the
metal clusters of the desired MOF; however, there was some doubt whether this
conversion has been completed, or if it was in fact a partial transformation. Herein,
nanoFTIR unambiguously proved the co-existence of both MOF materials in the
same sample: crystals with two distinct morphologies were discovered with AFM
imaging, and local probing with nanoFTIR could assign them to the MOFs before
and after transformation, respectively, by revealing their characteristic chemical
compositions. Thus, nanoFTIR enabled chemical recognition between different
MOF phases in the same sample.

Pushing these capabilities to the single crystal level, another study chemically
mapped the spatial organisation of two different enzymes encapsulated in a single
multi-shelled MOF crystal.[88] Herein, nanoFTIR and s-SNOM imaging with

characteristic wavelengths of the amide stretches of the immobilised enzymes
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revealed chemical heterogeneity between the inner and outer shells. Accordingly, the
confinement of two enzymes in the multi-shelled MOF, which serves as scaffolding
to compartmentalise them, was confirmed.

To date, these studies, as well as the four manuscripts presented in this thesis,
are the only examples of the use of nanoFTIR in the field of MOF research.
There exist, however, other techniques merging the spatial resolution of AFM with
the chemical recognition of FTIR to overcome the diffraction-based limitations
of classical IR spectroscopy. These include photo-thermal (or photoexpansion)
microscopy, and photo-induced force microscopy (PiFM). While both techniques
are based on an AFM tip and rely on the IR-illumination of the sample, their
approaches are fundamentally different. Specifically, photothermal AFM is operated
in contact-mode, using the high sensitivity of AFM to vertical height changes to
measure the expansion of a sample due to absorption of mid-IR light. Even if
this technique has been used to probe the intrinsic thermal conductivity of MOF-
type microcrystals, for example, or detect individual MOF particles with far-IR
illumination, its resolution is typically limited to the order of 100 nm.[89, 90| More
promisingly, PiFM can achieve chemical specificity and spatial resolution down to
the level of the AFM tip apex (~a few tens of nanometres).|91, (92| Leveraging the
dipole-dipole interactions that create the near-field scattering in s-SNOM, PiFM
measures the resulting attractive force between the laser-induced molecular dipole
in the sample and its mirrored dipole in the metal-coated AFM tip. Significantly,
not only the excitation is based on near-field interactions, but also the detection
of the optical response. Therefore, and as opposed to s-SNOM imaging, which
involves far-field contributions, PiFM allows background-free detection of molecular
vibrations. Indeed, since its first use in 2016 [91], PiFM, too, has emerged as a
promising tool for investigating MOFs at the nanoscale.

For instance, the growth process of surface-mounted HKUST-1 (HKUST: Hong
Kong University of Science and Technology) was investigated [93], followed by a
study in 2021 on nano-patterned domains of HKUST-1 and ZIF-8.|94] Grown side-
by-side on a gold substrate, the hydrophilic HKUST-1 and hydrophobic ZIF-8 yield
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a bifunctional surface, with its chemical heterogeneity being revealed by PiFM. In
addition, their distinct water adsorption was detected, as well as the corresponding
defect formation in the hydrophilic HKUST-1.[94]

To conclude, AFM-based nanospectroscopy has clearly proven to be an exciting
tool not only for identifying MOF single crystals, but also for exploring their
multi-faceted virtues and basic phenomena at the nanoscale. In this thesis, several
examples based on nanoscale analytics unveil how nanoscopic mechanisms govern
the structural, chemical, physical, and mechanical properties of MOFs in the quest

of tuning them for targeted sensing applications.[40], 85, 95]
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3.1 Guest@MOF principle

Since their early discovery in the 1990s, metal-organic frameworks (MOFs) have
emerged as a new class of nanoporous materials considered among the most

fascinating and compelling advancements in nanoscience and nanotechnology.[24,

37
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25] They are porous coordination materials, where metal clusters are bridged by
organic ligands, thus offering hybrid properties unattainable from purely organic
or inorganic systems alone. Constructed from these basic building blocks in self-
assembly, MOFs crystallise in highly ordered 2-D or 3-D network architectures
that form a porous framework with well-defined cavities (see Figure [3.1). One
of their merits is ascribed to the possibility of tuning the properties of MOFSs by
rationally selecting the inorganic clusters and organic ligands from a plethora of
potential combinations. |26, |96] Similarly, because of the strong coordination bonds
between the building blocks instead of m — 7 stacking or hydrogen bonding that
are prevalent in purely organic compounds, they can be accurately predicted to
afford the design and meticulous control of the material’s properties.[97] This is
further facilitated by the crystalline nature of MOF materials, since their structure
can be characterised with great accuracy as opposed to amorphous, disordered
counterparts whose precise description is deemed challenging.[98] Yet, even if
MOFs are highly crystalline materials, there is one feature that differentiates them
from conventional porous structures: structural flexibility. Because flexible MOFs
combine crystalline order and structural transformability, these soft porous crystals
can exhibit intriguing physical functions and anomalous mechanical characteristics
that can be tuned by rational design.[99, 100] For instance, their unique responses
to physical, mechanical and chemical stimuli may include negative Poisson’s ratio,
negative thermal expansion, or phase transitions triggered by adsorption, which
are rare in other conventional solid-state materials.|101]

But while all these features — organic-inorganic building blocks, strong coordina-
tion between them, as well as crystallinity and flexibility — allow for precise tailoring
of unique properties, it is the void in the MOF that is even more striking than the
framework itself: MOFs can exhibit nanopores whose internal surface areas exceed
those found in any other commercial porous material including zeolites, activated
carbons or silica gels.[24] Inherently, the first applications leveraging this remarkable
porosity focussed on gas storage and separation|27], COy capture[102] or catalysis

[28]. Recently, however, the opportunity to encapsulate a variety of guest molecules
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O~ Organic linker Solvent accessible volume 3-D crystalline network

Figure 3.1: Schematic representation of a metal-organic framework (MOF). Self-assembly
of the metal and organic building blocks leads to a porous, crystalline framework. The
unit cell is shown for the prototypical zeolitic imidazolate framework ZIF-8. Solvent
accessible volume is illustrated in yellow, calculated with a probe radius of 1.2 A.

in MOF systems has sparked innovative applications in photonics, optoelectronics,
drug delivery and sensing beyond the array of conventional use cases for nanoporous
materials. Because MOF materials afford the infiltration of their pores
with guest molecules to create novel properties uncharacteristic for either component,
guest@QMOF composite systems have emerged as a promising concept. This is
defined by the encapsulation of guest molecules in the pores of the ‘host’ framework,
where the host-guest interactions lead to a new material, while the advantages of
MOF materials are still preserved: firstly, the emergent properties of the guest@MOF
system are not intrinsic to either guest or host; they are therefore of interest due
to guest-induced properties distinct from the MOF itself. Indeed, to name one
example, MOFs are usually electrical insulators, but if suitable guest molecules
are introduced, the corresponding host-guest interactions can enable electrical
conductivity. Secondly, the interactions between guest and MOF are
characterised by coordination bonds that are relatively stronger when compared to
weak physisorption. Because these interactions in fact alter the inherent properties
of both materials, the confinement of luminescent guests, for instance, can lead to
exciting emergent optical phenomena including mechanochromic, solvatochromic,

or thermochromic behaviour.[39, Thirdly, the guest@MOF material shall be
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stable in a stand-alone state; and yet, the effects of guest encapsulation can be
reversed if the guest is removed from the host framework.

One way to harness these adsorptive properties is to design promising guest@QMOF
systems with luminescent guest molecules, thereby offering exciting new properties
for optoelectronics, photonics, and sensing devices.[107] Applications include solid-
state lighting, temperature and pressure measuring, and chemical sensing, where
the tailored host-guest interactions are altered due to external stimuli, or when a
targeted analyte infiltrates the porous framework.[33, |10§] Typically, luminescent
sensing is achieved by encapsulating fluorophores or luminescent dyes in the MOF
host, but other possible guests involve metal ions or clusters, quantum dots or
perovskites.[107] There exist two ways to encapsulate guests in the host framework
yielding guest@MOF composite systems: the first strategy is based on the synthesis
of the MOF itself, followed by a ‘post-synthesis’ insertion of the guest, while, in
the second approach, the guest@MOF system is formed in situ during the same

synthesis, as illustrated in Figure [3.2

3.1.1 Post-synthetic encapsulation

The post-synthesis confinement method entails separate processes for assembling
the MOF framework and the encapsulation of guest molecules. Firstly, a standard
synthesis yields the pristine MOF structure, which is subsequently exposed to
the guest material intended for absorption. One way to achieve this is via liquid
impregnation, where the MOF crystals are immersed in a concentrated solution
containing the guest molecules.|109] Because ion exchange and diffusion lead to
an infiltration of the framework by the guest molecules, they will be adsorbed to
yield the guest@MOF system. Extensive washing and drying are performed as
additional steps, akin to conventional synthesis protocols, to obtain the guest@MOF
crystals without residual precursors. However, in liquid impregnation, the presence
of a diluter can lead to an undesired competition between the absorption of
guest and solvent molecules; a challenge that can be circumvented by gas-phase

infiltration.[110] In practice, a specially designed vessel, high temperature, and a
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a) Post-synthethic encapsulation

@  Metal cluster o Guest molecule
O~ Organic linker Guest@MOF composite d) Core-shell guest@MOF system

Figure 3.2: Different strategies for synthesising guest@MOf systems. a) Post-synthetic
encapsulation and b) in situ encapsulation can lead to a ¢) guest@MOF composite material.
d) A core-shell guest@MOF structure is illustrated.

high-pressure environment are required to vaporise the guest that will be captured
in the pores of the MOF. While both post-synthetic methods help preserve the guest
species from degradation, because they may not be stable if exposed to the harsh
conditions during the MOF synthesis including high temperature, or acidic/ basic
media, they are time-consuming and involve several synthesis steps. In addition,
they may lead to an uneven distribution of the guest in the MOF due to different
diffusion rates favouring accumulation of the guest on or close to the external surface
of the crystals. Importantly, the size of the guest molecules must be smaller

than the window aperture of the MOF pore to allow for guest infiltration.

3.1.2 In situ encapsulation

As opposed to the post-synthetic confinement methods, an in situ approach could
yield guest@QMOF systems with bulky guest molecules that can be encapsulated
in the pore but would not fit through the window aperture otherwise. This is
because the guest molecules are directly immersed in the solution containing the

metal and organic building blocks to form the MOF structure simultaneously with
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the confinement of guest in the pores. Even larger molecules can be encapsulated
if a core-shell type structure is leveraged, where the periodic framework is formed
around the guest molecules to immobilise them. In general, the in situ encapsulation
approach is relatively faster when compared with post-synthetic methods due to
fewer reaction steps, and it could lead to a more homogenous distribution of guest
molecules throughout the entire crystal; however, the feasibility of this approach
is determined by the stability of the guest species upon exposure to the synthesis
conditions of the MOF.[107] Most commonly, the in situ encapsulation is achieved
through a one-pot synthesis. After directly combining the guest material, metal
salt and organic linkers in the same solution, the mechanisms of self-assembly
and host-guest interactions lead to the desired guest@MOF system. Another
strategy, which has been developed recently to grant faster reaction times (minutes
or less), higher sample yield, and smaller crystal sizes (10-100 nm), is the so-
called ‘high-concentration reaction’ (HCR) method.|114] In this case, the metal salt,
organic linkers, and guest materials are dispersed in suitable solvents, respectively.
Initially, the two solutions containing the guest and linker are combined before
adding the third solution with the metal centres of the intended MOF system, and
immediately, a gel-like material which surrounds the guest@MOF crystals will be
formed. Through extensive washing with an organic solvent, the crystals can be
isolated from the supramolecular gel. Importantly, since a deprotonation agent, such
as triethylamine (TEA), is typically added to the linker solution, the deprotonation
and therefore the reaction rate is accelerated. As a result, the crystals obtained
from the HCR approach are relatively smaller when compared to conventional
one-pot reactions, yielding nanocrystals in the range of 10 to 100 nm, or even 2-D
morphologies such as nanoplates and nanosheets.[114] For instance, the confinement
of fluorescein in the zeolitic imidazolate framework ZIF-8 (Zn(mlm), mIm = 2-
methylimidazole) via HCR reaction happens instantly and leads to nanocrystals
with a size ranging from 50 — 100 nm, whereas the conventional one-pot synthesis
of fluorescein@ZIF-8 would take 24 hours yielding microcrystals exhibiting a size

of 1-5 pm.[83] Similarly, if rhodamine B (RhB) is encapsulated in ZIF-71 (ZIF-71
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= Zn(dcIm)2, delm = 4,5-dichloroimidazole) employing the HCR method, the
crystal size is reduced from 800 nm to 50-150 nm, and instead of a reaction time

of 24 hours, they are formed immediately.|115]

3.2 Characterisation methods for guest@MOF
systems

While all these synthetic methodologies produce guest@MOF materials, it remains
very challenging to unambiguously pinpoint whether the guest molecules are truly
encapsulated in the MOF pore or adsorbed only on the crystal surface.|107]
Establishing a precise knowledge of this is crucial to the engineering of designer
guest@MOF systems. An array of techniques exists to characterise either guest
loading, the presence of the properties of the guest, or the structure of the MOF; and
yet, none of these methods alone can prove the encapsulation of guest materials in the
MOFs. Therefore, a synergistic use of complimentary techniques is recommended to

attain information about structure, chemical composition, and physical properties.

3.2.1 X-ray diffraction

Powder X-ray diffraction (PXRD) is a common tool to determine the crystalline
structure of MOFs, especially for guest@QMOF systems. In general, it can be used
either to confirm that the structure of MOFs remains unaltered upon encapsulation,
or to study how the inclusion of guest molecules may distort the long-range
order of the framework. The latter phenomenon can be noticeable in core-shell
type guest@MOF systems or flexible MOFs, where an expansion of the unit cell
parameters may indicate the presence of guest molecules confined in the pores.
For instance, when CO, was adsorbed in the framework, an increase in cell
volume was observed for the flexible [Zn(ndc)(o-phen)|DMF,, MOF (o-phen = 1,10-
phenanthroline, ndc =2,6-napthalenedicarboxylate), revealing structural changes
due to guest encapsulation.[116] Such structural reorganisation is however distinctive
for particular flexible MOFs, because, generally, the crystalline structure of MOFs

is unaffected by the inclusion of guest compounds: since the weight percentage of
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guest molecules is usually low, and they are randomly distributed in the framework,
there is a lack of long-range periodicity that could be detectable with PXRD
techniques.[117-119] Therefore, this technique is normally not sensitive enough to

confirm the presence of low-concentration guest species.

3.2.2 Steady-state UV-visible and fluorescence spectroscopy

One method to reveal the guest compounds in MOF composite systems is steady-
state UV-visible or fluorescence spectroscopy, especially for luminescent guest
compounds.[107] By measuring the characteristics of the ground and electronically
excited states, these techniques can detect the distinct absorption, excitation,
and emission spectra of the fluorescent guest. In addition to these qualitative
measurements, it is further possible to quantify the amount of guest loading in the
host material by assessing the optical density at the maximum absorption intensity
of the guest solution prior and post interaction with the MOF.[120] But while these
techniques provide information about the presence or absence of the guest species
in the material[114] 119], little is known about their precise location: are they truly
encapsulated in the pores or solely attached to the surface? If host-guest interactions
or the confinement in pores instead of aggregation lead to changes in energy-, charge-
or proton-transfer mechanisms, fluorescence spectroscopy, especially in combination
with time-resolved techniques, may offer some answers about the fate of the guest
compounds. Yet, the recorded signal is usually independent of whether the guest is

encapsulated in the pore, entrapped between crystals, or attached on the surface.

3.2.3 Nuclear magnetic resonance (NMR) spectroscopy

Akin to UV-visible spectroscopy, the amount of guest loading can be derived from
'H nuclear magnetic resonance (NMR) spectra based on the integral areas of peaks,
as shown in recent guest@ZIF-8 examples.[84] Thus, this approach can precisely
determine the molar ratio between the organic linker and the guest, thereby revealing
the guest occupancy of the pores but importantly, only if successful encapsulation

is assumed.|118] While complimentary techniques, such as Ny adsorption and
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thermogravimetric analyses (TGA), could substantiate this assumption, elucidating
the complex host-guest interaction and the precise location of the guest in the

framework is deemed challenging even with a synergistic use of these techniques.[107]

3.2.4 FTIR spectroscopy

To unravel the chemical interactions between the guest and the host framework,
FTIR spectroscopy is a powerful tool, not only because the characteristic absorption
bands of both - guest species and host - can simultaneously be identified, but also
because specific vibrational modes may change upon guest encapsulation.[121-123]
If, for instance, the atomic environment of functional groups is altered as the
guest interacts with the ligands, the modes associated with open metal clusters are
changed due to guest absorption, or if the free-space vibrations of the guests are
inhibited due to confinement in the pore, these phenomena may affect the vibrational
characteristics and can thus be discovered in the FTIR spectrum. Especially in
combination with ab initio calculations by density functional theory (DFT), it
is possible to assign such salient changes in the spectrum to distinct host-guest
interactions. For instance, a recent study merging simulated and empirically
measured IR spectra established that fluorescein is effectively encapsulated in
the cages of ZIF-8, since the observed shifts in the IR peaks could be directly
assigned to confinement and interactions between the luminescent guest and the
framework.[84] Albeit indubitably a powerful technique for chemical characterisation,
FTIR spectroscopy can only provide information that may suggest the location
of the guest in very specific cases. In general, the chemical changes underpinning
host-guest interactions are revealed, but neither the exact position of the guest in

the MOF nor the amount of guest can be determined from this technique.

3.3 A strategy to elucidate guest encapsulation
using nanoscale analytics

While several characterisation techniques have been proposed to pinpoint the

complex nature of guest@MOF materials, it became evident that there exist only
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a few examples where the location of the guest could be accurately determined.
Significantly, all these methods probe bulk, polycrystalline materials, and therefore,
even if host-guest interactions are observed, it remains challenging to confirm
whether the guest species are effectively encapsulated in the pores, embedded
between crystals, or attached only on the outer surface of the MOF crystals.
Knowledge of this is however paramount for accurately predicting the properties
and performance of tailored guest@MOF materials for real-world applications.[107]

We herein address this challenge by employing s-SNOM and nanoFTIR combined
with conventional techniques described in Section [3.2] Crucially, this work provides
the first systematic study elucidating the guest@MOF concept on a single crystal
level. Before turning to host-guest systems, we confirm the efficacy of nanoFTIR on
MOF crystals, since this is among the first applications of near-field spectroscopy

techniques in the field of MOF research.

3.3.1 NanoFTIR on MOF single crystals

Being a proof-of-concept study, the zeolitic imidazolate framework ZIF-8 was
chosen as a prototypical MOF system due to its ease of synthesis, stability and
well-researched characteristics that render it a promising candidate for an array
of applications.|124, |125] The ZIF-8 nanocrystals were obtained with a standard
synthesis protocol before dropcasting onto gold substrates and drying at 80 °C for
4 hours in vacuum to remove any residual solvent as preparation for nanoscale char-
acterisation akin to AFM. NanoFTIR spectra were attained with the experimental
setup described in Chapter 2 with two lasers employed to cover the broadband
mid-IR region from 700 to 2100 cm™!. Each interferogram was measured with a 10
cm ™! spectral resolution, 2048 points per interferogram, and with an integration
time of 18 ms. Figure depicts exemplary positions, where the local nanoFTIR
spectra were collected: a reference spectrum was measured on the gold substrate
(region A), and a local spectrum was obtained from 3 measurements at the same
position, each averaged from 20 individual point spectra, respectively (Region B).

To gather chemical information about the sample, multiple nanocrystals at different
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Figure 3.3: The exemplary positions of the local nanoFTIR measurements performed
on micron-sized crystals. a) AFM image indicating the precise locations for local
probing. Region A: reference spectrum measured on a gold substrate. Region B: Three
measurements with 20 individual point spectra each were performed to obtain the local
properties of an individual crystal. Regions C: Several crystals were measured (at various
positions on the sample, not shown here) and further compared to probe the sample-
specific properties. b) Height profiles of the crystals along the designated lines (1-3) in
the AFM image.

locations were probed and averaged. As shown in Chapter 2, the amplitude and
phase of the scattering coefficient are measured, however, the imaginary part of the
near-field contrast is directly related to the far-field FTIR absorption spectra and
thus provides a better match.[67] While only the imaginary part, defined as the
nanoFTIR absorption, is shown in the manuscript (see Section, for completeness,
Figure summarises the raw data of the amplitude, phase, as well as the real and
imaginary parts measured on an individual ZIF-8 crystal, and normalised to the gold
substrate. The far-field FTIR spectrum was measured on the (bulk) polycrystalline
powder sample using a Nicolet iS10 attenuated total reflection (ATR) - FTIR
spectrometer. Indeed, the local spectra obtained from near-field measurements
are in good agreement with the far-field measurements and are further consistent
with ab initio theoretical predictions (see Figure 1 in the manuscript). These were
computed with the CRYSTAL14 code using DFT at the PBE level of theory with a

damped empirical dispersion term (PBE-D), carried out on HPC facilities.|126-128]
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Figure 3.4: Comparison of near-field spectra. a) Amplitude, b) real part, ¢) phase, and
d) imaginary part of the near-field spectra obtained through nanoFTIR measurements on
a single crystal of ZIF-8 with two different lasers. All spectra are normalised to a gold
substrate.
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3.3.2 How to confirm guest encapsulation

With the efficacy of nanoFTIR on MOF crystals confirmed, we present in Figure
2 in the manuscript in Section the effects of host-guest interactions on the
RhBQ@ZIF-8 crystals, revealing the nanoscale vibrational dynamics detectable at a
20 nm spot. To establish the influence of surface contributions, we employ s-SNOM
imaging (see Figure 3) for chemically mapping and discrimination between the
host and guest materials. Finally, we demonstrate the robustness of the above
methodologies by considering two case studies using novel systems of RhBQUiO-66
and Fluorescein@UiO-66 (Figures 4 and 5).

After synthesis of the exemplary guest@MOF systems, PXRD patterns were
measured using the Rigaku MiniFlex diffractometer equipped with a Cu Ka source
(step size of 0.02 ° and 0.01 °/min). These measurements were validated against the
simulated pattern derived from crystallographic information files (CIF) from the
Cambridge Structural Database (CSD) to confirm the intact crystalline structure
despite guest encapsulation (see Figures and . To locally characterise the
luminescent guest@MOF systems, nanoFTIR and s-SNOM imaging were employed.
Importantly, because nanoFTIR and s-SNOM imaging are surface techniques, guest
encapsulation can only be deduced indirectly by revealing the presence or absence
of the guest species adhered on the surface of MOF crystals. Indeed, vibrational
modes associated with the guest molecules are detected in the nanoFTIR spectrum
indicating their adsorption on the surface prior to the washing step. If, however,
the samples have been thoroughly washed, no traces of the guest materials were
observable with these surface techniques.

This demonstrates the importance of the washing process as the first step to
elucidate guest encapsulation. To confirm thorough washing, the absorption spectra
of the supernatant of the last washing step — DMF in the case of Guest@QUiO-66 and
acetone for RhBQZIF-8 - were measured, and because neither of them show any
signal of the guest, one can conclude that the previous washing steps were sufficient
to remove any residual guest material. Similarly, emission spectra, with their higher

sensitivity to the luminescent dyes, were collected and compared with the obtained
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Figure 3.5: XRD patterns of the RhBQZIF-8 composite systems.
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Figure 3.6: XRD patterns of the guest@QUiO-66 composite systems.

guest@MOF materials. Because no traces of any guest materials in the supernatant
is detectable, the washing process is considered complete (see Figure .

The second step to prove successful guest encapsulation involves SEM imaging.
Backscattered electron and secondary electron SEM images were obtained at 10 keV
under high vacuum, and were not only performed to image the MOF-type crystals,
but, more importantly, to confirm the absence of any residual guest material in the
sample. Figures and [3.9] as snapshots of thorough studies of the entire sample,
indicate that there are no areas of aggregated guest material.

Thirdly, the absence of any guest material on the surface of individual crystals

has to be established. This is best done with nanoFTIR and s-SNOM with their
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Figure 3.7: Absence of the dyes in the supernatant of the last washing step confirms
thorough washing. a) Absorbance spectrum of acetone supernatant after removal of
RhB@ZIF-8 showing no signal of RhB. b) Emission spectrum of acetone supernatant
compared with the RhBQZIF-8 (excitation wavelength 540 nm). ¢) Absorbance spectrum
of DMF supernatant after removal of fluorescein@UiO-66 showing no signal of the
fluorescein dye. d) Emission spectrum of DMF supernatant (excitation wavelength 500
nm) compared with the fluorescein@QUiO-66 (excitation wavelength 380 nm).

probing depth of only a few nanometres, or several unit cells: if guest species are
adsorbed and accumulated on the surface, their characteristic absorbance bands will
be detectable in the local nanoFTIR spectrum, but if the opposite is the case, and
they are truly encapsulated in the pores, the contribution of their vibrations will be
undermined by the relatively stronger vibrations of the periodic framework. After
thorough washing, the lack of vibrational features that are associated with the guest
species in the nanoFTIR spectrum, indicates their absence on the crystalline surface.

One can thus conclude that, after steps one to three, no guest materials
are directly detectable on the sample or the surface of individual nanocrystals.

Therefore, if the luminescent properties of the guests are still traceable, this
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Figure 3.8: Backscattered electron SEM micrographs of the single crystals of a) UiO-66,
b) fluorescein@UiO-66, and ¢) RhBQUiO-66.
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Figure 3.9: SEM micrographs of pristine a) ZIF-8 and b) RhBQZIF-8 crystals.
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Figure 3.10: Fluorescence lifetime images and decay curves of fluorescein@UiO-66 single
crystals (false colour scale). Here, 7 designates the monoexponential lifetime derived from
fitting of the decay curves.

suggests the successful encapsulation in the pores of the framework. Steady-state
fluorescence spectra, measured with a dwell time of 0.2 nm and a step size of 1
nm using the FS-5 spectrofluorometer (Edinburgh Instruments), indeed confirmed
the characteristic excitation and emission properties of the luminescent dyes. To
rule out that these signals stem from aggregated guest material confined between
crystals, a homogeneous distribution is revealed with fluorescence lifetime images
(FLIMs) recorded with an inverted-type scanning confocal laser scanning microscope

(MicroTime-200, Picoquant, Berlin). Herein, an image was created based on the
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time a fluorophore remains in an excited state before emitting a detectable photon.
A pulsed diode laser (pulse width circa 40 ps) with a wavelength of 470 nm was
employed as the excitation source, therefore, only fluorescein@UiO-66 crystals were
probed, because RhB would require an excitation source of at least 520 nm, which
is unattainable in the available setup. As shown in Figure [3.10, the fluorescein
molecules are homogenously distributed over an area that matches the size of the
MOF crystals. While this technique can neither achieve the same resolution of
nanoFTIR and s-SNOM, nor can it determine the location of the guest inside
or outside the framework, the exponential decay rate of the photon emission can
in fact carry information about the fate of the guest: for instance, the observed
monoexponential decay, which is consistent with the mean lifetime of fluorescein in
different solvents, is a strong indication that the fluorophores are isolated in the
pores, as the formation of aggregates will lead to multiexponential decays.|129-131]
This homogeneous distribution of isolated monomers combined with the finding
that no guest materials is attached on the surface of the UiO-66 crystals, as derived
from nanoFTIR and s-SNOM, unambiguously prove that the guests are effectively

encapsulated into the pores of the framework.



3. A strategy to reveal guest encapsulation in metal-organic frameworks 55

3.4 Near-field infrared nanospectroscopy reveals
guest confinement in metal-organic frame-
work single crystals

Figure 3.11: Nanospectroscopy reveals guest confinement in MOF single crystals.

The supporting information for this manuscript can be found here:
https://pubs.acs.org/doi/suppl/10.1021 /acs.nanolett.0c02839/suppl_ file/
nl0c02839_si_ 001.pdf.
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ABSTRACT: Metal—organic frameworks (MOFs) can provide
exceptional porosity for molecular guest encapsulation useful for
emergent applications in sensing, gas storage, drug delivery, and
optoelectronics. Central to the realization of such applications,
however, is the successful incorporation of a functional guest
confined within the host framework. Here, we demonstrate, for the
first time, the feasibility of scattering-type scanning near-field
optical microscopy (s-SNOM) and nano-Fourier transform
infrared (nanoFTIR) spectroscopy, in concert with density
functional theory (DFT) calculations to reveal the vibrational
characteristics of the Guest@MOF systems. Probing individual
MOF crystals, we pinpoint the local molecular vibrations and, thus,
shed new light on the host—guest interactions at the nanoscale.
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Our strategy not only confirms the successful encapsulation of luminescent guest molecules in the porous host framework in single
crystals but also further provides a new methodology for nanoscale-resolved physical and chemical identification of wide-ranging
framework materials and designer porous systems for advanced applications.

KEYWORDS: Metal—organic frameworks, infrared nanospectroscopy, host—guest interaction, optical near-field microscopy, single crystal,

nanoconfinement

B INTRODUCTION

Metal—organic frameworks (MOFs), characterized by their
crystalline hybrid structure, are constructed from metal clusters
and organic linkers via self-assembly at the molecular level.
MOFs exhibit remarkably large internal surface areas, far
exceeding those found in conventional porous materials such
as zeolites and carbon black.' Merging the hybrid nature of
MOFs with the ability to precisely tailor the characteristics of
the pore yields multifunctional properties, boosting their
deployment in emerging technologies ranging from gas storage
and catalysis to luminescence, dielectrics, drug delivery, and
sensors.””° Due to their potential in prospective optoelectronic
and sensing technologies, the research interest in luminescent
MOFs has intensified toward accomplishing MOZF-based
devices for real-world applications.””” In this context, the
encapsulation of “guest” functional molecules into the “host”
MOF pores is a versatile strategy to engineer the Guest@ MOF
composite materials with tunable physicochemical properties
arising from host—guest interactions. "

There are, however, outstanding challenges to be addressed
to achieve the full potential of Guest@MOF systems.
Particularly, it is very plausible that during the in situ synthesis
or ex situ infiltration process the guest molecules are adsorbed
onto the external surfaces of MOFs instead of truly being
encapsulated inside the pores. Unambiguously proving the

© 2020 American Chemical Society
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latter is not a trivial task. Herein, we confirm—on single
crystals—the fundamental encapsulation of luminescent guest
molecules (fluorophores) into the framework structures of the
MOF host material. Our nanoscale multimodal approach
combines fluorescence lifetime imaging microscopy (FLIM)
with precise determination of the vibrational dynamics of
individual crystals, employing the scattering-type scanning
near-field optical microscopy (s-SNOM) integrated with nano-
Fourier transform infrared (nanoFTIR) spectroscopy, circum-
venting the diffraction limit of light.'” The combination of the
latter local-scale techniques enables us to perform single-crystal
imaging and nanoscale chemical characterization by simulta-
neously measuring topography and infrared-active vibrational
modes, which yields spectral information spatially resolved
down to 20 nm."* While interference microscopy and scanning
transmission electron microscopy have been used to study
crystal diversity with time-resolution'* and heterodomains of
MOFs,"® respectively, s-SNOM measurements could surpass
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Figure 1. Near-field optical spectroscopy of individual ZIF-8 nanocrystals. (a) Representation of the setup of the s-SNOM measurement stage; the
illuminated AFM tip generates a nanofocus on the sample. (b) The near-field interaction between the tip and the sample changes the scattered light
from which the local optical properties of the sample are derived. (c) Mid-IR spectra of ZIF-8 crystals obtained via nanoFTIR and ATR-FTIR
measurements, compared with the DFT calculations. The DFT spectrum was shifted by a factor of 0.97 to better match the experimental
measurements.” (d) Characteristic vibrational modes of the ZIF-8 crystal structure: (1) out-of-plane deformation of the mIM ring at 760 cm™, (2)
in-plane stretching of the mIM ring at 995 cm™, and (3) C—H rocking of the mIM linker at 1146 cm™.

the spatial resolution of these techniques. The s-SNOM setup
employed in this work is based on an atomic force microscope
(AFM), where a platinum-coated cantilever tip serves as a
topographical and near-field optical probe simultaneously
(Figure la). Upon illumination, the probe induces an
evanescent near-field by acting as a nanoscale light confiner,
enhancer, and scatterer, which is key to obtain wavelength-
independent resolution (Figure 1b).'® As the tip polarizes the
sample, the optical near-field interaction between the metallic
tip and the sample modifies the elastically scattered light.
Interferometric detection provides sensitivity to measure the
sample’s permittivity at a resolution comparable to the
dimension of the tip apex.16 When this signal is Fourier
transformed, sample-specific FTIR spectra with a spatial
resolution of down to 20 nm are obtained (hereafter we
refer to these length scales as “local”).'"”

For the nanoFTIR method, the tip is operating in tapping
mode at its mechanical resonance frequency (Q = 250 kHz)
under illumination from a tunable broadband IR laser.
Demodulating the detector signal at higher harmonics of the
tip oscillation frequency (nQ) extracts the near-field
interaction from background contributions.'® Once normalized
to a reference signal, this gives the complex-valued near-field
contrast, whose imaginary part defines the local nanoFTIR
absorption (further details in SI sections 1-2). s-SNOM
imaging is achieved via a monochromatic irradiation source
instead of a broadband laser. In this case, the illumination
wavelength is tuned close to an absorption band of interest to
map the material surface on a 2D areal scan. Analogous to
nanoFTIR, the scattered light is detected and deconvoluted at
higher harmonics of the tip frequency to record the local
optical properties through near-field contributions. Optical
amplitude and phase now indicate regions of the sample’s
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reflection and absorption at the specific wavelength to derive
contrast images with nanoscale resolution.

In this work, we first demonstrate the efficacy of the near-
field optical techniques for the physical and chemical
characterization of MOF single crystals (ca. 100s nm to 1
um). As a proof of concept, we measure nanoFTIR absorption
spectra from individual crystals of zeolitic imidazolate
framework ZIF-8 [Zn(mIM),; mIM = 2-methylimidazolate] Y
which represents a prototypical imidazole-based MOF with
sodalite cage topology. We compare the near-field spectra with
far-field FTIR measurements of a bulk sample and with the
theoretical spectra of ZIF-8. Subsequently, we demonstrate
how to confirm the nanoscale confinement of luminescent dye
guest molecules, such as rthodamine B (RhB) or fluorescein,
encapsulated in ZIF-8 and UiO-66, where the latter is a
prototype of a highly stable zirconium-based framework
[Zrs0,(OH),(BDC)g BDC = benzene-1,4-dicarboxylate].20
Specifically, we study the RhB@ZIF-8, RhB@UiO-66, and
fluorescein@UiO-66 composite systems, finally validating the
Guest@MOF concept.

B RESULTS AND DISCUSSION

IR Spectroscopy of MOF Single Crystals. We first
demonstrate that the described nanoFTIR method can be
employed to probe individual MOF-type crystals. Herein, we
compare the vibrational spectra of near-field nanoFTIR
experimental measurements of ZIF-8 crystals with far-field
attenuated total reflection (ATR-FTIR) measurements and
these experiments against ab initio quantum mechanical
calculations from density functional theory (DFT). The results
are shown in Figure lc. In the mid-IR region, the characteristic
peaks at 760, 995, and 1146 cm™" are all fully resolved in the
nanoscale measurements. Guided by DFT calculations of ZIF-
8,”> we assign these vibrational bands to the out-of-plane and

https://dx.doi.org/10.1021/acs.nanolett.0c02839
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Figure 2. Vibrational analysis of rhodamine B (RhB) and ZIF-8 via nanoFTIR and DFT calculations. (a) Schematic representation of the RhB@
ZIF-8 composite, depicting a RhB guest molecule being encapsulated in the pore of the ZIF-8 host framework (in blue). (b) AFM image of the as-
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image of a single-phase sample of ZIF-8 nanocrystals adsorbing RhB. (d) nanoFTIR spectra determined at the designated locations on the AFM
image. (e) Vibrational modes of the RhB@ZIF-8 composite illustrating the interactions between the ZIF-8 host framework and the RhB guest.

the in-plane ring stretching modes of the mIM linker, as well as
the rocking mode of its C—H bonds, respectively, as illustrated
in Figure 1d. Similarly, the in-plane ring bending modes of C—
N bonds at 1116 and 1311 cm™, as well as the symmetric C—
N stretching mode at 1445 cm™, are present in the nanoFTIR
spectra.

Indeed, the matching IR spectra demonstrate the capability
of nanoFTIR spectroscopy to characterize a MOF-type single
crystal; nonetheless, this near-field technique yields minor
changes in the IR spectrum. It is worth mentioning that our
DFT calculation assumes a defect-free periodic crystal and
neglects anharmonicity, while the far-field ATR-FTIR method
measures the averaged response of a bulk (polycrystalline)
powder material. In contrast, a local scale characterization of
individual single crystals is achieved by leveraging nanoFTIR.
Here, with a probing depth of ~20 nm, surface effects might
influence the IR spectrum. Close to the crystal boundary,
where the framework symmetry is lost, some functional groups
are surrounded by voids and air instead of their atomic
neighbors assumed in a periodic crystalline structure. Such
changes in the atomic environment will affect the strength of
the bonds, altering their vibrational frequencies, and as a result,
additional peaks and broader peak shapes are observed (Figure

7448

lc). Although subtle alterations in the IR spectrum are
observable, they are explained by the nature of experimental
surface measurements. In fact, nanoFTIR spectroscopy yields
good agreement with established FTIR and DFT methods,
thus allowing direct chemical recognition of MOFs through
standard FTIR databases; furthermore, it has the unique
advantage to directly measure a local IR spectrum reflecting
the complex nature of a single MOF crystal whose size is of the
order of ~100 nm.

Host—Guest Interactions at the Nanoscale. Local
probing enables a deeper examination of the host—guest
interactions in Guest@MOF systems. Crucially, one might ask
whether the guest molecule is actually incorporated in the
pores of the framework or adsorbed only to its external surface,
which, to date, has been a major challenge. Utilizing nanoFTIR
and s-SNOM imaging, for the first time, give us the unique
opportunity to chemically pinpoint the interaction of the guest
molecule at the nanoscale with the MOF host.

Here, we consider an example Guest@MOF system, termed
RhB@ZIF-8 (Figure 2a), comprising the luminescent RhB
guest in ZIF-8 host, resulting in a fluorescent material
potentially useful for optoelectronics and photonic sensors.”>**
However, the adsorption of RhB in preassembled ZIF-8

https://dx.doi.org/10.1021/acs.nanolett.0c02839
Nano Lett. 2020, 20, 7446—7454
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illumination at 1470 cm™" still revealing RhB on the surface. (e) Near-field optical phase imaging of RhB@ZIF-8 after thorough washing, verifying
the complete removal of residual RhB from the sample surface. (f) Normalized excitation and emission spectra of the as-synthesized and thoroughly
washed RhB@ZIF-8 (dispersed in acetone) confirming the presence of RhB in both samples. Excitation and detection wavelengths are indicated in

the figure.

crystals only leads to surface interactions, since the size of the
RhB molecule (13.5 A) exceeds the window aperture of the
ZIF-8 pore (3.4 A), thus hindering guest infiltration.””
Therefore, we applied an in situ encapsulation of RhB
molecules during ZIF-8 formation to synthesize the RhB@
ZIF-8 composite (see Methods and Figure S3). Albeit, to
isolate the as-synthesized RhB@ZIF-8, several washing steps
were performed. AFM imaging revealed different phases with
round nanocrystals and micrometer-sized blocks as their
distinct morphologies (Figure 2b). Equally, local probing of
the features with nanoFTIR spectroscopy vyields two
significantly different IR spectra. First, the cuboidal block is
identified as pure RhB crystals through comparison with the
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DFT-simulated IR peaks (at 820, 1107, 1268, 1470, and 1576
cm™!, calculated by Gaussian). Second, the frequencies
measured at the individual round nanocrystals are matching
the IR spectrum of pristine ZIF-8. Consequently, disparate
regions of RhB and ZIF-8 are clearly distinguishable by
nanoFTIR, where the topography and chemical fingerprint for
each constituent material are identifiable without any
indication of molecular interaction.

In the third region (Figure 2c), the block crystals of RhB are
absent, and the topography resembles the ZIF-8 nanocrystals.
Interestingly, probing the individual crystals in this region
yields an IR spectrum with characteristic features of both
constituent materials (Figure 2d). Although far-field FTIR

https://dx.doi.org/10.1021/acs.nanolett.0c02839
Nano Lett. 2020, 20, 7446—7454
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Figure 4. Near-field nanospectroscopy of UiO-66 single crystals with the encapsulated guest RhB and fluorescein, respectively. (a) Near-field IR
absorption spectra of RhB, UiO-66, and as-synthesized RbB@UiO-66 composite (without washing the sample) and after thorough washing. (b)
The nanoFTIR spectrum of fluorescein@UiO-66 measured on thoroughly washed nanocrystals revealing the absence of fluorescein on the sample

surface. Distinguishable wavelengths are selected for subsequent s-SNOM imaging. (c) AFM and (d) SEM images of UiO-66, RhB@UiO-66, and
fluorescein@UiO-66 crystals.

measurements may equally lead to a combined IR spectrum, it spot demonstrates the interaction of RhB with the framework;
is worth emphasizing that this is due to the averaged probing however, this might be influenced by surface adsorption effects.
over the bulk polycrystalline material without discriminating We also observed reduced energy of the phenyl ring stretching
between the constituent materials present at the local scale. At modes in RhB at 1107 and 1118 cm™, which may indicate
the measured spot size of 20 nm, in contrast, the superposition guest encapsulation. As the dimensions of the RhB molecule
of the spectra reveals the concurrent presence of RhB and ZIF- almost completely fill the pore of ZIF-8, upon confinement, the
8, leading to the conclusion that the RhB interacts with the free-space vibrations of the trapped molecules are suppressed.
ZIF-8 framework due to two reasons. First, all characteristic Confirming the Confinement of RhB in the ZIF-8
modes associated with the host framework were identified in Framework. One reason for the observed simultaneous
the IR spectrum. Second, the vibrational bands assigned to presence of guest and framework material at a spot size of
RhB have been modified, revealing host—guest interactions. 20 nm may be attributed to surface adhesion. To eliminate any
Considering the O—H group, for instance, with its stretch residual RhB from adhering on the surface of ZIF-8
mode at 820 cm™ experiencing a small shift to lower energies, nanocrystals, the synthesized RhB@ZIF-8 material was
an interaction between the O—H group of the guest molecule subjected to a second, more thorough washing process (see
and the host framework is indicated, possibly with the Zn- Methods). If, despite any dye material being removed from the
atoms at defect sites.”> Similarly, the bending mode of the surface, the luminescent properties of RhB are still observable,
O—H group at 1268 cm™" reveals a change in relative intensity then the luminescent guests shall be incorporated. On this
with respect to the peak at 1107 cm™'. We found that the CH, basis, the material was thoroughly washed until the sample
vibrations in the region ~1050 cm™' are reinforced due to resembled the white color of pristine ZIF-8 rather than the
superposition. The presence of both materials at a nanoscale characteristic pink of RhB (Figure 3c). As verification, the

7450 https://dx.doi.org/10.1021/acs.nanolett.0c02839
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Figure S. Nanoscale imaging confirming guest encapsulation in UiO-66. (a) Topography and optical amplitude imaging demonstrating the typical
size and morphology of the crystals. (b) s-SNOM imaging technique proves that there are no traces of fluorescein on the surface of the UiO-66
crystals. The optical phase images were obtained via illumination at the major absorption peaks of UiO-66 (1408 cm™") and fluorescein (1325
cm™') and at a reference position (1440 cm™), as shown in Figure 4b. (c) SEM and AFM imaging of the individual UiO-66 crystals. (d, e)
Excitation and emission spectra of UiO-66 and thoroughly washed Guest@UiO-66 powder samples. Excitation and detection wavelengths are
indicated in the figures. (f) Emission spectrum of a single crystal of fluorescein@UiO-66 obtained with a confocal fluorescence microscope
compared with the spectrum of powder sample revealing the presence of fluorescein. (g) Fluorescence lifetime imaging microscopy (FLIM)
confirming the encapsulation of fluorescein in UiO-66 single crystals, measured under an excitation wavelength of 470 nm.

supernatant of the final washing step was characterized by UV
absorption and fluorescence spectroscopy, and since no signal
of the dye was obtained, the thorough washing is confirmed
(Figure S12). Both the as-synthesized RhB@ZIF-8 (Figure 3d)
and the material obtained after thorough washing (Figure 3e)
were initially probed using s-SNOM imaging at the
illumination wavelength of 1146 cm™', a characteristic peak
of ZIF-8 (Figure 3a), to confirm the presence of ZIF-8
nanocrystals. Upon illumination, only the ZIF-8 crystals absorb
IR radiation, represented by the red color in the optical
contrast image (Figure 3b), while the RhB block appears
transparent like the gold substrate (blue color). Conversely,
excitation at 1470 cm™ leads to the inverted contrast due to
the strong absorbance of the excited C=C modes of RhB
(Figure 3b). Since the surface of the nanocrystals isolated prior
to exhaustive washing exhibits regions where the distinctive
wavelength for RhB is absorbed, we can unambiguously
conclude that RhB is still attached to the surface. After
thorough washing, however, no trace of RhB can be found on
the surface of the ZIF-8 nanocrystals. The same phenomenon
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was observed at larger scan areas, where, for clarity, the optical
phase contrast is normalized to demonstrate the excess RhB on
the RhB@ZIF-8 material before washing. Note that the red
contrast in the thoroughly washed material can be assigned to a
shadowing effect at the crystal edges (not originating from
intrinsic optical properties of the material), because only the
areas surrounding the nanocrystals absorb light.

s-SNOM imaging thus indicates the absence of RhB adhered
onto the surface of the ZIF-8 nanocrystals (after thorough
washing), with the removal of any excess guest material from
the sample further confirmed by SEM imaging (Figure S8).
Remarkably, the excitation and emission spectra of the
thoroughly washed RhB@ZIF-8 composite show the character-
istic bands of RhB (Figure 3f). Fluorescence spectroscopic data
reveal the presence of the luminescent dye within ZIF-8, which
leads to the conclusion that the guest molecule is successfully
encapsulated within the framework. This is strong evidence
verifying the formation of the RhB@ZIF-8 composite.

Revealing the Guest Encapsulation in UiO-66. To
demonstrate the efficacy of the developed methodologies for

https://dx.doi.org/10.1021/acs.nanolett.0c02839
Nano Lett. 2020, 20, 7446—7454
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determining the confinement of guest molecules in MOFs, we
have employed two novel Guest@MOF systems as case
studies, i.e., RhB@UiO-66 and fluorescein@UiO-66 (Figure 4
and Figure S4). We found that the as-synthesized RhB@UiO-
66 still exhibits traces of excess guest material on the surface of
the nanocrystals probed via nanoFTIR (Figure 4a). Here, the
peaks correlating to the characteristic modes of RhB (in the
region between 820 and 1268 cm™') are visible in the
nanoFTIR spectrum in addition to the peaks of the pristine
UiO-66 crystals (Figure 4a). An exhaustive washing process—
again, confirmed by probing the supernatant with UV
absorption and fluorescence spectroscopy (Figure S12)—
eliminates any unconfined RhB, and thus, the IR spectrum
probed at nanoscale resolution on the surface of the crystals
only reveals the representative peaks of UiO-66 (Figure 4a).
Turning to the fluorescein@UiO-66 system, likewise, after
thoroughly removing any excess guest material, the nanocryst-
als were identified via nanoFTIR as UiO-66 without any sign
of fluorescein on the surface (Figure 4b).

AFM and SEM imaging of the thoroughly washed samples
demonstrate the homogeneous crystals without any excess
guest material on the sample (Figure 4c,d and Figure S9). To
further confirm the absence of the guest adhering on the
surface (Figure Sa), not only local point spectra but also the
surface of the fluorescein@UiO-66 crystals were examined
using s-SNOM imaging (Figure Sb). Hereby, tuning the
monochromatic irradiation source to the pronounced peak of
Ui0-66 at 1408 cm™' illustrates the strong absorbance and
reflectance of the crystals in comparison with the substrate.
Little contrast, on the other hand, was obtained from
illumination at 1325 cm™, a characteristic peak of fluorescein.
Although some absorbance can be observed on the edges of
the crystals, again, this can be attributed to noise and
shadowing because the same phenomenon emerges at a
reference wavelength (1440 cm™'), where neither fluorescein
nor the UiO-66 material absorbs. Hence, the absence of any
guest material adsorbed on the crystal surface is confirmed. As
opposed to the surface techniques, where no signal of the guest
molecules is detected, the characteristic emission and
excitation bands of RhB and fluorescein are clearly identified
for RbB@UiO-66 and fluorescein@UiO-66 composites when
measuring their photophysical properties via fluorescence
spectroscopy (Figure Sd,e).

Finally, to further corroborate the encapsulation of the
fluorophores at a single crystal level, the fluorescence lifetime
image (FLIM) of fluorescein@UiO-66 was recorded using a
confocal fluorescence microscope (see Methods). Figure Sg
shows two single-crystal FLIMs, where clearly, the fluorescein
molecules are homogeneously distributed within the UiO-66
crystal. Moreover, the emission spectrum (Figure Sf) of these
crystals correlates well with the emission of bulk fluorescein@
UiO-66, proving that the emission signal is generated by the
fluorescein guest molecules. The mean lifetime of the single
crystals is a monoexponential decay of 7 = 3.77 + 0.1S ns
(Figure S10), consistent with the lifetime of fluorescein in
different solvents.”” >’ This result suggests that fluorescein
molecules are isolated in the form of monomers when
partitioned by the pores, as the formation of aggregates will
give multiexponential decays.”® The homogeneous distribution
of fluorescein molecules in the form of isolated monomers,
alongside with the non-observation of fluorescein on the
surface of UiO-66 crystals derived from the nanoFTIR
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experiments, unequivocally proves the encapsulation of the
fluorophores into the MOF pores.

B CONCLUSIONS

In summary, this first study of individual ZIF-8 and UiO-66
nanocrystals using near-field optical nanospectroscopy yields
new understanding about MOFs and their host—guest
interactions. We show the capability of the nanoFTIR
methodology to characterize individual MOF-type crystals by
comparison with established far-field techniques and ab initio
theoretical calculations. Taking a step further toward precisely
unravelling the physical and chemical properties of MOFs, we
present the first near-field spectroscopic evidence of host—
guest interactions by locally characterizing both constituent
materials at a 20 nm irradiation spot. A detailed analysis of the
nanocrystals leveraging s-SNOM imaging confirms the absence
of any guest material adsorbed on the surface (after thorough
washing), while the photophysical properties of the lumines-
cent molecules are still observable. We conclude that the guest
molecule is confined in the framework, thus evidencing the
Guest@MOF concept. Our findings provide the groundwork
to gain a fundamental understanding of the host—guest
interactions underpinning hybrid framework materials, further
inviting the examination of other porous materials, e.g.,
covalent organic frameworks, 2D nanosheets,’’ mixed-matrix
membranes,’’ and polycrystalline films for sensing devices.”>**
Confirming the guest encapsulation paves the way to
controlling properties at the nanoscale—the key to engineer
a multifunctional platform for nanotechnological applications.
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Things get broken, and sometimes they get repaired,
and in most cases, you realize that no matter what
gets damaged, life rearranges itself to compensate for
your loss, sometimes wonderfully.

— Hanya Yanagihara, A Little Life

Defects in single MOF-type crystals
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4.1 Defect tuning in MOFs

While the guest@MOF principle is a smart strategy towards engineering novel
materials with desired properties, there exists another way to tune MOFs for
tailored applications. It is the artificial control of defects and imperfections, or the
so-called defect engineering, that allows for precise tuning of distinct properties by
introducing defects into the framework. Of course, the most common example
of defect engineering is the development of doped semiconductors, which are now
considered essential components in many electronic devices. Akin to semiconductors,

where the conducting properties are altered, MOF materials can be optimized by
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4. Defects in single MOF-type crystals 67

introducing defects into the crystal to improve catalytic and adsorptive behaviour,
or electronic conductivity, among several other physical properties.[133] Despite
these opportunities, defects, with their ubiquitous nature in crystalline materials,
could diminish the performance of otherwise highly ordered MOFs, too. Firstly, the
stability of the framework may be affected by structural defects possibly leading
to a faster degradation. Secondly, MOF systems are typically modelled as ideal,
defect-free crystals to predict the material’s properties, and the results of such
calculations are used for material discovery or screening for targeted applications.
Little however is known about how defects may influence the properties that form
the basis of such predictions. A systematic understanding of the role of defects
in MOFs is therefore crucial to either control or enhance the material properties.
Yet, establishing the function-property correlation in defective MOFs challenges

the set of conventional techniques.[132]

4.1.1 X-ray diffraction for structural defects

Because structural characterisation techniques, such as X-ray diffraction, rely on
the periodic long-range order of the crystalline lattice, probing point defects — which
only introduce local disorder - lies beyond their resolution. One exemption however
exists, where the complimentary use of powder XRD and DFT could expose metal
vacancies in UiO-66 crystals.[134] This is because these structural defects propagate
linker vacancies in adjacent areas forming nanoregions of a different crystalline
phase (reo topology) in the parent UiO-66 crystallising in a fcu topology, as shown
in Figure [4.1] These domains of correlated missing linkers and nodes effectively
lead to diffuse scattering profiles, additionally to the sharp Bragg peaks, in the
PXRD pattern. Inspired by these finding, several experimental and computational
investigations have focussed on UiO-66, which has thus emerged as the model system
amid defective MOFs.[133] For instance, correlations between specific modulators
and the formation of defective nanodomains have been established via PXRD merged
with NMR spectroscopy, BET (Nj physisorption) measurements, and computational
modelling.|135-137] Similarly, synchrotron-based XRD performed on sufficiently
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Figure 4.1: Correlated defect nanoregions in UiO-66. a)A polyhedral representation of
a single-unit cell of the (ordered) reo defect structure. b) A representative section of the
atomistic model, where defect-rich nanoregions are dispersed throughout a matrix of defect-
free fcu framework. c¢) The defect concentration and domain size parameters determined
experimentally are used to generate atomistic representations of defect nanoregions in
UiO-66. Reprinted from ref. with permission from Springer Nature, Copyright 2014.

large crystals (5 — 100 um) revealed structural defects in UiO-66 caused by missing
linkers. In elucidating defect concentration and distribution with PXRD, it is
important to highlight that this method only applies to UiO-66 and its derivatives,
since nanoregions of correlated structural defects have hitherto not been observed
in other MOF systems; and point defects alone would not noticeably impact the
long-range order. Instead, an array of indirect characterisation techniques can be

employed to study the effects of a defect on certain properties.

4.1.2 Indirect characterisation of defects

One useful technique to assess the presence and chemistry of defects is thermo-
gravimetric analysis (TGA). Derived from TGA data, it was shown that defective
UiO-66 systems exhibit lower thermal stability when compared to their intact

counterpart.[136] To further study the stoichiometry and quantity of defects
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in UiO-66, TGA coupled with mass spectroscopy was employed revealing, on
average, the intrinsic absence of one of the 12 linkers coordinated to each metal
node.[139] Only insights about the overall composition are however attained via
TGA, and complimentary techniques are required to account for the lack of
structural information.

If, for instance, a combination of different or fragmented linkers is used to
introduce defects into the MOF, conventional spectroscopic techniques can quali-
tatively evaluate their incorporation, as their vibrational behaviour might differ.
Considering UiO-66 again, IR and UV-vis spectroscopy in conjunction with DFT
calculations could disclose the characteristics of structural derivatives.|[139] In other
MOF systems, the presence of defects was indirectly probed wvia FTIR techniques
by leveraging the adsorption and desorption of probe molecules such as CO.[140,
141] Because the adsorption sites of defective and regular building units differ,
their distinct atomic environments may alter the vibrations of the adsorbed CO
molecules. Indeed, such salient changes can be detected in the vibrational spectrum
measured on HKUST-1, where two signals associated to CO are observable indicating

coordination to either Cu®", or in the case of defective ligands, Cu™ nodes.|142]

4.1.3 Ordered disorder

Even if aforementioned techniques suggest the presence of defective sites in MOFs,
they do not differentiate between isolated and correlated defects. In fact, defect
clustering may have implications for the porosity of MOF crystals, as it has been
demonstrated with Ny adsorption (type-IV isotherms) for HKUST-1 and UiO-
66, among others.[142] [143] Equally, correlations between defect concentration
and porosity could be drawn from BET surface area calculations.|136, 139, 143,
144] Moving from defect clustering to the extreme case of long-range ordering,
such extended defects can either be measured with XRD, as shown for UiO-66,
or directly imaged using AFM, SEM and TEM techniques. Examples include
screw dislocations in HKUST-1, which lead to the formation of spiralling steps on

the surface, or oriented fractures occurring during solvent removal.[145] Inspired
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Figure 4.2: Imaging defects in UiO-66. HRTEM images of the [001] direction of UiO-66,
showing different types of missing-cluster defects, adopting a) the reo structure and b) the
scu structure. Reprinted from ref. |[146] with permission from Springer Nature, Copyright
2019.

by these findings, additional studies using confocal microscopy established that
these fractures associated with extended defects are catalytically active due to the
presence of acid sites. This is a significant observation, because it directly links
the presence of defects with the impact on the material’s performance. Similarly,
regions of missing-linker and missing-cluster defects in UiO-66 were directly imaged
using high-resolution TEM (HRTEM), as visualised in Figure Not only
a break-through resolution at the atomic scale was achieved, but it was further
discovered that defects distinctively transform during crystallisation. Interestingly,
the two types of structural defects revealed different catalytic activity, paving the

way to advanced defect engineering in UiO-66.

4.1.4 Defects in ZIF materials

Generally, the developed principles relating the nature of defects with their impli-
cations on the performance of MOF materials are derived from studies on UiO-66
crystals and derivatives. Among the most promising MOF materials for application

are however zeolitic imidazolate frameworks (ZIFs) owing to their excellent chemical
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and thermal stability.[147] Although analogies for lattice defects such as linker or
metal vacancies can be drawn between the parent MOF materials and ZIFs, it
is important to note that point defects, albeit expected, have not been directly
detected in ZIFs. Most likely, they will emerge as missing metal atoms resulting
in two protonated linkers (‘dangling linkers’), or missing imidazolate ligands,
which yield open metal sites for adsorption of radicals or modulators. Despite
the lack of direct measurements, there exists evidence suggesting the presence
of structural defects in ZIFs. One of the strongest indications originated from
water adsorption experiments: ZIF-8, being intrinsically hydrophobic, should not
support strong adsorption of water molecules, especially at low loadings, according
to computational modelling.[148] In practice, however, the opposite phenomenon
was determined by experimental findings from which the existence of hydrophilic
defects was deduced.[149] Nevertheless, the question of which structural defects
were responsible for such abnormal behaviour could not be answered based on these
experiments. Herein, computational studies have provided potential explanations,
as they predicted the presence of local point defects, namely missing linkers, and
missing nodes, in ZIF-8.[150, 151] But while the feasibility of structural defects
has been demonstrated through theoretical calculations, and it is plausible that
imperfections may occur in the crystalline lattice, they have not been directly
probed in ZIF materials. Indirect measurements, from which structural defects
could be deduced, included the removal of solvent molecules after crystallisation.[152]
Because this led to structural changes in ZIF-7, the degradation of unit cells close
to the crystal surface was suggested; however, the wide-ranging implications of such
surficial collapse were not further investigated. Given the significance of surface
properties on the catalytic or adsorptive behaviour of nanocrystals, this demanded
further studies. Accordingly, detailed characterisation of surface-terminating defects
has been performed on ZIF-8 thin films [153], while other scarce experimental studies
examined the effects of defects in ZIF-8 on gas separation and storage.|154, [155]
Yet, most questions about the occurrence and nature of defects in ZIF materials,

and a detailed understanding of the function-structure correlations, which is key
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for the stability and performance demanded by many applications, remain thus far
unresolved. Only if a detailed knowledge is attained, then a controlled insertion of
defects into the MOF system can be achieved to endow the materials with tailored
properties; or contrarily, if the origin of defects is fully understood, then defect-free
crystals can be synthesised for certain applications. Until now, this remains a
challenge owing to the lack of appropriate techniques merging high sensitivity to
structural defects (unattainable in diffraction-based methods) with non-destructive

approaches unlike local-scale measurements based on electron beams.

4.2 A strategy to reveal defects in MOF single
crystals

This is precisely where the development of nanoscale analytical methods offers
exciting prospects to tackle the outstanding challenges described in Section [£.1]
Indeed, proposing a novel, multimodal approach of nanoscale techniques combined
with computational modelling, we report the first direct observation of structural
defects in ZIF-8. In particular, we shed light on the evolution of structural defects in
the ZIF structure during crystal growth, and further investigate their implications on
the material’s performance. Through the first use of s-SNOM, in combination with
nanoFTIR, to probe imperfections, these non-destructive techniques let us expose
and chemically characterise structural defects in fine-scale crystalline materials.
More precisely, we image the evolution of individual ZIF-8 nano- and micro-sized
crystals at different stages of crystallisation, and locally probe their chemical
structure by pinpointing the infrared vibrational dynamics with a resolution akin to
AFM. While the crystals obtained after a short growth time (~minutes) resemble
those from a prolonged crystallisation, in the sense that their size and structural
characteristics, as shown in Figure 4.3] and confirmed with PXRD, are similar,
the average of their local nanoFTIR spectra reveal significant discrepancies (see
Figure . Through comparison with the spectra of pristine building materials
(zinc salt and 2-methylimidazole linker), we discovered that defects such as zinc

cations that are bound to nitrate molecules of the reactant rather than linker units
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gradually disappear with the ripening of the crystals, while dangling and missing
linker defects prevail (see Figures 1 and 2 in the manuscript of Section . This
is an unexpected result in the domain of ZIF materials, subsequently motivating
us to study how it affects the crystal functions.

To understand the impact of structural defects on the material’s properties,
we investigate the mechanical properties both computationally and experimen-
tally, hereby proposing a novel nanoscale technique for the field of metal-organic
frameworks: tip-force microscopy (TFM). Based on the same experimental setup
as nanoFTIR, albeit operated in contact mode, this becomes a powerful tool for
quantitative characterisation of nanomaterials and their local mechanical behaviour,
especially in conjunction with computational modelling. For instance, we image the
variation in the Young’s moduli of individual crystals with a resolution of 20 nm,
which offers a new fundamental understanding of defects and their implications
on function. For defective ZIF-8 crystals, we observed a higher anisotropy in the
elastic properties, whilst the crystals obtained after prolonged crystallization, and
thus with fewer defects, reveal a greater, and more isotropic, Young’s modulus
(shown in Figures and [4.6).

These TFM findings are explained through computational modelling based on
density functional theory (DFT). To model the mechanical behaviour, we calculated
the elastic response of ZIF-8, which has been simulated as an orthorhombic system.
As the cubic system led to negative frequencies in the frequency calculations, some
symmetry restrictions had to be removed to yield a stable, orthorhombic system.
After this geometry optimisation, the single-crystal elastic constants were calculated.
Importantly, the elastic constants completely describe the elastic behaviour, because

they link stress and strain following Hooke’s law:

Oi5 = Z Cijklekl (4-1)
kl

where Cjj; represents a fourth-rank elasticity tensor with the elastic constants

obtained as follows:
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Figure 4.3: Size of ZIF-8 crystals with different growth time: a) AFM image of ZIF-8
nanocrystals with a 3-minute growth time. b) Corresponding height profiles. ¢) AFM
image of ZIF-8 nanocrystals with 60-minute growth time. d) Corresponding height profiles.
e) Crystal size (width) calculated from the x-values of each profile in b) and d).
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Here, the framework stiffness along each of the principal crystal axes under
uniaxial strain is described by the diagonal coefficients C; to Cs3. The shear
stiffness, or in other words the angular distortion against shear deformation, is
represented by the other three diagonal coefficients Cyy, Cs5 and Cgs. The off-
diagonal coefficients define the tensile-tensile coupling between any two orthonormal
axes. In a cubic system, as all principal crystal axes are equal, only three coefficients

describe the elastic stiffness because C11 = Cy = Cs3, Cyy = C55 = Cgg, and all
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Figure 4.5: Tip Force Microscopy (TFM) on ZIF-8 nanocrystals with different growth
times. a,c) Histogram and normal distribution of Young’s modulus corresponding to
data collected on the ZIF-8 nanocrystals with a 3-minute growth time, along with AFM
images, and mapping of the Young’s modulus, measured with TFM. b,d) Histogram and
normal distribution of Young’s modulus corresponding to data collected on the ZIF-8
nanocrystals with a 60-minute growth time, along with AFM images, and mapping of the
Young’s modulus, measured with TFM.
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Figure 4.6: TFM on ZIF-8 nanocrystals. a) Mean Young’s modulus E plotted for each
TFM image. b) Young’s modulus measured by TFM on ZIF-8 nanocrystals with a growth
time of 3 minutes. ¢) Young’s modulus measured by TFM on ZIF-8 nanocrystals with a
growth time of 60 minutes.
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non-zero off-diagonal coefficients are equal to Ci5. Therefore, the pseudo-cubic

values are averaged from equation as follows:
Cyy = 11.997, Cuy = 1.186, Cyy = 9.791. (4.3)

Before discussing the mechanical properties, it is necessary to confirm stability
of the modelled system by confirming the elastic stability conditions.

Elastic stability conditions:

1.C;1 >0 Ch11 = 11.578, satisfied

2. C11Coy > C3, 139.029 > 94.712, satisfied
3. C11092C53 + 2C15C13C3—

—C1103; — CpC% — C33C% >0 152.084.0, satisfied

4.Cyy >0 Cyu = 1.251, satisfied (4.4)
5. C55 >0 055 =1.192, satisfied
6. 066 >0 066 = 1.115 satisfied

7. All eigenvalues \; are positive.  \; = {1.115,1.192, 1.251,

2.0013,2.4061, 31.584}, satisfied.

According to the analysis above, and because all eigenvalues are positive, the
ZIF-8 structure satisfies the elastic stability criteria; it is thus mechanically stable
from a theoretical standpoint.

We further simulated defective ZIF-8 by introducing point defects into the
unit cell. Firstly, to consider missing zinc defects, one of the six metal atoms
in the unit cell was removed and N-H bonds replaced two Zn-N bonds to create
dangling linkers. Secondly, a system with a missing linker defect was created by
replacing a ligand with an associating water and a hydroxide anion to fill the
resulting unsaturated metal sites. As a result, the defective ZIF-8 system comprises
11 instead of 12 linker units in the unit cell. However, as DFT simulations are

based on periodic boundary conditions, a regular repetition of the point defect in
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each unit cell is assumed, while in reality, their appearance is, most likely, random,
and not expected in every unit cell.

For the defective systems, as they cannot be modelled as orthorhombic crystals
anymore, simple stability conditions are difficult to determine. Because the obtained
systems belong to the triclinic Laue’s class, the positivity of all eigenvalues can
be considered a sufficient condition for stability.

For the missing linker defect:

\; = {0.891,1.126,1.395, 1.870, 2.730, 26.536} > 0. (4.5)

For the missing zinc defect:
A = {0.760,0.829,1.106, 1.871,1.952,20.433} > 0. (4.6)

According to the positive eigenvalues of the stiffness matrix, the two defective
Z1F-8 structures are mechanically stable.

To attain a complete picture of the mechanical properties, tensorial analysis using
the ELATE|156], EIAM]|157], and Mathematica[158] software tools derived them

based on the inversion of the elasticity tensor known as the compliance matrix .S:

Sijkl = Cijkl_l- (4.7)

For instance, the Young’s modulus FE, e.g. the ratio of uniaxial stress over

strain, can be obtained through

Blu) = —

B Uz'ujukulsijkl’ (4.8)
depending on the unit vector u.
While an isotropic behaviour of the Young’s modulus is observed for the defect-
free crystal, modelled as an pseudo-cubic system, the defective structures lead to
a stiffness that is directionally dependant. Interestingly, the higher anisotropy

can be linked with the specific orientation of the defects (see Figure 4 c-e in the

manuscript in [£.3): the material’s stiffness is reduced where the periodic framework



4. Defects in single MOF-type crystals 80

Elastic properties ‘ Z1F-8 ‘ defect-free missing Zn missing linker
Young’s modulus, | Enaz 3.49 3.48 3.97
E (GPa) Ein 2.88 1.74 1.94

Ag = Enaz/Emin 1.21 2.00 2.04
Shear modulus, Gumin 1.03 0.75 0.84
G (GPa) Gmaz 1.25 1.11 1.54

Ac = Gaz/Gmin 1.22 1.48 1.83
Poisson’s ratio, Vinin 0.37 0.25 0.19
v (-) Vmaz 0.53 0.61 0.80

Table 4.1: DFT-predicted mechanical properties of ZIF-8 and defective structures.
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Figure 4.7: Graphical representation of the simulated mechanical properties of ZIF-8.
a) Schematic of ZIF-8 and defective structures. b) Surface representation of the linear
compressibility (). ¢, d) Surface representation of the maximum and minimum shear
moduli (G). e-g) Surface representation of the maximum and minimum Poisson’s ratios

(¥).

is disrupted by missing zinc atoms, as the resulting dangling linkers now twist
under pressure. Missing linkers, in turn, create open metal sites, allowing the
adsorption of water molecules with corresponding weak hydrogen bonds. These
imperfections significantly affect the pore structure, thereby increasing the anisotropy
in mechanical properties.

Similarly, the shear modulus GG, which represents the framework rigidity against

angular distortion imposed by external forces, and is derived as
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Property | Kvee  Gvra  Evea  Vwrr
defect-free 10.52  1.15  3.33 045
missing Zn 5.60 0.95 2.70  0.42

missing linker | 7.01 1.18 3.36  0.42

Table 4.2: Isotropic Voigt—Reuss-Hill (VRH) averaged elastic properties, corresponding
to the polycrystalline state. The bulk (K), Young’s (E), and shear (G) moduli are in
GPa and the Poisson’s ratio (v) is dimensionless.

1

)
U0 UK VSl

Gu,v) = (4.9)

indicates strong directional relationships upon insertion of defects. Because the
shear modulus depends on two unit vectors (u,v), the 3-D surface representation
is limited to the maxima and minima in each direction (see Figure [£.7). The
exceptionally low shear modulus that has been attributed to the intrinsic flexibility
of ZIF-8, is reduced even further in the defective ZIF-8 structures.[159] Here, the
vacancies introduce either dangling linkers or change the conformation of the pore as
a whole, and thus allow for strong rotations and deformations upon external forces.

The same applies for the Poisson’s ratio v that relates the transversal strain
to the axial strain under uniaxial deformation:

l/(u, V) _ UinUkUlSijkz

) 4.10
U U UR U Sk (4.10)

The Poisson’s ratio remains positive and, in the case of missing zinc defects,
exhibits a maximum when the framework is axially stretched along the direction
of the intact bonds, because the metal vacancy disrupts the lattice dynamics and
offers additional flexibility in transverse directions. If however the framework is
stretched along the axis of the missing bond, the axial deformation is reduced while
the rigidity is maintained in vertical directions, and thus, the Poisson’s ratio is at
a minimum. Similarly, the missing linker defects result in a minimum contraction
when stretched along the diagonal direction of the deformed pore, since the intact
bonds and newly formed hydrogen bonds lead to rigidity in the transverse direction.

Now, since the defects introduce changes at the atomic level that affect the

conformation of the pore and the lattice itself, the Poisson’s ratio is strongly
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directionally dependant. The complex 3-D behaviour is linked to the orientation of
the defects, however, as the introduced vacancy is periodically repeated per unit cell,
the model assumes a repeating pattern, whereas, in practice, a random distribution
of defects is more likely. Therefore, the calculated mechanical responses reveal the
structure-property relationships that depend on the atomistic arrangement of the
defective structure but they are still based on an idealised long-range order of defects.

Even if the material’s response to uniaxial deformation reveals extreme anisotropy,
the Poisson’s ratio remains between 0.2 and 0.8, and no auxetic behaviour is observed.

Yet, when calculating the linear compressibility g following the equation

B(u) = wiu;Siju, (4.11)

the defective systems expand in one direction upon hydrostatic pressure. This
phenomenon can be attributed to the vacancies introducing additional flexibility in
the otherwise relatively rigid framework, following a trend that has been observed
in other defect-free materials with highly anisotropic mechanical properties.

We also calculate the theoretical infrared absorption spectra of ZIF-8 and
the defective derivatives, which unambiguously confirm our experimental findings
from near-field nanospectroscopy: the co-existence of missing linker and missing
zinc defects at early stages of the growth process. In addition, missing linker
defects seem to remain even after the ripening of the crystals (see Figure 4 in the
manuscript). These linker vacancies create open metal sites, which are possible
reaction sites for water adsorption, thus decreasing the hydrophobicity, and the
long-term stability of the material. On the other hand, the same phenomenon
could be leveraged for advanced reactivity in applications such as catalysis, gas
adsorption, or chemical sensing, where tailored reaction sites are crucial for boosting
the material’s performance.

In summary, the multimodal near-field approach we presented here, encompassing
novel nanoscale analytics in the field of MOF research, combined with DFT calcula-
tions, allows us to directly probe structural defects and their impact on the framework

stability of an extended crystalline framework. This non-destructive approach that



4. Defects in single MOF-type crystals 83

synergistically provides physical, chemical, and mechanical information at the
nanoscale offers a deeper understanding of the fundamental mechanisms of crystal
growth and defects. With its significant insights crucial for defect-tuning, this
work could further pave the way to downstream applications involving the design
of framework materials with enhanced abilities in targeted applications such as

catalysis, sensing, or adsorption.
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4.3 Defect engineering in metal-organic frame-
work nanocrystals: implications for mechan-
ical properties and performance
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ABSTRACT: The growth process of metal—organic framework 1 min > 60 min
(MOF) nanocrystals defines their properties and functions. However, ) :
defects may be prevalent during the crystallization of even seemingly ’ 500 nm
perfect MOFs, such as zeolitic imidazolate framework-8 (ZIF-8), and 3 (

yet direct probing of such structural defects has been challenging

because of the lack of nanoscale techniques to locally examine

individual nanocrystals. Here, we directly study local defects, such as -\_z
missing linkers or metal vacancies, in ZIF-8 nano- and microcrystals ~ ; A 2
with near-field IR nanospectroscopy combined with density functional |4 RV X X

theory calculations. We track the chemical changes during crystal- A . - . _
lization and show that structural defects like zinc cations that are Missing zinc  Missing linker ZIF-8

bound to molecules of the reactant gradually disappear with ripening of

the crystals, while dangling and missing linker defects prevail. The resulting defect-terminating groups or open-metal sites produce
mechanical anisotropy and reduce the Young’s modulus, as measured via tip force microscopy with nanoscale resolution and
supported by theoretical modeling. However, these structural defects also open the door for defect engineering to tune the
performance of ZIF-8 by offering additional adsorption sites for targeted catalytic reactions, chemical sensing, or gas capture.

KEYWORDS: metal—organic frameworks, crystal growth, defects, near-field IR spectroscopy, density functional theory,
mechanical properties

B INTRODUCTION development of size- and shape-controlling syntheses, in
turn, benefits considerably from a detailed understanding of
the crystallization process.

In particular, the formation of ZIF-8 crystals, or MOF
crystals in general, can be divided into nucleation and growth
(Figure 1).” Because the nucleation is driven by random
fluctuations in the bulk solution without dedicated nucleation
sites, little can be done to tailor this mechanism. The crystal
growth, on the contrary, can be manipulated by changing the
molar ratio of reactants, amount of solvent, and other stimuli
to yield crystals with the desired sizes and shapes. Indeed,
several studies have scrutinized the impact of the growth time,
temperature, or use of different modulators on the formation of
ZIF-8 nanocrystals by employing techniques such as atomic
force microscopy (AFM) or scanning electron microscopy
(SEM) combined with diffraction or adsorption—desorption
analysis to capture the size distribution, shape, and crystallinity
of the crystals.'*~"

At the nanoscale, metal—organic framework (MOF) crystals
feature miscellaneous shapes and sizes. Their diversity gives
rise to their vast physical and chemical properties, paving the
way for applications in sensing technologies, drug delivery, gas
capture, or catalysis, among others." ™ This multifunctionality
emerges not simply because MOFs are per se hybrid materials,
built from metal clusters and organic linkers with a boundless
number of possible combinations, but mostly because of their
exceptional porosity and chemical tunability, which affords the
adsorption, encapsulation, or release of versatile guest
molecules.”” The power of engineering MOF nanocrystals
for application is, therefore, ascribed solely to meticulous
control of the framework properties and its interactions, which
essentially originates in the material synthesis.” For instance,
the zeolitic imidazole framework ZIF-8, one of the most well-
studied frameworks because of its stability and ease of
synthesis, is obtained by combining zinc nitrate hexahydrate
[Zn(NO,),-6H,0] and 2-methylimidazole (mIm) ligands.®
The material with a sodalite cage topology is then formed by Received:  February 2, 2022
molecular self-assembly, a process where the basic building Accepted:  February 27, 2022
blocks—metal and linker—aggregate spontaneously to form a Published: March 8, 2022
highly ordered extended 3D structure: the crystalline frame-

work. While the ZIF-8 crystals may materialize as nano- or

microcrystals exhibiting rounded or faceted shapes, the
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Figure 1. Schematic of the synthesis route of ZIF-8.

Yet, if seen in the context of controlling the material
properties, another factor plays a crucial role in crystalline
nanomaterials: the presence of defects.'® Defect engineering
opens pathways to locally tune the intrinsic porosity, create
open metal sites, and modulate the surface properties of
MOFs, which has significant implications for separation, gas
capture, catalysis, and mechanical responses.'’~>° Perhaps the
model system for defective MOFs is UiO-66 (Universitetet i
Oslo); here, nanoregions of ordered defects had been reported,
which inspired detailed studies on the defects and their effects
on the material.'”?*~° For instance, structural defects in UiO-
66 were observed using a combination of low-dose trans-
mission electron microscopy (TEM) and electron crystallog-
raphy, further confirming the increased catalytic activity for
defective structures.’’

Little is known, in contrast, about defects in ZIF-8; this may
be partly because this material is considered to be among the
most stable frameworks, but while this is true, it is, in fact, very
plausible that defects or other irregularities may occur during
the crystal growth process, possibly with a significant impact
on the performance of the materials, and its subsequent long-
term stability.”’ Hitherto, only the feasibility of local defects in
ZIF-8, such as linker and metal vacancies or dangling linkers,
has been predicted by computational modeling.**** However,
despite that fact that a few other studies have focused on the
implications of defects in gas separation®® and storage® or
found surface-terminating defects,”® many open questions
remain. One might ask, do defects occur and transform during
crystallization of ZIF-82 Also, to what extent do the defects
affect the properties and, as such, the performance of the
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material for potential applications including gas capture,
chemical sensing, and catalysis?

To answer these questions, we employ scattering-type
scanning near-field optical microscopy (s-SNOM), merging
AFM with IR spectroscopy to enable near-field IR nano-
spectroscopy. It is this combination that can unravel the fine-
scale features, mechanisms, and chemical interactions of MOFs
at the nanoscale by yielding a Fourier transform infrared
(FTIR) spectrum of a local 20 nm spot.””~*' Previously, we
demonstrated the capability of this technique to probe
individual MOF-type nanocrystals, such as ZIF-8, opening
the door for discovering their previously unreported character-
istics from a new perspective: at the single-crystal level.”
Compared with conventional techniques, this nondestructive
approach allows not only direct imaging but also simultaneous
measurement of the sample’s properties including chemical
information or physical properties at a resolution akin to
AFM.* For instance, the mechanical properties can be
obtained with the same setup, albeit operated in contact
mode instead of tapping mode. In these tip force microscopy
(TFM) measurements, a force—distance curve is attained from
every pixel of the AFM scan by retracting the AFM tip,
measuring the required force to do so. The local stiffness is
then determined from the force difference between the
maximum force and the reference trigger point on the
curve.*” From the measured stiffness data of a sample surface,
an image of the Young’s modulus map can be derived. By
simultaneous measurement of the shape, size, chemical
composition, and mechanical properties at the nanoscale,
using a suite of multimodal near-field techniques—s-SNOM,
nanoFTIR, AFM, and TEM—allows us to shine new light on
the growth process of the ZIF-8 nanocrystals.

In this study, we explore how defects transform during
crystallization of ZIF-8, further elucidating their impact on the
mechanical properties of the material. First, we study ZIF-8
nanocrystals before turning to microcrystals, obtained through
two different synthesis routes. To examine the intermediate
steps of the crystallization, the crystal growth was stopped after
1, 3, and 60 min by removing some material from the same
batch and performing three washing steps. The experimental
evidence was corroborated by ab initio density functional
theory (DFT) calculations through a comparison between
ZIF-8 ideal and defective model structures.

B RESULTS AND DISCUSSION

Inhomogeneity after a Short Growth Time. After 1 min
of growth time, the sample is dominated by inhomogeneous
regions, although small, rounded shapes are already observable
at the nanoscale (Figure 2). Local probing of these nanoscopic
morphologies reveals their spectral resemblance with the metal
source, as confirmed by the presence of the characteristic
vibrational peaks of Zn(NO,),-6H,0 at 824, 1042, 1128, and
1315 cm™' in the nanoFTIR spectrum (Figure 2ab). In
contrast, the planate areas of the sample exhibit spectral
features of the mIm linkers, such as the distinctive vibrational
band at 745 cm™' (Figure 2a,c). Of course, it is the brief
crystallization period and the lack of successfully formed nuclei
and subsequent Ostwald ripening™ that explain these distinct
regions, where either the uncoordinated linker or the metal
reactant dominates without evolved interactions between
them. Only a closer examination reveals local variations, as
illustrated in the optical amplitude and phase images, which
qualitatively contrast materials with different optical properties

https://doi.org/10.1021/acsanm.2c00493
ACS Appl. Nano Mater. 2022, 5, 6398—6409
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Figure 2. Near-field IR spectroscopy of ZIF-8 with 1 min growth time. (a) The AFM image indicates the positions where the local nanoFTIR
spectra (b and c) are measured, which resemble the spectra of the reactants. The curves are shifted in the y direction for a better comparison, and
the spectra measured on the nanocrystals show a higher noise level than that of the nanocrystals obtained from larger quantities of reactants. The
emergence of a characteristic ZIF-8 peak (d) is already observable by local probing at the positions shown in the AFM image (e), and local
variations are further revealed in the optical amplitude and optical phase images (e).

(Figure 2d,e). Interestingly, the nanoFTIR spectra measured at
different local spots with 20 nm resolution show contributions
from both materials, even displaying the emergence of the
characteristic peak of ZIF-8 at 758 cm™, assigned to an out-of-
plane ring mode of the framework (Figure 2d). This finding
confirms not merely the growing chemical interactions and
bond formations but provides a snapshot of the assembly stage
of the framework itself, which, at least partially, is beginning to
crystallize within the first minute. Nonetheless, the large
amount of uncoordinated linker and metal salt may indicate
which defects could materialize during further crystallization.

Defects Gradually Disappearing with Prolonged
Crystallization. After a growth time of only 3 min, the ZIF-
8 nanocrystals have already formed, as confirmed by
comparing their X-ray diffraction (XRD) pattern and
attenuated-total-reflectance (ATR)-FTIR spectra with those
measured on crystals after a growth time of 60 min (Figure
3ab). In particular, the Bragg peaks from XRD are fully
resolved, matching the reported characteristic peaks at 20
values of 7.3, 10.3, 12.6, 16.4, and 17° and thus clearly
revealing the crystallinity for the nanocrystals attained after 3
min (Figure S1).% Here, the high intensity of the (110) peak at
7.3° is attributed to the formation of ZIF-8 with a regular
rhombic dodecahedron morphology, which resembles the final
stage of the growth of ZIF-8 crystals.'* Small variations,
however, can be detected, such as the absence of the (125)
peak at 28°, or a changing relative intensity of the (110):(211)
planes, corresponding to the two most intense diffraction
peaks. Albeit minimal, a rise in the intensity of the (110) plane,
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accompanied by a narrowing of the full width at half-maximum
(fwhm) from 0.299 to 0.288, is observed upon prolonged
crystallization (Figure S2). Either this can be attributed to the
particle size effects via the Debye-Scherer equation or, given
that the increase in the average size is minimal (Figure S3), this
may indicate a stronger long-range ordering, thus implying a
higher crystallinity.** At first glance, these findings are in good
agreement with the previously reported result, where the
crystallinity increased with the synthesis duration due to the
Ostwald ripening process.””~"> It has been sug§ested that S
min was insufficient to grow ZIF-8 crystals, > but here,
paradoxically, it is the marginal increase of the crystallinity, and
the ATR-FTIR spectrum of the crystals with 3 min growth
time, which matches that of the final growth stage, that indicate
the completion of the self-assembly of ZIF-8 nanocrystals after
only 3 min."*~"*

Although these bulk measurements, in combination with the
close topological resemblance of the shape and size, suggest
the growth of ZIF-8 nanocrystals after a relatively short
crystallization time, near-field IR spectroscopy reveals that, in
fact, these crystals are far from being defect-free. For instance,
the average of several local nanoFTIR spectra measured on
individual crystals exposes the strong contribution of Zn-
(NO;),-6H,0, with its characteristic peaks around 824 and
1042 cm™" associated with the stretching modes of the NO;~
anions (Figure 3d,g)." As opposed to ATR-FTIR, where the
spectra are obtained from an average of the bulk polycrystalline
material, the nanoFTIR spectrum is measured locally with a
probing depth of only a few nanometers, or tens of unit cells.

https://doi.org/10.1021/acsanm.2c00493
ACS Appl. Nano Mater. 2022, 5, 6398—6409
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Figure 3. Comparison between the ZIF-8 nanocrystals obtained after 3 and 60 min: (a) The XRD pattern confirms the crystallinity of the sample
obtained after 3 min. (b) The ATR-FTIR spectra reveal that ZIF-8 crystals are formed after 3 min. (c and d) The topography and optical amplitude
of the nanocrystals were imaged after 3 min of growth time with s-SNOM. (e) The AFM image of the final growth stage of the ZIF-8 crystals is
given. (f) The nanoFTIR spectra of a 20 nm spot, as indicated in the AFM image (c), compared with the spectrum of the linker, ZIF-8, and a
simulated FTIR spectrum of ZIF-8 with a dangling linker defect are given. (g) The average of several local spectra (positions illustrated in parts d
and e) reveal local variations, which vanish with prolonged crystallization.

Therefore, the presence of vibrational modes associated with
the metal reactant indicates local variations close to the surface
of the framework, such as different termination groups or
undercoordinated metal clusters. One reason for the
predominant appearance of these modes in the vibrational
spectrum averaged over several positions could stem from the
recurring defect of missing linkers, where nitrate molecules are
instead coordinated to the zinc cations. The defect of missing
linkers accordingly leads to a strong contribution of metal
clusters or, in other words, zinc-rich reégions that can emerge
on the outermost surface of ZIF-8.°**° Creating open metal
sites through defects can be leveraged as a strategy to enhance
the reactivity of framework materials, whether it is in catalytic
applications or gas adsorption. Here, the undercoordinated
zinc ions close to the crystal surface present additional reaction
sites. Zhang et al. hypothesized that such defects could be
responsible for higher adsorption energy with water for ZIF-8,
and our chemical characterization can finally provide the so-
far-lacking experimental proof to explain these previous
ﬁndings.4 Precisely this feature, however, may alleviate the

6401

long-term stability of the material by deteriorating its
hydrophobicity.**

Turning even more locally, individual point spectra show the
superposition of peaks assigned to ZIF-8 (758 cm™) and the
mIm linkers (745 cm™), further uncovering local defects
associated with the linker, such as a partially coordinated linker
or a dangling linker, as the termination units close to the
crystal surface (Figure 3cf). This is confirmed by DFT
calculations using the CRYSTAL code.”® A defective ZIF-8
crystal was modeled, where a metal vacancy introduced
dangling linker groups. While both point defects and extended
defects are likely to exist in zeolites, up to now, the latter has
not been identified in the sodalite-type framework topology
that is characteristic for ZIF-8.>**° Therefore, we concentrate
solely on point defects, even though these local techniques
might probe a combination of various types of defects. In the
simulated FTIR spectrum, an additional peak appears at 744
cm™!, which is assigned to the vibrational modes of the
dangling linker. Of course, such irregularities close to the
external surface of the crystallites are to be expected when

https://doi.org/10.1021/acsanm.2c00493
ACS Appl. Nano Mater. 2022, 5, 6398—6409



ACS Applied Nano Materials

Www.acsanm.org

a)
15% 150 4
z 3 min Mean = nm GPa
g 3
> 10% 100
S
L 2
2
5 5% 50
K 1
o
0% 1= . : — ; 0 0
b) 0 1 2¢ (pa)3 4 5
15% 150 4
) 60 min Mean = nm GPa
5 3
S 10% 100
g
s 2
g
3 50 |
[}
o
0 0
2 ( ) 4 5
E (GPa
Young’s modulus, E (GPa)
c) b b b
missing
Defect-free  © missing Zn  © linker €
defect defect
(001) Ic ?" | -
R Ph
a
d) 5 (001) 270° 5 (001) 270° 5 001
o 4 225° 315° a 4 225° ~._315° a 4 315° -~ ~_45°
&y X &a < ey 5y X
LI{ 2 / \ Ll{ 2 ' U{ 2 / y - \
ER [ [100] £ 1 f ‘ Bl )\
.3 04180° 10° .g 0-180°} ] 10°—>»2a .g 0 190°— g
o 4 \ / o 4 \ / / o 4 / /
€ \ /€ ~ / = /)
» 2 X / » 2 E F » 2 2V y
23 \ 23 \ - min_/ 23 /
34 135°\\ 349 ep /45° 34 1 _E //{5° 34 //{35"
> sl [o10] > > 5 el >
Em =288 GPa gfb E,, =174GPa 18l°b E_ =194GPa
) =3.49 GPa [1001 E,, =348GPa E,. =397GPa
e
2 g
[010] E
a \ E
b
© Hydrogen @ Carbon @ Nitrogen @ Zinc @ Oxygen

Figure 4. TFM on the ZIF-8 nanocrystals with different growth times (top, 3 min; bottom, 60 min). (a and b) Histogram and normal distribution
of the Young’s modulus corresponding to data collected on the nanocrystals on each pixel, along with AFM images, and mapping of the Young’s
modulus, measured with a tip force. (c) Young’s modulus representation surface in 3D spherical coordinates, along with schematics of ZIF-8 and
defective structures. (d) Polar plots projected onto the (001) planes. (e) Schematics of the structure—property relationships, indicating the

orientations of the maximum and minimum Young’s moduli.

materials on the nanoscale are examined. However, none of
these structural defects are observed in the nanoFTIR
spectrum of the nanocrystals with a growth time of 60 min.
Instead, the local measurements resemble the average
spectrum and reveal neither local variations nor individual
contributions of the reactants (Figures 3g and S4). This leads
to the conclusion that structural defects, such as the different
crystal lattice terminations, are gradually disappearing with
prolonged crystallization.

Mechanical Property Evolution with Vanishing
Defects. Of course, the different termination units, the

6402

undercoordinated metal, and the dangling linker all invite the
question of how and to what extent they might influence the
properties of the nanocrystals, which are so intrinsically linked
with the framework assemblage, arrangements of the functional
groups, and characteristics of the pore. Even if only slightly,
defects may affect the material’s stability by disrupting the
crystalline order of the framework material, but whether the
relationship between the defects and their impact on the
material performance can be precisely established remains to
be studied. Because of the lack of other experimental
techniques to probe the mechanical properties of individual

https://doi.org/10.1021/acsanm.2c00493
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nanocrystals, this is best done with TFM, where the Young’s
modulus E (i.e., ratio of the uniaxial stress over the strain in the
elastic regime) is measured at every pixel of the scan, while
simultaneously imaging the topography at nanoscale reso-
lution. In that way, the local stiffness of the sample under
investigation is acquired with a resolution akin to AFM
imaging (Figure 4).* It is worth mentioning that the artifacts
in the measurements (e.g., black lines) have been filtered out
before the mean stiffness of the nanocrystals is derived (Figure
4a,b). The stiffness has a generally higher variance than that
previously measured for ZIF-8 with conventional techniques,
whether it is with indentation or AFM nanoindentation, an
observation that can be attributed to the effect of edges. Here,
establishing contact between the AFM tip and the sample is
challenging, which leads to weaker interactions and thus lower
stiffness, accordingly reducing the mean stiffness. Another
drawback of such a local surface technique is that, in order to
generate 3D Young’s moduli from the experimental data,
probing the sample from all angles would be required, which is
unfeasible for individual nanocrystals like those prepared for
AFM-based measurements. Yet, at such small scales—as
measured with TEM—the obtained stiffness reflects the local
mechanical response of individual nanocrystals.”’ Given the
same calibration, these TFM measurements can thus be
employed for a comparison between different materials. For
ZIF-8 crystals with a growth time of 3 min, the Young’s
modulus is attained from one scan with a mean and standard
deviation value of E(3 min) = 1.7 + 0.7 GPa (or between 0.8
and 3.4 GPa considering nine different scans), which is lower
compared with the stiffness of the crystals at the final growth
stage when it was determined that E(60 min) = 2.1 + 0.5 GPa
(or 1.4—4.6 GPa for six scans; Figure S7). Likewise, the
crystals with short crystallization unveil more variance in the
local Young’s moduli, even revealing a bimodal distribution
(Figures 4a and S6). A simple way of putting this is to say that
higher crystallinity, and thus stiffness, is achieved with
prolonged crystallization, but there is more to it than that,
especially because the increase in crystallinity is marginal, as
discussed earlier. An alternative explanation might be to
suggest that the observed structural defects, whether they are
different termination units, uncoordinated metal clusters, or
dangling linkers, introduce local disturbance to the otherwise
periodic bulk structure and thus disrupt the stability of the
framework as a whole; in other words, one might describe
them as local disorder with a far-reaching impact. This applies
particularly to the mechanical properties due to their
dependencies upon the long-range order of the crystal. The
observed phenomenon that the local structural stiffness of the
framework, or the mechanical stability of crystal in general, is
lowered with increasing defect level coincides with previously
reported simulations, where the elastic constants were
calculated for defective UiO-66 crystals; however, the
assumption that defects in ZIF structures lead to different
mechanical properties demands further proof.”'

Hence, we performed DFT calculations with the CRYS-
TAL17 code® to compute the elastic tensors C; for three
different structures of ZIF-8: first, the ideal defect-free crystal
was simulated using the PBEsol0-3c method.”” Derived from
this ideal unit cell, the missing zinc defect was introduced as a
zinc vacancy and by the replacement of two N—Zn bonds with
N—H bonds, thereby creating dangling or undercoordinated
linkers. The third system, which, in turn, simulates the missing
linker defect, was attained by removing a linker group, while an
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associating water and the conjugate base of the proton-
donating group filled the two unsaturated metal sites.
Visualizing the elastic representation surfaces (Figure 4c)
and the associated mechanical properties derived from the C;
tensors (Tables S2 and S3 and Figures S8—S11) reveals the
differences in the mechanical properties due to defects,
corroborating the trends derived from the experimental
findings. As shown in Figure 4c,d, the Young’s modulus of
the defect-free crystal is highly isotropic, consistent with
previous studies on the elastic constants of a ZIF-8 single
crystal.”>>* On the contrary, with the introduction of a missing
zinc defect, an anisotropic behavior is revealed. The
anisotropic mechanical response of ZIF-8 has previously
been investigated, e.g., as a function of the pressure,54 but in
this work, we focus on the impact of point defects on the
mechanical properties.

In the case of missing zinc defects, although the maximum
stiffness in the direction of the stable, undisturbed zinc bonds
is akin to that of the perfect crystal, the minimum Young’s
modulus is significantly smaller (Figure 4e). If forces are
applied in the direction of the longest pore width, the dangling
linker groups can now rotate or twist because of the missing
zinc defect, which decreases the framework stiffness accord-
ingly. Similarly, the effect of increased anisotropy due to
defects can be noticed in the model of the missing linker; in
fact, it is this system where it becomes most evident. Here, a
bond between the associated water and conjugate base is
formed to yield a mechanically stable system. This, however,
changes the conformation of the pore significantly: in the
direction of this additional bond, the framework stiffness is
increased because of the shorter bond lengths and associated
pore conformation. As a consequence, the maximum Young’s
modulus is even larger than that in the defect-free case. Yet, in
the vertical direction, these weak hydrogen bonds are easily
disrupted under compressive or tensile forces, leading to a
much larger pore than that in the defect-free crystal, which
describes the decrease in the minimum Young’s modulus.

The theoretical results above can explain the observed
characteristics of the local stiffness measured with TFM: the
average stiffness and, as such, the material’s stability are
generally reduced in the defective structures. If inverted, the
effect is that the structural flexibility, adsorption, or other
anisotropic responses to external stimuli can be enhanced in an
otherwise “rigid” MOF (greater stiffness) by introducing
structural defects.”’ On the question of anisotropy, it is worth
mentioning that anisotropy is linked to the distribution of
defects along given directions. The calculations assume a
periodic occurrence of the introduced defects, while, in reality,
the number of defects and their orientation is, most likely,
random. Yet, even if only one defective site is modeled per unit
cell to preserve a mechanically stable system, the defect is
replicated throughout the entire crystalline structure because of
periodic boundary conditions. Therefore, the DFT models
translate to the single-crystal level when the elastic constants
are computed, enabling us to make the link to experiments.
However, although the simulations predict the mechanical
properties of the defective ZIF-8 systems under investigation
and the local measurements confirm the corresponding
decrease and anisotropy in stiffness, it remains challenging to
distinguish between the type or location of defects from these
nanoscale measurement techniques.

Defect Transformation in Microcrystals. Additional
observations are made by tracking the changes in key

https://doi.org/10.1021/acsanm.2c00493
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Figure S. Transformation of ZIF-8 microcrystals. (a) SEM imaging of ZIF-8 crystals with different growth times. (b) nanoFTIR spectra of the
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representations of the simulated defects. (g) Corresponding simulated FTIR spectra compared with a perfect ZIF-8 crystal.

vibrational bands during the crystallization of ZIF-8 micro-
crystals, which further reveals how defects transform. As shown
in the SEM images in Figure Sa, the crystal shape evidently
changes from the round morphology obtained after 2 min of
growth time to exhibition of the first facets after S min,
eventually reaching the rhombic dodecahedron shape at the
final growth stage after 60 min. This is accompanied by a
gradual increase in the averaged crystal size from 200 to 500
nm. A comparison of the two nanoFTIR spectra, averaged for
the S and 60 min growth times, with the DFT calculations
depicts a close resemblance of the samples yet unravelling
several salient changes in the peak positions and intensities
(Figure Sd,e,g; see Figure SS for a complete scan of the
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crystals). First, the nanoFTIR spectrum corresponding to the
longer growth process shows a better match with the calculated
spectrum of an idealized, periodic crystal because, with
prolonged crystallization, the number of ideal bonds increases,
and thus the positions and intensities resemble the calculated
IR spectrum. Second, a detailed study of the individual
vibrations, considering the DFT calculations as well as the
nanoFTIR spectra of the reactants before synthesis, gives
insights into both the structural and chemical changes
happening during crystallization of the 3D framework. The
pronounced peak at 758 cm™’, for instance, correlates with the
symmetric out-of-plane bending of the mIm ring and
associated motions of the H-C=C—H bond present in the

https://doi.org/10.1021/acsanm.2c00493
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framework structure (Figure Sc). Conversely, the peak at 824
cm™! is related to the vibrations of the metal salt [Zn(NO;),:
6H,0], which is not expected to appear after the construction
of ZIF-8, where both reactants are used up entirely to form
ZIF-8 crystals. However, because the vibrational mode
associated with the NO;~ stretching is still present in the
nanoFTIR spectrum, the crystals formed after only 5 min still
contain residuals of excess reactants, thus suggesting that some
metal clusters are not fully coordinated with the mIm linkers.

Given that extensive washing steps have been performed for
all samples, one can conclude that the metal cations are, albeit
poorly coordinated, bound to the framework. There is some
doubt where the metal clusters could precisely be located, but
the strong appearance of the vibrational mode, in fact, indicates
a repeating pattern of this defect close to the crystal surface;
most likely, it is the defect-terminating zinc clusters with
missing linkers that could further explain why the crystals,
rather than resembling the stable rhombic dodecahedron
shape, only slightly imply facets after a S min growth time. In
comparison with the characteristic peak of ZIF-8 at 758 cm ™,
the vibrational mode associated with the metal reactant at 824
cm™ depicts a reduced relative intensity from 0.74:1 to 0.48:1
with a longer crystallization time, a finding that already
contains, in essence, everything that has been observed for the
nanocrystals. With prolonged growth time, the defects of ill-
terminating metal clusters that are bound to molecules of the
reactant gradually disappear. The same phenomenon is
revealed in the reduction of the less pronounced peak at
1042 cm™; likewise, this peak simultaneously vanishes as the
complete framework is assembled (Figure Sb,e).

So far, the emphasis fell on the defects attributed to the
undercoordinated metal clusters; however, it is further evident
that the defect of the dangling linker (or missing zinc) can be
detected at such local scales. In particular, the vibrational mode
at 1115 cm™, a peak associated with asymmetric in-plane ring
stretching of the uncoordinated linker C—N—H bonds, is
strongly present in the early stage of the crystal growth process.
Interestingly, these modes appear in the simulated spectrum of
a defective ZIF-8 crystal, where dangling linkers have been
introduced by virtue of a metal vacancy. Meanwhile, in the
final stage of crystal growth, this mode has reduced in intensity
because the N—H bonds in the linker are replaced by the
stable N—Zn bonds suppressing this vibration (Figure Sc).

Thus, in the S min crystallization, the high relative intensity
of this vibration with 0.85:1 compared with the ZIF-8 peak at
1146 cm™'—the latter is attributed to the C—H rocking and
ring stretching in the framework—reveals the defect of
unsaturated, ill-terminating ligands, or so-called dangling
linkers, which are only bound to one zinc atom. As a result,
the free-space vibrations of the linker, particularly the mode
associated with the unwieldy asymmetric ring stretching and
the N—H bonds, are enhanced and thus detectable in the
nanoFTIR spectrum. Once bound to two zinc atoms in a fully
assembled framework, these motions are mostly constrained, as
indicated by the disappearance of this mode, or the decrease in
the relative intensity to 0.47:1, with prolonged crystallization.
In fact, the DFT assessment shows that this asymmetric ring
stretching mode is even more suppressed in a defect-free
crystal, as implied by the low relative intensity between the two
simulated peaks (0.05:1). This suggests that, to some extent,
this type of defect is found to prevail even when the final stage
of the microcrystal growth is reached after 60 min. One can
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thus conclude that ordered dangling linker defects can exist in
ZIF-8 microcrystals, including those deemed seemingly perfect.

Thus, the potential of measuring defects in ZIF-8, which is
not by any means confined to the initial stages of early
crystallization, emerged. The significance of this finding for
understanding the prototypical “stable” ZIF-8 crystal is so great
that it is worth discussing a little further. Whereas the bulk
ATR-FTIR measurements perfectly match the calculated FTIR
spectrum (Figure S12), the local nanoFTIR spectra do not.
Instead, it is possible to pinpoint local characteristics in the
vibrational modes and, in combination with computational
modeling, associate them with chemical and structural
peculiarities at the nanoscale. A glance at the vibrations
between 1250 and 1350 cm ™" will further illustrate this because
these additional vibrations are observed in the local spectra of
ZIF-8 crystals and can be assigned to missing linker defects, yet
they appear neither in the ATR-FTIR measurement nor in the
calculated crystal, which is defect-free (Figure Se,g). However,
this is precisely what the nanocrystals are not because they
feature these modes, namely, the missing linker defects, at such
local scales. Akin to the DFT calculations, where the resulting
two unsaturated metal sites are filled with an associating water
and the conjugate base of the proton-donating group, the
associated vibrational modes appear in the nanoFTIR
spectrum, indicating the presence of such an aqueous linker
vacancy at the crystal surface. These results highlight that the
defect sites may alleviate the hydrophobicity, and as such the
long-term stability of ZIF-8, by exposing open metal sites to
solvents, gases, or other reactants. On the other hand, the same
phenomenon could also enhance the adsorption capabilities of
the material—what had previously been regarded as structural
defects or, at best, imperfections may come to be considered as
merits. For applications of defect engineering in ZIF-8, we
refer to the findings of Lee et al,>* Cheng and Hu,*® and Tian
et al,*® who have shown an increase in the performance of
defective ZIF-8 in gas separation and storage.

Bl CONCLUSIONS

In this work, we tracked the transformation of defects in ZIF-8
by locally probing nano- and microcrystals at different stages
during crystal growth with s-SNOM. As opposed to established
techniques, which measure a spatial average over the bulk
material, the use of s-SNOM yields chemical information with
a nanoscale resolution akin to AFM imaging. In that way, the
coexistence of defects can be observed during crystallization by
pinpointing the vibrational dynamics of a 20 nm spot,
encompassing several unit cells. Whereas after a 1 min growth
time large amounts of uncoordinated linker and metal
reactants are still dominant, it is already possible to note the
presence of round nanocrystals; here, local probing with
nanoFTIR confirms the emergence of characteristic IR peaks
of ZIF-8, thus suggesting that the framework is already forming
after such a short crystallization time. Indeed, ZIF-8 nano-
crystals that match the characteristics of the final growth stage
are attained after only 3 min, as corroborated with conven-
tional characterization techniques like XRD, ATR-FTIR, and
AFM. However, there is one distinction, which can only be
revealed with nanospectroscopy: that between ZIF-8 crystals
with perfect periodicity and those with structural defects. For
instance, the local nanoFTIR spectra show the dominance of
zinc ions, or of ill-coordinated metal clusters, close to the
surface of the nanocrystals with 3 min growth time, even
revealing the coexistence of vibrational modes associated with

https://doi.org/10.1021/acsanm.2c00493
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ZIF-8 and the uncoordinated linker at the same 20 nm spot,
thereby indicating defect-terminating ligands. With prolonged
crystallization, or the ripening of the nanocrystals, these defects
gradually vanish, and the final growth stage is reached after 60
min. Perhaps the most significant implication of this defect
evolution—it is even more striking than observing the defect
itself—consists of a change of the mechanical properties. A
glance at the local Young’s modulus, as measured with
nanoscale resolution using TFM, has illustrated this: not only
is the structural stiffness significantly lower in the presence of
defects, but it also exhibits a higher local anisotropy. These
experimental findings are confirmed by DFT calculations,
where the mechanical properties of ZIF-8 and its defective
structures have been computed. These trends are attributed to
the fact that defects introduce local disorder to the otherwise
highly ordered 3D periodic framework, ultimately compromis-
ing the material stability, although their impact on the material
properties might extend even further. Knowledge of how
defects affect the nanoscale mechanical behavior of ZIF-8 is
key to targeted applications in catalysis, sensing, and gas
capture, where not only is mechanical stability required but
also defect engineering could further improve the material’s
performance.

The same phenomenon of defect transformation during
crystallization was observed in ZIF-8 microcrystals. While the
individual crystals transform from a spherical morphology to
the rhombic dodecahedron shape, the chemical changes that
underpin these features were tracked on the single-crystal level
for the first time. After a growth time of S min, the faceted
shape begins to emerge, yet several local structural defects are
determined with nanospectroscopy; those include under-
coordinated metal clusters and dangling linkers. Again, the
trend of defect evolution is epitomized in their gradual
disappearance with prolonged crystal growth time, although
the defect of dangling linkers, if only slightly, is deemed to
prevail. Similarly, defect sites of missing linkers lead to
unsaturated metal sites, which adsorb water molecules, as
confirmed with nanospectroscopy and DFT calculations. This
phenomenon of open metal sites is crucial for the application
of ZIF-8 because such additional adsorption sites allow for
enhanced catalytic behavior, targeted chemical sensing, or
increased gas capture. Out of that understanding grows doubt
as to whether the stable, faceted ZIF-8 crystals, which have
typically been assumed to be essentially defect-free, are, in fact,
perfect or whether the defects were just invisible to most of the
characterization techniques employed to date.

Hence, this first use of s-SNOM to probe defects in
individual crystals offers an alternative, nondestructive method
to low-dose TEM and electron crystallography for studies on
defects in MOFs, with the additional advantage of providing
chemical information at such local scales (~20 nm). This novel
tool can thus spark the exploration of local defects, not only in
MOFs but also in other crystalline nanomaterials. In particular,
the combination of s-SNOM with theoretical modeling of the
mechanical properties unveils the missing link between
previous studies on ZIF-8 that either computationally showed
the feasibility of defects or employed defect tuning for
enhancement of the material’s performance. In addition, the
first application of TFM in the field of MOFs enables the link
to be established between the physical, chemical, and
mechanical properties to shed new light on the implications
of defects or, in fact, any features at the nanoscale. We envisage
that these findings and techniques invite future studies on
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defects in MOFs and cognate framework materials either to
evaluate the stability of “stable” MOFs for targeted application
or, on the contrary, to leverage local defect engineering to
tailor the material performance.

B EXPERIMENTAL SECTION

Synthesis of ZIF-8 Nanocrystals. ZIF-8 nanocrystals were
synthesized by dissolving 4.5 mmol of zinc nitrate hexahydrate
[Zn(NO;),-6H,0; 98%, Sigma-Aldrich] and 13.5 mmol of 2-
methylimidazole (mIm; 98%, Sigma-Aldrich) in 60 mL of methanol,
respectively. After the two clear solutions were combined, the white
colloidal solution was rigorously stirred for 1 min and then left to
form the nanocrystals. Immediately, some material was removed,
diluted in fresh methanol, and washed three times. Each washing step
encompassed centrifugation at 8000 rpm for S min, followed by
solvent exchange with fresh methanol, and sonication for 30 s. The
same procedure was repeated after 3, 5, and 60 min: after these time
intervals, some material was removed and thoroughly washed to stop
the growth process.

Synthesis of ZIF-8 Microcrystals. Two precursor solutions were
prepared by dissolving 4 mmol of Zn(NOj;),-6H,0 and 4 mmol of
mIm in 40 mL of methanol, respectively. A mixture was obtained by
combining the two precursor solutions, which was stirred for 1 min
and then left to stand. After specific time intervals (2, S, and 60 min),
some material was removed from the batch and immediately washed
three times with methanol and centrifugation.

Sample Preparation for Nanoscale Analytics. Each sample
was diluted in methanol and drop-casted onto a silicon substrate. To
eliminate any excess solvent, the sample was dried in a vacuum oven
at 80 °C for at least 30 min. The spectra of the reactants were
measured by dissolving Zn(NO;),-6H,0 (98%, Sigma-Aldrich) or
mIm (98%, Sigma-Aldrich) in methanol, respectively. Likewise, the
solution was drop-casted onto a clean silicon substrate and dried at 80
°C for 30 min.

Powder X-ray Diffraction (PXRD). The PXRD patterns were
measured at a step size of 0.02° and step speed of 0.01°/min using a
Rigaku MiniFlex diffractometer equipped with a Cu Ka source and
validated against the simulated XRD pattern (CSD database code:
VELVOY).

ATR-FTIR. ATR-FTIR measurements on bulk material were
performed using a ThermoFisher Scientific Nicolet iS10 FTIR
spectrometer with a spectral resolution of 4 cm™.

SEM Imaging. SEM images of the samples were obtained with a
TESCAN LYRA3 electron microscope. Backscattered-electron and
secondary-electron SEM images were obtained at 10 keV under high
vacuum. The false-color images were produced using Adobe
Photoshop.

nanoFTIR. The near-field optical measurements were performed
with a neaSNOM instrument (neaspec GmbH) based on tapping-
mode AFM, where the platinum-coated tip (NanoAndMore GmbH;
cantilever resonance frequency 250 kHz; nominal tip radius ~20 nm)
was illuminated by a broadband femtosecond laser. The coherent
mid-IR light was generated through the nonlinear difference—
frequency combination of two beams from fiber lasers (TOPTICA
Photonics Inc.) in a GaSe crystal. Laser A was selected for
measurements covering the range from 700 to 1400 cm™'.
Demodulation of the optical signal at higher harmonics of the tip
resonance frequency eliminated background contributions to yield the
near-field signal, comprising the amplitude and phase of the scattered
wave from the tip. When a pseudoheterodyne interferometric
detection module was employed, the complex optical response of
the material was measured, where the real part refers to the nanoFTIR
reflectance and the imaginary part depicts the nanoFTIR absorption
spectrum. Each spectrum was acquired from an average of 14 Fourier-
processed interferograms with 10 cm™' spectral resolution, 2048
points per interferogram, and 14 ms integration time per pixel. The
sample spectrum was normalized to a reference spectrum measured
on the silicon substrate. All measurements were carried out under
ambient conditions.

https://doi.org/10.1021/acsanm.2c00493
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TFM. TFM was employed as an additional module to the
neaSNOM instrument, but here AFM was operated in contact
mode. The z-piezo driver was modulated at a sinusoidal motion with
an amplitude of 40 mV and a modulation frequency of 610 Hz. A
complete force—distance cycle was performed at this rate for each
pixel with an integration time of 33 ms (200 X 200 pixels per image).
The technique followed the description of a pulsed-force mode."
Each cycle comprised an approach of the AFM tip from free
oscillation until the establishment of contact with the sample,
followed by subsequent retraction. More specifically, contact was
established because of the (negative) attractive force between the tip
and sample surface. Once in contact, the piezo drove the tip even
closer to the sample until the (positive) repulsive force reached a
maximum. Upon retraction of the tip, the repulsive force decreased
and was replaced by the attractive force because of the adhesion
between the sample and tip until contact was lost and the tip freely
oscillated. From this cycle, various properties could be derived.*>>*¢
For instance, the topography image was obtained from the maximum
force, which was fed back to the control circuit to maintain a constant
normal force. An adhesion image could be created based on the
maximum adhesion force for each pixel. The local stiffness was
attained from the force difference between the maximum force and a
set point in the repulsive part of the force signal. Hard surfaces led to
a larger force difference than that observed for soft surfaces.
Calibration measurements were carried out on the silicon substrate,
and a polystyrene/poly(methyl methacrylate) polymer blend sample
with known Young’s moduli was used to validate the calibration. The
mean local stiffness was obtained from the stiffness images by filtering
out outliers and the background region containing the substrate. The
normal and bimodal distributions were then calculated with the
integrated analysis tools in OriginPro 2019.

B COMPUTATIONAL DETAILS

DFT Calculations. Theoretical vibrational spectra along with
elastic constants of ZIF-8 and defective ZIF-8 models were calculated
with the PBEsol-3c method, a cost-effective 'composite method'
developed for solid-state calculations.””*” Tt is based on a hybrid
Hartree—Fock/DFT Hamiltonian combined with a double-{ basis set,
augmented with a semiclassical dispersion term and a geometrical
counterpoise correction, which provides a good trade-off between cost
and accuracy.”®® The calculations were carried out with a
development version of the periodic ab initio CRYSTALI7 code
running in MPP mode on ARCUS-B, part of the high-performance
computing facility at the University of Oxford (Oxford, UK.), and on
the U.K. national HPC facility ARCHER2.** The missing metal (or
so-called dangling linker) defect was created by removing a metal
atom and replacing two N—Zn bonds with N—H bonds similar to the
uncoordinated linker. Removing a linker group, in turn, led to the
missing linker defect, where the two unsaturated metal sites were filled
by an associating water and the conjugate base of the proton-donating
group. After geometry optimization, vibrational frequencies at the I"
point were computed, and the Berry phase approach was employed to
calculate the IR intensities.”®" Subsequently, a simulated spectrum
was obtained by fitting the calculated IR intensities with Lorentzian
peak shapes with a fwhm of 10 cm™. To improve the match with the
experimental data, the calculated IR spectra were scaled using distinct
scaling factors for different spectral ranges, unlike adopting an overall
scaling constant.*> For the range from 600 to 850 cm™!, the IR
spectrum was scaled with a factor of 0.936, while the region between
850 and 1050 cm™" was scaled by 0.964. Higher wavenumbers were
scaled by a factor of 0.958.

The single-crystal elastic constants of the elasticity matrix (tensor)
were calculated using the numerical first derivative of the analytic cell
gradients.”® These values correspond to the independent elastic
stiffness coefficients, C,.j.53 The unique coefficients were obtained via
deformation of the optimized structure, using a three-point formula,
in the symmetrically required directions of both positive and negative
amplitudes. These deformations correspond to tensile and compres-
sive strains required to obtain the elastic response. The magnitude of
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each individual strain deformation is defined as 1%, ensuring that the
response is in the purely elastic region. For visualization of the elastic
tensors and calculation of the mechanical properties, the Elate,**
Elam,%® and Mathematica® softwares were used to generate the 3D
representation surfaces of different elastic moduli. Descrigtions of the
individual mechanical properties are given by Tan et al.”’

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsanm.2c00493.

Additional details about material characterization,
including XRD, AFM, nanoFTIR, TFM, ATR-FTIR,
and SEM, as well as DFT computational details and
results (PDF)

B AUTHOR INFORMATION

Corresponding Author
Jin-Chong Tan — Multifunctional Materials and Composites
Laboratory, Department of Engineering Science, University of
Oxford, Oxford OX1 3P], UK,; ® orcid.org/0000-0002-
5770-408X; Email: jin-chong.tan@eng.ox.ac.uk

Authors

Annika F. Moslein — Multifunctional Materials and
Composites Laboratory, Department of Engineering Science,
University of Oxford, Oxford OX1 3PJ, UK,; ® orcid.org/
0000-0002-2056-6437

Lorenzo Dona — Dipartimento di Chimica, Universita di
Torino, Torino 10128, Italy; © orcid.org/0000-0001-7735-
3881

Bartolomeo Civalleri — Dipartimento di Chimica, Universita
di Torino, Torino 10125, Italy; © orcid.org/0000-0003-
3198-3161

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsanm.2c00493

Author Contributions

Experimental design, experimental execution, and data
analysis: AF.M. Numerical simulations: L.D. and A.F.M.
Writing of the original draft: A.F.M. Writing, editing, and
reviewing: all authors. Scientific input and supervision: B.C.
and J.-C.T.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

AF.M. thanks the Oxford Ashton Memorial scholarship for a
DPhil studentship award. J.-C.T. and A.F.M. are grateful for
funding through the ERC Consolidator Grant [77157S
(PROMOFS)] and the EPSRC Impact Acceleration Account
Award (EP/RS11742/1). We acknowledge use of the
University of Oxford Advanced Research Computing facility
in carrying out this work (10.5281/zenodo.22558). Via our
membership of the U.K’s HEC Materials Chemistry
Consortium, which is funded by EPSRC (EP/R029431), this
work used the ARCHER2 UK National Supercomputing
Service (http://www.archer2.ac.uk). A.F.M. thanks Dr. Cyril
Besnard and Prof. Alexander Korsunsky for their help with
SEM imaging.

https://doi.org/10.1021/acsanm.2c00493
ACS Appl. Nano Mater. 2022, 5, 6398—6409



ACS Applied Nano Materials

Www.acsanm.org

B REFERENCES

(1) Lustig, W. P.; Mukherjee, S.; Rudd, N. D.; Desai, A. V,; Li, J;
Ghosh, S. K. Metal-Organic Frameworks: Functional Luminescent
and Photonic Materials for Sensing Applications. Chem. Soc. Rev.
2017, 46, 3242—3285.

(2) Stassen, I; Burtch, N.; Talin, A.; Falcaro, P.; Allendorf, M.;
Ameloot, R. An Updated Roadmap for the Integration of Metal-
Organic Frameworks with Electronic Devices and Chemical Sensors.
Chem. Soc. Rev. 2017, 46, 3185—3241.

(3) Horcajada, P.; Gref, R; Baati, T.; Allan, P. K; Maurin, G;
Couvreur, P; Ferey, G.; Morris, R. E.; Serre, C. Metal-Organic
Frameworks in Biomedicine. Chem. Rev. 2012, 112, 1232—1268.

(4) Li, B; Wen, H. M.; Zhou, W.; Chen, B. Porous Metal-Organic
Frameworks for Gas Storage and Separation: What, How, and Why? J.
Phys. Chem. Lett. 2014, 5, 3468—3479.

(5) Zhu, L; Liu, X. Q; Jiang, H. L; Sun, L. B. Metal-Organic
Frameworks for Heterogeneous Basic Catalysis. Chem. Rev. 2017, 117,
8129-8176.

(6) Allendorf, M. D.; Foster, M. E.; Leonard, F.; Stavila, V.; Feng, P.
L.; Doty, F. P; Leong, K; Ma, E. Y,; Johnston, S. R;; Talin, A. A.
Guest-Induced Emergent Properties in Metal-Organic Frameworks. J.
Phys. Chem. Lett. 2015, 6, 1182—1198.

(7) Furukawa, H.; Cordova, K. E.; O’Keeffe, M.; Yaghi, O. M. The
Chemistry and Applications of Metal-Organic Frameworks. Science
2013, 341, 1230444.

(8) Park, K. S; Ni, Z.; Cote, A. P.; Choi, J. Y.; Huang, R; Uribe-
Romo, F. J.; Chae, H. K; O'Keeffe, M.; Yaghi, O. M. Exceptional
Chemical and Thermal Stability of Zeolitic Imidazolate Frameworks.
Proc. Natl. Acad. Sci. U.S.A. 2006, 103, 10186—10191.

(9) Woehl, T. J.; Evans, J. E.; Arslan, L; Ristenpart, W. D.; Browning,
N. D. Direct in Situ Determination of the Mechanisms Controlling
Nanoparticle Nucleation and Growth. ACS Nano 2012, 6, 8599—
8610.

(10) Ghorbani, H.; Ghahramaninezhad, M.; Niknam Shahrak, M.
The Effect of Organic and Ionic Liquid Solvents on Structure
Crystallinity and Crystallite Size of ZIF-8 for CO, Uptake. J. Solid
State Chem. 2020, 289, 121512.

(11) Malekmohammadi, M.; Fatemi, S.; Razavian, M.; Nouralishahi,
A. A Comparative Study on ZIF-8 Synthesis in Aqueous and
Methanolic Solutions: Effect of Temperature and Ligand Content.
Solid State Sci. 2019, 91, 108—112.

(12) Zhang, Y; Jia, Y; Li, M; Hou, L. Influence of the 2-
Methylimidazole/Zinc Nitrate Hexahydrate Molar Ratio on the
Synthesis of Zeolitic Imidazolate Framework-8 Crystals at Room
Temperature. Sci. Rep. 2018, 8, 9597.

(13) Lai, L. S.; Yeong, Y. F.; Ani, N. C; Lau, K. K; Shariff, A. M.
Effect of Synthesis Parameters on the Formation of Zeolitic
Imidazolate Framework 8 (ZIF-8) Nanoparticles for CO, Adsorption.
Part. Sci. Technol. 2014, 32, 520—528.

(14) Cravillon, J.; Nayuk, R.; Springer, S.; Feldhoff, A.; Huber, K;
Wiebcke, M. Controlling Zeolitic Imidazolate Framework Nano- and
Microcrystal Formation: Insight into Crystal Growth by Time-
Resolved in Situ Static Light Scattering. Chem. Mater. 2011, 23,
2130—-2141.

(15) Venna, S. R;; Jasinski, J. B.; Carreon, M. A. Structural Evolution
of Zeolitic Imidazolate Framework-8. J. Am. Chem. Soc. 2010, 132,
18030—18033.

(16) Dissegna, S.; Epp, K.; Heinz, W. R;; Kieslich, G.; Fischer, R. A.
Defective Metal-Organic Frameworks. Adv. Mater. 2018, 30, 1704501.

(17) Fang, Z.; Bueken, B.; De Vos, D. E,; Fischer, R. A. Defect-
Engineered Metal-Organic Frameworks. Angew. Chem., Int. Ed. 2015,
54, 7234—54.

(18) Shearer, G. C.; Chavan, S.; Bordiga, S.; Svelle, S.; Olsbye, U,;
Lillerud, K. P. Defect Engineering: Tuning the Porosity and
Composition of the Metal-Organic Framework UiO-66 Via
Modulated Synthesis. Chem. Mater. 2016, 28, 3749—3761.

(19) Wu, H; Chua, Y. S.; Krungleviciute, V.; Tyagi, M.; Chen, P.;
Yildirim, T.; Zhou, W. Unusual and Highly Tunable Missing-Linker
Defects in Zirconium Metal-Organic Framework UiO-66 and Their

6408

Important Effects on Gas Adsorption. J. Am. Chem. Soc. 2013, 135,
10525-32.

(20) Liu, Y,; Klet, R. C; Hupp, J. T.; Farha, O. Probing the
Correlations between the Defects in Metal-Organic Frameworks and
Their Catalytic Activity by an Epoxide Ring-Opening Reaction. Chem.
Commun. 2016, 52, 7806—9.

(21) Park, J; Wang, Z. U; Sun, L. B; Chen, Y. P.; Zhou, H. C.
Introduction of Functionalized Mesopores to Metal-Organic Frame-
works Via Metal-Ligand-Fragment Coassembly. J. Am. Chem. Soc.
2012, 134, 20110—6.

(22) Taylor, J. M; Dekura, S.; lkeda, R; Kitagawa, H. Defect
Control to Enhance Proton Conductivity in a Metal—Organic
Framework. Chem. Mater. 20185, 27, 2286—2289.

(23) Bennett, T. D.; Cheetham, A. K.; Fuchs, A. H,; Coudert, F. X.
Interplay between Defects, Disorder and Flexibility in Metal-Organic
Frameworks. Nat. Chem. 2017, 9, 11—16.

(24) Shéaes, M.; Agger, J. R; Anderson, M. W.; Attfield, M. P.
Crystal Form, Defects and Growth of the Metal Organic Framework
HKUST-1 Revealed by Atomic Force Microscopy. CrystEngComm
2008, 10, 646—648.

(25) Zeng, Z.; Flyagina, L. S.; Tan, J.-C. Nanomechanical Behavior
and Interfacial Deformation Beyond the Elastic Limit in 2d Metal—
Organic Framework Nanosheets. Nanoscale Adv. 2020, 2, S181—5191.

(26) Cliffe, M. J.; Wan, W.; Zou, X.; Chater, P. A.; Kleppe, A. K;;
Tucker, M. G.; Wilhelm, H.; Funnell, N. P.; Coudert, F. X.; Goodwin,
A. L. Correlated Defect Nanoregions in a Metal-Organic Framework.
Nat. Commun. 2014, S, 4176.

(27) Valenzano, L.; Civalleri, B.; Chavan, S.; Bordiga, S.; Nilsen, M.
H.; Jakobsen, S.; Lillerud, K. P.; Lamberti, C. Disclosing the Complex
Structure of UiO-66 Metal Organic Framework: A Synergic
Combination of Experiment and Theory. Chem. Mater. 2011, 23,
1700—-1718.

(28) Shearer, G. C.; Chavan, S.; Ethiraj, J; Vitillo, J. G.; Svelle, S.;
Olsbye, U,; Lamberti, C.; Bordiga, S.; Lillerud, K. P. Tuned to
Perfection: Ironing out the Defects in Metal—Organic Framework
Ui0-66. Chem. Mater. 2014, 26, 4068—4071.

(29) Atzori, C.; Shearer, G. C.; Maschio, L.; Civalleri, B.; Bonino, F.;
Lamberti, C.; Svelle, S.; Lillerud, K. P.; Bordiga, S. Effect of Benzoic
Acid as a Modulator in the Structure of UiO-66: An Experimental and
Computational Study. J. Phys. Chem. C 2017, 121, 9312—9324.

(30) Liu, L.; Chen, Z.; Wang, J.; Zhang, D.; Zhu, Y.; Ling, S.; Huang,
K. W.; Belmabkhout, Y.; Adil, K.; Zhang, Y.; Slater, B.; Eddaoudi, M.;
Han, Y. Imaging Defects and Their Evolution in a Metal-Organic
Framework at Sub-Unit-Cell Resolution. Nat. Chem. 2019, 11, 622—
628.

(31) Penn, R. L; Banfield, J. F. Imperfect Oriented Attachment:
Dislocation Generation in Defect-Free Nanocrystals. Science 1998,
281, 969—971.

(32) Zhang, C.; Han, C.; Sholl, D. S.; Schmidt, J. R. Computational
Characterization of Defects in Metal-Organic Frameworks: Sponta-
neous and Water-Induced Point Defects in ZIF-8. J. Phys. Chem. Lett.
2016, 7, 459.

(33) Han, C; Verploegh, R. J; Sholl, D. S. Assessing the Impact of
Point Defects on Molecular Diffusion in ZIF-8 Using Molecular
Simulations. J. Phys. Chem. Lett. 2018, 9, 4037—4044.

(34) Lee, M. J; Kwon, H. T.; Jeong, H.-K. Defect-Dependent
Stability of Highly Propylene-Selective Zeolitic-Imidazolate Frame-
work ZIF-8 Membranes. J. Membr. Sci. 2017, 529, 105—113.

(35) Cheng, P; Hu, Y. H. H,O-Functionalized Zeolitic Zn(2-
Methylimidazole), Framework (ZIF-8) for H, Storage. J. Phys. Chem.
C 2014, 118, 21866—21872.

(36) Tian, F.; Cerro, A. M.; Mosier, A. M.; Wayment-Steele, H. K.;
Shine, R. S.; Park, A.; Webster, E. R.; Johnson, L. E.; Johal, M. S;
Benz, L. Surface and Stability Characterization of a Nanoporous ZIF-8
Thin Film. J. Phys. Chem. C 2014, 118, 14449—14456.

(37) Knoll, B,; Keilmann, F. Near-Field Probing of Vibrational
Absorption for Chemical Microscopy. Nature 1999, 399, 134—137.

https://doi.org/10.1021/acsanm.2c00493
ACS Appl. Nano Mater. 2022, 5, 6398—6409



ACS Applied Nano Materials

Www.acsanm.org

(38) Keilmann, F.; Hillenbrand, R. Near-Field Microscopy by Elastic
Light Scattering from a Tip. Philos. Trans. R. Soc. A 2004, 362, 787—
805S.

(39) Méslein, A. F.; Gutierrez, M.; Cohen, B.; Tan, J. C. Near-Field
Infrared Nanospectroscopy Reveals Guest Confinement in Metal-
Organic Framework Single Crystals. Nano Lett. 2020, 20, 7446—7454.

(40) Huth, F.; Govyadinov, A.; Amarie, S.; Nuansing, W.; Keilmann,
F.; Hillenbrand, R. Nano-FTIR Absorption Spectroscopy of
Molecular Fingerprints at 20 Nm Spatial Resolution. Nano Lett.
2012, 12, 3973—3978.

(41) Govyadinov, A. A; Amenabar, 1; Huth, F,; Carney, P. S;
Hillenbrand, R. Quantitative Measurement of Local Infrared
Absorption and Dielectric Function with Tip-Enhanced near-Field
Microscopy. J. Phys. Chem. Lett. 2013, 4, 1526—1531.

(42) Krotil, H. U,; Stifter, T.; Waschipky, H.; Weishaupt, K.; Hild,
S.; Marti, O. Pulsed Force Mode: A New Method for the
Investigation of Surface Properties. Surf. Interface Anal. 1999, 27,
336—340.

(43) Ostwald, W. Studien iiber Die Bildung und Umwandlung
Fester Korper. Z. fur Phys. Chem. 1897, 22U, 289—-330.

(44) Young, R. A. X-ray Diffraction Studies of Thermal Motions in
Crystals; Engineering Experiment Station, Georgia Institute of
Technology: Atlanta, GA1961.

(4S) Brooker, M. H.; Irish, D. E. Vibrational Spectral Studies of
Hexaquozinc Nitrate and Hexaquozinc Nitrate-D,. Can. J. Chem.
1971, 49, 1510—1514.

(46) Chizallet, C. L. S.; Lazare, S.; Bazer-Bachi, D.; Bonnier, F.;
Lecocq, V.; Soyer, E.; Quoineaud, A.-A.; Bats, N. Catalysis of
Transesterification by a Nonfunctionalized Metal-Organic Frame-
work: Acido-Basicity at the External Surface of ZIF-8 Probed by FTIR
and Ab Initio Calculations. J. Am. Chem. Soc. 2010, 132, 12365—
12377.

(47) Zhang, K.; Lively, R. P.; Zhang, C.; Koros, W. J.; Chance, R. R.
Investigating the Intrinsic Ethanol/Water Separation Capability of
ZIF-8: An Adsorption and Diffusion Study. J. Phys. Chem. C 2013,
117, 7214-7228.

(48) Dovesi, R.; Saunders, V. R.; Roetti, C.; Orlando, R.; Zicovich-
Wilson, C. M.; Pascale, F.; Civalleri, B.; Doll, K.; Harrison, N. M.;
Bush, L J.; D’Arco, P.; Llunell, M.; Causa, M.; Noél, Y.; Maschio, L.;
Erba, A.; Rerat, M.; Casassa, S. CRYSTALI17 User's Manual;
University of Torino, Torino, Italy, 2017.

(49) Han, R; Sholl, D. S. Computational Model and Character-
ization of Stacking Faults in ZIF-8 Polymorphs. J. Phys. Chem. C 2016,
120, 27380—27388.

(50) Zeng, Z.; Tan, J.-C. AFM Nanoindentation to Quantify
Mechanical Properties of Nano- and Micron-Sized Crystals of a
Metal—Organic Framework Material. ACS Appl. Mater. Interfaces
2017, 9, 39839—39854.

(51) Thornton, A. W.; Babarao, R;; Jain, A.; Trousselet, F.; Coudert,
F. X. Defects in Metal-Organic Frameworks: A Compromise between
Adsorption and Stability? Dalton Trans. 2016, 45, 4352—9.

(52) Dona, L; Brandenburg, J. G Civalleri, B. Extending and
Assessing Composite Electronic Structure Methods to the Solid State.
J. Chem. Phys. 2019, 151, 121101.

(53) Tan, J.-C.; Civalleri, B.; Lin, C.-C.; Valenzano, L.; Galvelis, R;;
Chen, P.-F.; Bennett, T. D.; Mellot-Draznieks, C.; Zicovich-Wilson,
C. M,; Cheetham, A. K. Exceptionally Low Shear Modulus in a
Prototypical Imidazole-Based Metal-Organic Framework. Phys. Rev.
Lett. 2012, 108, 095502.

(54) Maul, J.; Ryder, M. R; Ruggiero, M. T.; Erba, A. Pressure-
Driven Mechanical Anisotropy and Destabilization in Zeolitic
Imidazolate Frameworks. Phys. Rev. B 2019, 99, 014102.

(55) Derjaguin, B. V.; Muller, V. M,; Toporov, Y. P. Effect of
Contact Deformations on the Adhesion of Particles. J. Colloid Interface
Sci. 1975, §3, 314—326.

(56) Muller, V. M.; Derjaguin, B. V.; Toporov, Yu. P. On Two
Methods of Calculation of the Force of Sticking of an Elastic Sphere
to a Rigid Plane. Colloids Surf. 1983, 7, 251—259.

6409

(57) Caldeweyher, E.; Brandenburg, J. G. Simplified DFT Methods
for Consistent Structures and Energies of Large Systems. J. Phys.:
Condens. Matter 2018, 30, 213001.

(58) Souza, B. E; Dona, L.; Titov, K.; Bruzzese, P.; Zeng; Zhang, Y.;
Babal, A. S,; Méslein, A. F; Frogley, M. D.; Wolna, G.; Cinque, G,;
Civalleri, B.; Tan, J. C. Elucidating the Drug Release from Metal-
Organic Framework Nanocomposites Via in Situ Synchrotron
Microspectroscopy and Theoretical Modelling. ACS Appl. Mater.
Interfaces 2020, 12, 5147—5156.

(59) Dona, L.; Brandenburg, J. G.; Bush, L J; Civalleri, B. Cost-
Effective Composite Methods for Large-Scale Solid-State Calcu-
lations. Faraday Discuss. 2020, 224, 292—308.

(60) Pascale, F.; Zicovich-Wilson, C. M.; Lépez Gejo, F.; Civalleri,
B.; Orlando, R; Dovesi, R. The Calculation of the Vibration
Frequencies of Crystalline Compounds and Its Implementation in
the CRYSTAL Code. J. Comput. Chem. 2004, 25, 888—897.

(61) Dovesi, R,; Kirtman, B.; Maschio, L.; Maul, J.; Pascale, F.;
Rérat, M. Calculation of the Infrared Intensity of Crystalline Systems.
A Comparison of Three Strategies Based on Berry Phase, Wannier
Function, and Coupled-Perturbed Kohn—Sham Methods. J. Phys.
Chem. C 2019, 123, 8336—8346.

(62) Rauhut, G.; Pulay, P. Transferable Scaling Factors for Density
Functional Derived Vibrational Force Fields. J. Phys. Chem. 1995, 99,
3093-3100.

(63) Perger, W. F.; Criswell, J; Civalleri, B;; Dovesi, R. Ab-Initio
Calculation of Elastic Constants of Crystalline Systems with the
CRYSTAL Code. Comput. Phys. Commun. 2009, 180, 1753—1759.

(64) Gaillac, R.; Pullumbi, P.; Coudert, F. X. Elate: An Open-Source
Online Application for Analysis and Visualization of Elastic Tensors. J.
Phys.: Condens. Matter 2016, 28, 275201.

(65) Marmier, A.; Lethbridge, Z. A. D.; Walton, R. L; Smith, C. W,;
Parker, S. C; Evans, K. E. Elam: A Computer Program for the
Analysis and Representation of Anisotropic Elastic Properties.
Comput. Phys. Commun. 2010, 181, 2102—2115.

(66) Mathematica; Wolfram Research Inc., 2018.

(67) Tan, J. C.; Cheetham, A. K. Mechanical Properties of Hybrid
Inorganic-Organic Framework Materials: Establishing Fundamental
Structure-Property Relationships. Chem. Soc. Rev. 2011, 40, 1059—80.

https://doi.org/10.1021/acsanm.2c00493
ACS Appl. Nano Mater. 2022, 5, 6398—6409



By the smallest of one’s actions one can restore some
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sensing performance, specifically sensitivity or limit of detection, selectivity, response
time, reproducibility, and stability, strongly depends on the intrinsic properties of the
sensing materials (e.g., porosity, chemical composition, size, defects, conductivity),
as well as on the material-analyte interactions. Because MOFs feature unparalleled
structural diversity, flexibility, tailorability, high porosity, large surface area, and
adsorption affinities, they have emerged as suitable candidate materials for gas
sensing. |34} 35, [161] For instance, their high surface area and permanent porosity
allows for concentration of gases into the pores, thereby enhancing sensitivity.
Selectivity towards a targeted analyte can be achieved through tunable pore sizes
(leading to size exclusion), tailored host-guest interactions, and functional adsorption
sites such as unsaturated metal sites or active binding sites either present in the
framework or introduced through defect engineering. Having investigated two
key phenomena — guest encapsulation and defect tuning — which are crucial for
developing MOF-based sensing devices for targeted detection, this chapter provides

a detailed study on the gas sensing mechanism itself.

5.1.1 Basic principles of MOF-based gas sensors

If MOFs interact with target analytes, fluctuations in the luminescent, mechanical,
or electrochemical properties can be induced. These can then be transduced
into detectable signals for chemical sensing.[33] Among the different ways for gas
sensing, a visible colour change of a material might be the simplest way of signal
transduction.|33] This so-called vapochromism or solvatochromsim is induced by
a large shift in the optical absorption across the visible region when exposed
to gases from different solvents, most caused by the electronic transition from
the ground to the excited state of the chromophore of the MOF.[162]. However,
even if vapochromism can be easily detected and incorporated into an optical
sensor, this phenomenon is to date unattainable in most MOF materials.|161]
Instead, luminescence-based sensing is a promising solution to design MOF-based
devices.[161}, [163] Because some MOF systems can emit characteristic luminescence

when transitioning from an excited state to the ground state, the interaction with
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guest molecules may lead to either quenching or enhancement of the emission
intensity, or a shift in the emission frequency. For gas detection, a characteristic
shift in emission is more suitable than a change in intensity alone, as especially a
decrease in intensity could also be induced by photodegradation or other mechanisms.
Importantly, the strength of changes in luminescent properties depends on the nature
of the host material and the corresponding guest interactions and can thus be tuned
by meticulous material design.[107] The luminescence in MOFs can originate from
several concepts, as summarised in Figure the emission can either stem from the
organic linkers or the metal centres, or arise from charge transfer.[106] Another way
to achieve luminescence is by encapsulating fluorescent guest molecules, allowing for
additional sensitivity in sensing applications because the target analyte might not
only interact with the host framework but also with the guest.|107] Although guest
encapsulation may slightly reduce the porosity of the framework, and possibly the
crystallinity, too, the main features that render MOFs such promising candidate
materials for sensing are still retained in guest@MOF systems.[164] Compared to
other optical sensors that are based on refractive index|165], dielectric constants|166,
167], scattering[168|, or diffraction[169], luminescence sensing in MOFs offers high
sensitivity, selectivity, and technical simplicity.[163] Other sensing mechanics that
hold vital promise for MOF-based gas monitoring include electrochemical and
electromechanical sensing techniques.|170-172] Again, upon interaction with a
target gas, the electrical properties of the MOF (i.e. impedance, resistance, or
capacitance) may be altered, but because MOFs are usually non-conductive, these
changes may be too insignificant to allow for distinct sensing and require further
development.[161] Similarly, the high surface area of MOFs coupled with their
tailorable nature offer a promising platform for mechanical sensing; nevertheless,
this method relies on a mass change due to the absorbed analyte and thus, the

limit of detection might be unsatisfactory for specific applications.[161]
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Figure 5.1: Schematic representation of a luminescent guest@QMOF system. Metal
nodes (in blue) are bridged by organic linkers (in gray) to form the crystalline framework
with a fluorescent guest molecule (yellow) encapsulated in the pore. Different host-guest
interactions and the possible emission pathways are indicated.

5.1.2 MOF-based gas sensing

MOFs have been explored in gas sensors for a variety of applications, ranging
from humidity sensing for environmental monitoring, food inspections,
and oxygen measuring techniques for chemical industrial processes to the
detection of harmful and toxic gases. These include, at the most extreme,
explosives or chemical warfare agents , , whose detection, albeit
challenging, is of unsurpassed importance for security and protection. Monitoring
other inorganic gases, such as iodine or sulfur dioxide (SO3), is equally essential
for public safety since their presence may indicate nuclear leakages or cause acid
rain, respectively, and their corrosive nature poses a threat for human health and
environment.[187] Similarly, volatile organic compounds (VOCs), being widely
present in indoor and outdoor air, are considered significant air pollutants due to
their short- or long-term effects on human health.[17-{19] In addition, VOCs in
exhaled air serve as biological markers that can indicate conditions and diseases, or
the response to a corresponding treatment., Since accurately detecting and
identifying VOCs in human breath afford non-invasive diagnostics, breath analysers
will facilitate monitoring and screening of critical conditions.

Inspired by the need for high-performance sensors, a vast range of MOF-based

devices has been developed to address the aforementioned challenges.[161, |187]
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Figure 5.2: The ZnQ@OX-1 composite system. a) Structure of OX-1. b) Structure of
ZnQ complex. c¢) Schematic of ZnQ guest encapsulated in the pores of OX-1 host.

However, even if numerous examples of the use of MOFs for gas detection exist,
and their respective means of signal transduction are described in literature, the

underlying sensing mechanisms are often poorly understood.

5.1.3 MOFs for acetone sensing

Let us, for instance, consider the detection of acetone in breath, which offers
a non-invasive alternative for monitoring the blood glucose level. While state-
of-the-art sensors for acetone sensing are mainly based on metal oxide films, as
reported by Rydosz, they cannot meet the stringent requirements of selectivity
and functionality at ambient conditions. Additionally, even if wearable sensors
for continuous blood glucose monitoring exist, they are still invasive, as they rely
on measuring interstitial fluid. Focussing on non-invasive breath analysers, MOF-
based sensing technologies may offer enhanced performance for the detection of
volatile acetone owing to the unique features of the materials. Systems based
on ZnO structures such as nanocages, or Au@QZnO could afford high sensitivity
towards very low concentrations (<10 ppm) of acetone using resistance or elec-
trical sensing methods, respectively. , Reversible responses to acetone
were achieved with copper-based MOF: HKUST-1 (Cu3(BTC),, BTC = benzene-
1,3,5,-tricarboxylic acid) was incorporated in a mechanical sensor for acetone and
other solvents[191], while Cu-BTC exhibited sensitivity to acetone (100 ppm) in
capacitance measurements. Meanwhile, the luminescent octrahedron@QZIF-8
composite could remarkably display a visible colour change under UV irradiation

when exposed to acetone for more than 15 minutes, while offering high selectivity and
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Figure 5.3: Vapochromism exhibited by the ZnQ@OX-1 material. a) Paper-based
proof-of-concept sensor demonstrating reversible acetone sensing. b) Emission spectra of
ZnQ@OX-1 measured before and during exposure to liquid acetone. Reprinted from ref.
|114] with permission from WILEY-VCH, Copyright 2017.

sensitivity to acetone vapour. An even faster response (~seconds) was achieved
with the ‘OX-1" framework with zinc clusters bridged by 1,4-benzenedicarboxylic
acid (BDC) linkers.[114] Importantly, the nanoconfinement of luminescent ZnQ
(zinc(II)-bis(8-hydroxyquinoline)) complexes in the framework yields a photonic
material — the ZnQ@OX-1 composite - with a vapochromic behaviour (see Figure
5.2). Under UV irradiation, the ZnQ@OX-1 system emits a blue light (480 nm),
which immediately changes to a green emission when the material is exposed to
acetone vapour, as shown in Figure[5.3] In fact, the vapochromism is based on both
a spectral shift and a change in emission intensity, which significantly facilitates
the detection. Because the colour change is visible with the naked eye, and the
detection is fast and reversible in ambient conditions, this optochemically responsive
ZnQ@OX-1 composite demonstrates excellent sensing performance towards acetone,
unattainable in any other materials. The efficacy of harnessing the visible shifts
in wavelengths has been shown by a proof-of-concept paper device (see Figure [5.3)).
Yet, even if host-guest interactions have been postulated to cause the fluorescence
attenuation, the underpinning sensing mechanism that is responsible for such unique
sensing behaviour is still to be resolved and questions concerning the selectivity,

limit of detection, and reversibility remain unanswered.
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5.2 A strategy to investigate the sensing mech-
anism of a guest-MOF system

This is precisely why this study focusses on the sensing mechanism of the ZnQ@OX-1
system. To investigate the chemical and physical interactions that may be associated
with the exceptional sensing, we employed a set of complementary spectroscopy
techniques comprising inelastic neutron scattering (INS), synchrotron-radiation (SR)
FTIR, fluorescence spectroscopy, and near-field spectroscopy; all these experimental

findings were further substantiated by density functional theory (DFT) calculations.

5.2.1 Inelastic neutron scattering (INS) spectroscopy

We performed INS measurements using the TOSCA spectrometer at the ISIS
Neutron and Muon Source, Rutherford Appleton Laboratory (Chilton, UK) to study
the vibrational behaviour of the ZnQ@OX-1 composite system subjected to acetone
vapour.[193-195] The high-resolution (AE/E ~ 1.25%) spectra, covering the
broadband range from -20 to 4000 cm™!, were collected from the bulk polycrystalline
sample (~1 g) at 10 K. The conditions for each measurement are detailed in Table
b.1} At the TOSCA spectrometer, upon collision with the sample, the neutrons
from a pulsed beam are scattered and Bragg reflected by a pyrolytic graphite
analyser. Here, higher-order reflections beyond (002) were suppressed by a cooled
(T < 30 K) Beryllium filter, acting as a long pass filter to analyse neutrons of a
consistent final energy of ~ 32 cm~!. The detector array comprises thirteen 3He
tubes, with five banks being in forward direction (scattering angle ~ 45°) and five
in backwards direction (~ 135°). Because a low final energy was used, a direct
relationship between energy transfer (E7', cm™") and momentum transfer (Q, A1)
is obtained according to ET ~ 16Q?. Energy transfer and spectral intensity, i.e.
S(Q,w), were then attained using the Mantid software.[196]

The pristine powder sample ZnQ was wrapped in a 4 cm X 4.8 cm aluminium
sachet and placed into a 2.0 mm spaced flat aluminium cell, which was sealed with
indium wire. For gas dosing experiments, OX-1 and ZnQ@QOX-1 powder samples

were loaded into a cylindrical vanadium gas handling cell (internal diameter of 11
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Figure 5.4: Broadband vibrational spectrum of the OX-1 host structure and ZnQ@OX-1
with double amount of guest loading (denoted by 2x), obtained wvia inelastic neutron
scattering at TOSCA, recorded at temperatures of 10, 50, and 100 K.

mm) with an indium seal, and evaporated by pumping, such that the final pressure
was below 6 x 10™* bar, to remove any remaining air or traces of solvent and
water. Liquid acetone was dosed at room temperature using a valve, preventing
the air from entering the cell. After dosing, the closed cell was heated to 60 °C to
yield a vapour phase of acetone for intrusion and adsorption that is spread more
homogeneously in the solid ZnQ@OX-1 powder. Similar procedure was used for
methanol dosing, while for methane, the sample cell was directly dosed with gas.
Before the measurement, the sample cell was cooled to 10 K by a closed cycle
refrigerator to reduce temperature-related effects. The INS spectrum was collected
under vacuum over a duration of 4-6 hours. The spectra are normalised by the
mass of the sample under investigation (see Table [5.1).

To pinpoint the specific vibrational dynamics of the guest@OX-1 system com-
pared to the vacant framework, pristine OX-1 powder samples, as well as ZnQ
material were probed first. Turning to the ZnQ@OX-1 composite, we found that,
instead of a simple superposition of the peaks associated to the two pristine materials,
actual host-guest interactions emerged upon guest encapsulation (see Figure .
Subsequently, when the composite material is exposed to acetone, some vibrational
modes are altered and interestingly, it is precisely the modes associated with host-
guest interactions that are subjected to changes. Especially in the low-energy or THz
region, particular modifications indicate structural changes following the adsorption

of acetone in the composite, which are lacking in the pristine OX-1 material. If
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the latter is exposed to acetone, only a superposition of peaks associated with
OX-1 and the analyte, respectively, is observed without any indication of chemical
interactions. It is however worth mentioning that the well-defined peaks of acetone
in the THz region exhibit overall broadening, while the peaks in higher energy

regions above 200 cm™*

remain unaffected, an effect attributed to the vanishing
long-range order, as the acetone molecules are more separated in the pores of the
framework. Because distinctive changes in the vibrational dynamics are observed
in the ZnQ@OX-1 system upon exposure to acetone, this leads to the conclusion
that the host-guest interactions rather than solely the framework itself play a
crucial role for the sensing mechanism. Careful examination of the INS spectra of
ZnQ@OX-1 material before and after dosing with acetone reveals that the peaks
that have emerged from host-guest interactions are now altered in the presence

of acetone, indicating that the acetone molecules may rupture the weak chemical

bonds between ZnQ and OX-1 (Figure 1 in the manuscript [5.4).

Sample 0O0X-1 O0X-1 ZnQ ZnQ@OX-1 ZnQ@OX-1

& acetone & acetone
Mass of powder | 1.446 g 1.446 g 1.073 g 1.249 g 1.249 ¢
Mass of acetone - 0.425 g - - 0.436 g

Table 5.1: Sample details for INS measurements.

5.2.2 Computational modelling

To determine the precise chemical and structural changes, we performed density
function theory (DFT) calculations, since the theoretical approach can assign specific
vibrations, and thus physical meaning, to the observed peaks and their modifications.
All calculations were performed with the PBEsol0-3¢ method, recently implemented
in a development version of the CRYSTAL17 code in its massively parallel version
(MPPcrystal) on the Advanced Research Computing (ARC) high-performance
cluster facility.[197, |198] PBEsol0-3c is a composite ab initio method that is based
on a double-zeta quality Gaussian basis set especially devised for inorganic systems

and metal-organic materials.[199] Previously, this method has been successfully
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applied to study geometrical and vibrational properties of MOFs, providing results
in good agreement with the experimental findings.[38, |83, 200, 201]

For the evaluation of the DFT exchange-correlation term an XLGRID (75,974)
pruned grid was used. Default convergence criterion for both geometry optimisation
and frequencies calculations were employed. The tolerances for one- and two-
electron integrals calculation were set to 10~7 and 10~7 for the Coulomb and to
1077, 1077, and 10~2 for the exchange series, respectively. The shrinking factors
for the diagonalisation of the Kohn-Sham matrix in the reciprocal space were set
to 4 for the Monkhorst-Pack net and to 4 for the Gilat net.

The initial structure of OX-1 used for simulations was taken from Cambridge
Crystallographic Data Center (CCDC 281855), and the molecules of N,N- di-
ethylformamide solvents were removed from the pores of the MOF. A geometry
optimisation was performed with the constraints imposed by the symmetry of the
system. Subsequently, on the local minimum geometry, the harmonic frequencies
were computed in the I'-point using the three-point formula. The IR intensity were
calculated with the Berry phase approach, and were fitted with a Lorentzian peak
shape with a FWHM of 10 cm ™ (see Figure [5.5).[202] A complete assignment of all
IR-active modes can be found in the Appendix A. The INS spectrum was calculated
from the output of the frequency calculation using the AbINS v1 execution in
the Mantid software.[196] Herein, the scattering of the neutrons by the nuclei
is described by the observed intensity S of the transition at energy w, given by
the product of the inelastic cross section o, the momentum transfer (), and the
amplitude U of vibration for the mode at energy w, and the total amplitude of

motion Ur damped by a Debye-Waller factor:

S(Q,w) = 0:nQ*U? exp(—Q*UZ). (5.1)

Because the inelastic cross section and the amplitude of vibration relates to
the observed intensity, it will show dominant sensitivity to atoms with large cross-
section and small masses, such as hydrogen.[203] It is also worth noting that, in

principle, all modes are INS active, since no terms depend on symmetry, and
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Figure 5.5: Comparison of measured and simulated IR spectra of OX-1 and ZnQ@OX-1.
A shift of 0.95 was applied to the theoretical spectra simulated by DFT. Simulation 1
assumes that ZnQ is simply encapsulated into the pore, while simulation 2 maximises the
- stacking interactions between the aromatic rings of ZnQ and OX-1 linkers.

therefore, this technique, as opposed to IR spectroscopy, is not limited by the
optical selection rule. In addition, the expression reveals that ideally, the spectra
should be obtained at low temperatures to reduce the impact of the Debye-Waller
factor. With the transition energies and amplitudes of the vibrations being obtained
from the frequency calculation, a reasonable match between the theoretical and

experimental spectrum was obtained.

5.2.3 Synchrotron-based FTIR spectroscopy

While INS measurements provide excellent resolution in the low-energy regions, in
practice, this technique is particularly sensitive to vibrations encompassing hydrogen
due to the exceptionally large scattering cross-section of the hydrogen nuclei.
Therefore, FTIR spectroscopy can yield additional information, albeit limited by the
optical selection rule. We performed Fourier-transform infrared (FTIR) spectroscopy
experiments based on two different techniques at the Multimode InfraRed Imaging

and Microspectroscopy (MIRIAM) Beamline (B22) at the Diamond Light Source,
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UK. Firstly, FTIR absorption spectra were collected from powder samples before
and after exposure to various solvents. Secondly, employing a flow cell, in situ gas
dosing was achieved using transmission FTIR spectroscopy. All FTIR spectra were
measured using a Bruker Vertex 80V Fourier Transform IR (FTIR) interferometer

(Bruker Optics, Germany).

FTIR absorption spectroscopy

FTIR absorption spectra were measured to probe the THz modes and fingerprint
region of ZnQ@OX-1 and its derivatives to unveil which vibrational modes are
affected when the material is exposed to VOCs. From these findings, we can
derive which functional groups and interactions are crucial for the sensing abilities.
Interestingly, even if other MOF materials may exhibit solvatochromism, that is a
visible colour change upon exposure to liquid solvents, their vibrational spectra do
not change before or after exposure. In the case of ZnQ@OX-1, with its ability to
change its emission colour in the presence of acetone vapour, actual changes in the
vibrational spectrum are observed. Therefore, FTIR absorption spectroscopy is a
powerful technique to investigate the sensing mechanisms. In these measurements,
the samples are exposed to solvents, which are subsequently evaporated, such that
the effect of the adsorbed molecules on the frameworks can be elucidated.

A liquid helium-cooled bolometer in combination with a 6-pum Mylar multilayer
beamsplitter in the interferometer allowed for measurements in the far-IR spectral
region between 0 and 650 cm™!. Mid-IR measurements (550 — 4000 cm™!), in
addition, were carried out using a KBr beamsplitter and an in-built detector. IR
spectra were collected with a resolution of 2 ecm™!, 256 scans per spectrum, and
normalised to a background spectrum measured on an IR reflective mirror. All
measurements were performed under vacuum (lower than 107 bar), and the samples
were maintained at room temperature. Since these are relatively fast measurements
(~ minutes), it was possible to probe various samples during the allocated beamtime,
as summarised in Table 5.2 We focussed on two main questions: i) which chemical

interactions are associated with the exceptional sensing? ii) how selective is the
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material? In our attempt to answer these questions, we prepared derivative systems
of ZnQ@OX-1. For instance, the confinement of pristine 8HQ, one of the building
blocks of ZnQ), led to the SHQ@OX-1 system with a blue luminescence akin to
Z/mQ@OX-1; however, it does not possess any sensing abilities. Unlike ZnQ@OX-1,
which is simultaneously formed by combining all individual components, that is
BDC linker, metal salt, and 8HQ), in a one-pot synthesis, the encapsulation of
commercially available ZnQ) into the already self-assembled OX-1 framework yields
a non-sensing material with a green emission. Considering the vibrational spectra, it
becomes evident that, whereas the spectra of ZnQ@OX-1 material with commercial
Zn(Q matches the one of pristine OX-1, the ZnQ@OX-1 system exhibits in fact
structural differences. This is a strong indicator for host-guest interactions that
may even disrupt the framework structure, possibly leading to defects. In addition,
instead of the expected ZnQ molecule, it is in fact a derivative complex evolving
due to interactions with the framework that can further explain the blue emission of
the composite system: if it was pristine ZnQ), a yellow emission would be expected
in powder, or if encapsulated and isolated in the pores of the framework, then
a green emission would be indicative akin to ZnQ in solvents. Only the distinct
chemical interactions in the ZnQ@OX-1 complex lead to a blue emission, and a
visible colour change when exposed to acetone.

Interestingly, if this material is exposed to other small molecule solvents such
as methanol, the same vibrational changes can be observed, while the exposure
to N,N-dimethylformamide (DMF), air, or water only leads to a general decrease
of intensity. Derived from these observations, we can conclude that small solvent
molecules can infiltrate the pores of the framework and disrupt the host-guest

interactions, as described in the manuscript in Section [5.4]

In situ gas dosing employing transmission SR-FTIR

Since the amount of acetone in the system cannot be estimated in the FTIR
absorption measurements, to address the question of sensitivity, in situ gas dosing

experiments are required. Herein, a Harrick gas flow cell was used in a transmission
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References | Guest@MOF | Solvents
0OX-1 ZnQQ@OX-1 Acetone

ZnQ ZnQ@OX-1 ¢. | Methanol (MeOH)
8HQ SHQQOX-1 Dimethylformamide (DMF)
BDC Isopropanol (IPA)

Water

Air

MeOH & acetone

Table 5.2: Samples under investigation with operando SR-FTIR absorption measurements.
The guest@MOF systems were exposed to the solvents. Abbreviation: c. = commercial.

FTIR setup based on the same interferometer at B22 MIRIAM.[204] Far-IR
measurements were performed with synchrotron radiation, while a Globar IR source
was employed for mid-IR measurements. Spectra were collected with a resolution of
2 cm™!. The number of scans per spectrum was reduced from 128 to 64 for far-IR
measurements, and from 64 to 32 for mid-IR spectra to improve time resolution. All
measurements were performed at vacuum (lower than 107 bar), and the samples
were maintained at room temperature. In the dosing experiments with a Harrick
gas flow cell, the sample was dropcasted onto a high-density polyethylene (HDPE)
window from a dispersion in hexane. An aluminium spacer was used between two
windows to allow for gas flow through the cell with a chamber volume of 50 uL.
The gas flow (5 cm®/min) was achieved with a mass flow controller dosed with
liquid acetone in dry carrier nitrogen gas using an SGE 50 ul. gas chromatography
syringe. Between measurements, the sample cell was flushed with Ny gas at 100
cm?/min to remove acetone from the system. Background spectra were collected
by measuring the empty flow cell with dry carrier gas.

To estimate the amount of acetone in the cell at a given time, an empty cell was
dosed with acetone at volumes from 1 - 50 puL. After two minutes, the first indication
that acetone has reached the cell is shown, as the characteristic peaks associated
with acetone emerge in the FTIR spectrum (see Figure 4 in the manuscript of Section
. Their intensities increase sharply before reaching a plateau around 5 min after
injection. Depending on the amount of acetone injected into the dry carrier gas, it

will take between 5 and 10 minutes at the given flow rate to flush the cell and remove
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acetone from the cell (i.e. the characteristic peaks of acetone vanish in the measured
spectrum). Knowing the volume of the cell, and the volume of acetone injected, the

actual amount of acetone in the cell at a specific time can be calculated as follows:

1. The region of interest is defined as the time between the injection and the

increase in flowrate to flush out all remaining acetone from the cell.

2. For each time step in the region of interest, the total area under the FTIR
absorption spectrum is integrated. This is then integrated over time to obtain

the total volume V,,; under all peaks.

3. The mass of acetone per unit volume under the peaks (arbitrary unit) is

calculated by dividing the mass of injected acetone by the total volume V;.

4. The instantaneous acetone content in the cell is obtained by integrating
the volume per time element (area under the spectrum at given time), and
multiplying this by the mass of acetone per unit volume, divided by the

volume of the cell.

As shown in Figure 4 in the manuscript the instantaneous amount of
acetone in the cell never exceeded 8 g/L based on the assumption that all injected
acetone evaporated and subsequently reached the cell. In practice, however, some
acetone might stick to the inner walls of the tubes such that the actual acetone
content might be even lower.

Having established the upper limit for the acetone content in the cell at a
given time step for each injected volume, the flow experiments were performed
on powder samples of OX-1 and ZnQ@QOX-1. The same spectral changes that
could be observed in the ex situ FTIR experiments were revealed in the in situ
gas dosing measurements, as shown in Figure b: while the exposure of OX-1
to acetone only led to a superposition of the peaks associated with each material,
actual changes in peak position and intensity emerged in the ZnQ@QOX-1 composite
system when dosed with acetone vapour. In addition, as little as 5 ul. of acetone,

or less than 0.2% of acetone in the cell, were sufficient to induce measurable
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spectral changes in the ZnQ@OX-1 sample. On the question of reversibility, it was
shown that the repeated injection of 30 L led to reproducible modifications in
the spectrum that were reversed as soon as the acetone vapour was flushed out
of the cell (Fig. 5c¢ in the manuscript). However, the general peak intensity is
decreased, and especially after exposure to relatively larger amount of acetone (100

pl), some irreversible transformations are revealed.

5.2.4 Fluorescence spectroscopy

To push the limit of detection even further, steady-state fluorescence spectroscopy
was employed based on a FS-5 spectrofluorometer (Edinburgh Instruments). Fluo-
rescence spectroscopy, measuring the emission of a sample, is recognised to afford
higher sensitivity than other spectroscopy techniques. Compared with UV-Vis
absorption, fluorescence spectra are measured over a dark background, which
is inherently more sensitive than detecting small variations in intensities as in
absorption spectroscopy. Or, considering vibrational spectroscopy, its sensitivity
is reduced because this technique depends on the periodic vibrations of bulk
material. If only a few unit cells are affected by acetone intrusion, then the strong
contributions of the lattice may still dominate.

For gas dosing experiments, the instrument was equipped with a custom-built
flow cell module. The inlet to the sample cell was connected with a pipe to a
sealed 2 L round bottom flask, heated to 50 °C, while the outlet was connected
to a syringe. Acetone was injected into the flask with a 5 uL syringe, and slow
pumping of the syringe initiated the gas flow through the cell. The detection
and excitation wavelengths for measuring the steady-state excitation and emission
spectra, respectively, are indicated in the corresponding Figure 5 in the manuscript
of Section 5.4, Each measurement is acquired from one scan with a dwell time
of 0.2 s and a step size of 1 nm. To exclude the possibility that the observed
decrease in intensity and shift in wavelength are caused by other effects, such as
temperature of photodegradation, several stability experiments were performed

prior to gas dosing. For instance, these included constant measurements in the
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Figure 5.6: In situ gas dosing with nanoFTIR and SR-FTIR. a) nanoFTIR spectra of

ZnQ@OX-1 before, during, and after exposure to volatile acetone. b) Comparison of in
situ gas dosing (bottom) with operando SR-FTIR measurements (top).

closed system with and without heated air, or only one initial measurement followed
by a second one after 80 minutes in air to avoid exposure to the xenon lamp of
the instrument. In all cases, the initial intensity was decreased, but not shifted,
before reaching a stable intensity that did not decrease any further. If acetone is
then injected into the system, the characteristic shift in wavelength from 480 to

510 nm is observed, even for acetone amounts as low as 20 ppm.



5. Unravelling the sensing mechanism of a metal-organic framework 114

5.2.5 In situ gas dosing with near-field IR nanospectroscopy

Although fluorescence spectroscopy unveiled an exceptionally high sensitivity of
ZnQ@OX-1 towards acetone, this measurement technique still relies on probing bulk
material (~10 mg). The amount of sample ultimately defines the limit of detection,
because if only a few unit cells were occupied by acetone molecules, the response of
the material would be undermined by the relatively stronger contribution of the
unaffected lattice, and therefore beyond the detection limit of these spectroscopy
techniques. Therefore, reducing the amount of sample under investigation is a way
to push the sensitivity to even lower levels. Near-field infrared nanospectroscopy
affords measuring the IR spectrum of individual MOF-type crystals. Hypothetically,
fluorescence spectroscopy coupled with near-field techniques would provide the
highest sensitivity to investigate the sensing behaviour of the luminescent ZnQ@OX-
1 system, but to date, such technique has not yet been developed. However, even
nanoFTIR enables us to measure in situ gas adsorption on the single crystal, which
is a striking observation given that vibrational spectroscopy is deemed less sensitive
than its fluorescence counterparts. Akin to the previous nanoFTIR measurements,
near-field probing was achieved with the setup outlined in Chapter 2. Each spectrum
was acquired from an average of 10 Fourier-processed interferograms with 9 cm™!
spectral resolution, 1024 points per interferogram, and 10-ms integration time per
pixel. All measurements were carried out under ambient conditions. For in situ
gas adsorption measurements, an open vial with liquid acetone was placed close to
the sample stage (3 cm distance), and the evaporated acetone reached the material
under investigation. Estimating the exact amount of volatile acetone reaching the
sample is not possible using the current setup, but the emergence of the acetone
peak in the spectrum only during exposure is a clear indication that acetone was
present during the measurement. Furthermore, the same acetone-induced chemical
changes that have been observed in the bulk FTIR measurements can be observed
on the single-crystal level (see Figure . Remarkably, this is the first application
of nanoFTIR for studying in situ gas adsorption, providing a new pathway for

this technique. In addition, because the probing area of nanoFTIR are 20 nm,
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or several hundred unit cells, these findings shed light on the exceptional sensing

sensitivity of ZnQ@OX-1 towards acetone.

5.3 Limitations and outlook

This multimodal study, encompassing a range of spectroscopy techniques in combina-
tion with DFT calculations, addressed the open questions on the sensing mechanisms,
further governing sensitivity, selectivity, and reproducibility. However, during these
experiments, we found that ZnQ@QOX-1 is sensitive to humidity, and even if the
shift in emission is characteristic for acetone sensing, this instability depicts a major
challenge for applications, especially if targeting a breath analyser. Therefore, the
design of an appropriate sensing device demands further development, either by
enhancing the material to avoid humidity-induced degradation (e.g. introducing a
hydrophobic matrix), or by tuning the material itself further to enhance its resistance
to humidity. In both cases, the knowledge of the underlying sensing mechanism
holds the key for developing a system with better stability while maintaining the

exceptional sensing performance.

5.4 A multimodal study on the unique sensing be-
haviour of a guest@metal-organic framework
material for the detection of volatile acetone

The supporting information for this manuscript can be found here:

https://onlinelibrary.wiley.com/doi/10.1002/admi.202201401.
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Owing to their unique functionalities and tailorable properties that are
unattainable in conventional materials, metal-organic frameworks (MOFs)
have emerged as candidate materials for next-generation chemical sen-
sors and optoelectronics. For instance, the ZnQ @OX-1 composite material,
comprising a light-emitting guest encapsulated in the pores of the OX-1
framework, affords excellent sensing performance: a visible color change
upon exposure to volatile acetone. In this work, a multimodal study on the
exceptional vapochromism of this composite material using high-resolution
spectroscopy techniques based on inelastic neutron scattering and synchro-
tron radiation is presented, supported by density functional theory calcula-
tions. While FTIR spectroscopy in the far-IR and mid-IR regions reveals the
underlying interactions between ZnQ, OX-1, and acetone, the limit of detec-
tion at 50 ppm is determined through in situ gas dosing experiments using

1. Introduction

The growing challenges of monitoring
air pollution, industrial gas leakage, food
safety, and personal health require chem-
ical sensors with high sensitivity towards
toxic gases and volatile organic com-
pounds (VOCs).! In the medical sector,
for instance, chemical sensors are used
for the detection of glucose levels or elec-
trolytes in human blood.”! A noninvasive
solution to detect low concentrations of
VOCs in exhaled human breath does not
yet exist, even if these biomarkers can be
leveraged for early diagnosis and health
monitoring.3! In fact, this problem can

fluorescence spectroscopy. In addition, in situ gas dosing on the single crystal

level is achieved with near-field infrared nanospectroscopy.
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be solved through the design of novel
sensing technologies that harness the
unique properties of metal-organic frame-
work (MOF) materials.®l Self-assembled
from metal and organic building blocks
and crystallizing in extended coordination networks, MOFs
feature structural diversity, tailorability, high porosity, large
surface area, and adsorption affinities, which offer unparal-
leled advantages for sensing applications.!'”8] First, selectivity
can be achieved through size exclusion and specific host-guest
interactions offered by their tunable pore size and functional-
ized binding sites. Secondly, the high porosity and large surface
area of MOFs not only facilitate reversible uptake and release,
but also accumulate the targeted analyte inside the pores for
enhanced adsorption, and sensitivity, accordingly.

Inspired by the need for high-precision sensors, and the
potential of MOF materials, several MOF-based devices have
been developed to address the challenge of detecting small
amounts of volatile acetone, summarized in Table S2 in the
Supporting Information, as a non-invasive alternative for blood
glucose measurements. In particular, metal-oxide systems that
are prepared using MOFs as precursors can achieve sub-ppm
limits of detection based on changes in resistance when ace-
tone is adsorbed in the surface layer.>¥l However, their high
operating temperatures (>250 °C) seriously hinder their appli-
cation in portable devices. Other MOF-based sensors, with
sensitivity at room temperature, rely on changes in mechan-
ical properties or capacitance upon exposure to acetone; these
are however limited by the high concentration of the analyte
required for detection, or slow response time, respectively.l* 1!
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Figure 1. The ZnQ@OX-1 system. a) Structure of OX-1. b) Structure of ZnQ. c) Schematic of ZnQ encapsulated in the pores of OX-1. d) Photos of the
samples under UV light (365 nm). e) Emission spectrum of ZnQ@OX-1 when exposed to acetone.

Instead, leveraging the luminescent properties is a promising
strategy to design MOF-based sensor devices for the detection
of gases: for instance, fluorescent quenching can be observed
in the presence of acetone due to the overlap of its absorp-
tion band with the characteristic emission of the MOF.[01]
However, because a decrease in emission intensity (or turn-
off behavior) could also stem from photodegradation, or other
phenomena, a shift in emission is a simpler way of detection.
Such vapochromic behavior, which describes a visible color
change when exposed to a gaseous analyte, is a promising way
for signal transduction in optical sensors, and yet, this pheno-
menon is unattainable in most MOF materials. Few exemptions
do however exist: the luminescent octahedron@ZIF-8 com-
posite material exhibits a visible color change under UV irra-
diation when exposed to acetone for more than 15 min.'® An
even faster response (within seconds) is achieved by the “OX-1”
framework, a zinc-based MOF with 14-benzenedicarboxylic
acid (BDC) as the organic linker.”” Only the confinement of
the luminescent guest zinc(II) bis(8-hydroxyquinoline) (ZnQ)
inside the pore channels of the host framework leads to the
opto-chemically responsive ZnQ@OX-1 complex (Figure la—c).
When subjected to UV radiation, the pristine ZnQ complex,
where two 8-hydroxyquinoline (8HQ) aromatic molecules are
coordinated to a single Zn center, emits an intense yellow light,
or if the molecules are isolated in solution, a green light.[2-2
The ZnQ @OX-1 complex, however, exhibits an emission of blue
light (480 nm), which, upon exposure to acetone, changes to a
green emission (510 nm), as shown in Figure 1d. This shift in
maximum emission wavelength is accompanied by quenching
of emission intensity in the macroscopic scale, as the signal is
decreased by one order of magnitude (Figure le). Hence, it is the
unique photochromism, or in other words, its ability to change
luminescent color in the presence of volatile acetone, that
renders ZnQ@OX-1 such a promising candidate for bespoke
application. Of course, solvatochromism, which describes
a change in emission (or color) when subjected to different
solvents, is a well-known phenomenon in MOFs, however, the
fast (approximately seconds), visible response of the ZnQ @0X-1
complex to gaseous acetone is hitherto unique.'®?223 And yet,
even if the ability of the material to sense volatile acetone has
been demonstrated with a proof-of-concept device,"! little is

Adv. Mater. Interfaces 2023, 10, 2201401 2201401 (2 of 1)

known about the underlying sensing mechanism. To address
this challenge, we use a multimodal approach to unravel the
physical and chemical interactions that are responsible for the
unique gas sensing behavior. Herein, we employ spectroscopy
techniques ranging from near-field and conventional Fourier
transform infrared spectroscopy (FTIR) to large-scale facilities
such as synchrotron-radiation based FTIR and inelastic neu-
tron scattering (INS); all these empirical observations are fur-
ther corroborated by density functional theory calculations. As
a result, we acquire a thorough understanding of the sensing
mechanism itself, which holds the key to tune the material fur-
ther for enhanced sensing performance towards application.

2. Results and Discussions

2.1. Inelastic Neutron Scattering

Employing the TOSCA spectrometer!?! at ISIS Neutron and
Muon Spallation Source, we performed inelastic neutron scat-
tering (INS) measurements to unravel the conformational
changes in the framework upon guest encapsulation and sub-
sequent exposure to acetone. Herein, each sample was probed
at 10 K for several hours. As a reference, we measured the pris-
tine OX-1 material which does not possess any sensing abili-
ties. When exposed to acetone, all additional peaks emerging in
the INS spectrum can directly be assigned to acetone peaks and
thus, the resulting spectrum is simply a superposition of the
two spectra associated with pristine OX-1 and acetone, respec-
tively, instead of indicating chemical changes (Figure 2a). Only
in the low-energy region, the sharp peaks of pristine acetone are
broadened, since, instead of crystallizing at low temperatures,
the acetone molecules are isolated in the pores of the frame-
work resulting in the loss of long-range order. In general, the
modes are unaffected, and it is the lack of interactions between
OX-1 and the analyte that explains why the material does not
respond to the presence of acetone. However, if ZnQ is encapsu-
lated in the framework material, we observe salient changes in
the INS spectrum compared to pristine OX-1 (Figure 2b). While
the presence of most peaks can be linked with peaks of either
ZnQ or OX-1, such as the additional peaks at 190 or 590 cm™,
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Figure 2. Inelastic neutron scattering (INS) spectra of ZnQ@OX-1 systems (scaled by mass). a) INS spectra of OX-1 before and during exposure to
acetone compared with pristine acetone, reproduced from S.F. Parker, ISIS Facility, Chilton, UK. b) INS spectra of ZnQ@OX-1 and pristine host and
guest materials. The broadband spectrum of ZnQ was scaled down for better comparison. c) ZnQ@OX-1 before and during exposure to acetone.
d) Illustration of key vibrational modes of OX-1 affected by guest encapsulation.

or the shoulder at =950 cm™ (all assigned to the ZnQ guest), in a region where we observe deformation of the O—Zn—0O
a few changes which differ from simple superposition can be  groups (Figure 2b), as derived from density functional theory
discovered. For instance, an additional peak at 107 cm™ appears  calculations (see Table S3 in Supporting Information). This
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indicates structural changes and stronger O—Zn—O coordina-
tion, perhaps due to the interactions with the ZnQ complex.
Meanwhile, the intensities of the peaks at 151, 227, 351 and
547 cm™., associated with pristine OX-1, are reduced, especially
in relation to nearby peaks (Figure 2b). The modes at 151 and
227 cm™! are ascribed to symmetric and asymmetric stretches
of the Zn—0O bonds resulting in out-of-plane deformations of
the ring, which, consequently, trigger breathing-like modes of
the pore. The two vibrations at 351 and 547 cm™! that are associ-
ated with an asymmetric stretch of the Zn—0O bond cause in-
plane deformations of the ring, such as rotations. Significantly,
the reduced intensity of these four “bulky” modes indicates
their hindrance due to guest encapsulation.

These observed changes cannot simply be explained by super-
position of the INS spectra of the pristine materials and are
therefore a strong indicator for interactions between the lumi-
nescent guest and host framework in the ZnQ@OX-1 system.
Interestingly, when the resulting ZnQ@OX-1 complex is then
exposed to acetone, precisely these vibrational bands are among
the ones that exhibit noticeable change, even if, at first glance,
the spectrum seems to be the sum of the peaks of ZnQ@OX-1
and acetone. A close look reveals that the vibrational band at
190 cm™, associated with the ZnQ guest molecule, has reduced
intensity in the presence of acetone. Similarly, the intensities
of the peak at 351 cm™, which is characteristic for OX-1 but
is reduced in the host-guest system, and the one at 371 cm™
change in relation to each other upon exposure to acetone.
In addition, the shape of the vibrational band at 252 cm™
(Zn-0O asymmetric stretch and tilting of the ring) is broadened,
perhaps due to masking by the acetone peak (Figure 2c,d).
Given that most spectral variations differ from superposition
of the INS spectra of ZnQ@OX-1 and acetone, actual chem-
ical and structural changes that are responsible for the unique
sensing behavior, occur in the framework.

2.2. Synchrotron-Based FTIR Spectroscopy

To address these changes that are so crucial to understanding
the mechanism itself, we performed density functional theory
(DFT) calculations and (synchrotron-radiation) SR-FTIR at
the MIRIAM beamline B22 at the Diamond Light Source
(Oxfordshire, UK). The main advantage of the latter is that
we can measure the full broadband spectrum (far-IR from
40-600 cm™, and mid-IR from 400 to 2000 cm™). Herein, we
employed the Bruker Vertex FTIR spectrometer under vacuum
with two different beam splitters (Mylar and KBr), as well as
a bolometer and a built-in detector to measure the far-IR and
mid-IR regions, respectively. Only the combination with DFT
simulation however can attribute the physical vibrations with
the observed peaks, therefore, we performed frequency calcula-
tions of OX-1 with the CRYSTAL17 DFT code.l?>2¢l Because the
PBEsol0-3c composite method has recently emerged as a cost-
effective way to simulate MOF materials, it was used in this work
to provide functionals with basis sets for each of the 202 atoms
per unit cell.”-3! The continuous IR spectrum was obtained by
fitting the calculated frequencies with Lorentzian peak shapes
with a FWHM of 10 cm™. As shown in Figure 3a, a good
match between theory and empirically measured IR spectrum
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is achieved. Crucially, in the far-IR region, we can observe lat-
tice vibrations, or so-called collective Terahertz modes, which
are inherently linked with structural vibrations of the entire
framework, while vibrations of specific functional groups are
registered in the mid-IR region.

Considering the full broadband spectrum thus reveals both
structural and chemical information. For instance, the low-energy
or Terahertz region encompasses lattice dynamics where key
vibrational modes trigger channel-opening or shearing modes
that can underpin physical phenomena ranging from enhanced
gas uptake to structural instabilities.3?34 Below 270 cm™,
vibrational modes of the Zn—0 with a change of angle between
the bonds introduce structural deformations of the pore and
channels, for instance by causing a rotation of the entire linker
units. Stretching vibrations of the metal clusters, on the other
hand, are prevalent in the region between 270 and 470 cm™.
Even if the Zn atoms are involved in the asymmetric stretching
modes observed above 470 cm™ and below 700 ¢cm™, they
remain fixed and instead, in-phase ring deformations are
triggered. Accordingly, in-phase and out-of-phase ring deforma-
tions are observed in the region of 700-1000 cm™!, more specifi-
cally caused by stretching modes of the O—C—O groups below
850 cm'’. Vibrational modes associated with the stretching of
C—C bonds and scissoring (or rocking) of the C—H groups
appear below 2000 cm™, while peaks above can be attributed
to stretching modes of the C—H bonds. It is worth mentioning
that a complete assignment of the vibrational modes of OX-1
can be found in the Supporting Information (see Table S3).

Upon exposure to acetone, OX-1 does not reveal any signifi-
cant spectral changes (Figure 3a). One might argue that the
general intensity is increased in the far-IR region and decreased
in the mid-IR region; however, this feature is a bulk shift in
intensity rather than spectral changes of individual peaks.
It is the encapsulation of ZnQ in OX-1 that leads to spectral
changes which cannot simply be explained by the coexistence
of guest and host material, as already indicated in the INS
spectra. Instead, the host—guest interactions might in fact alter
the chemical environment, or even the structural lattice as a
whole. This hypothesis can be confirmed by SR-FTIR measure-
ments when comparing two different synthetic routes. First, we
encapsulated commercially available ZnQ in the OX-1 frame-
work (termed “ZnQ@OX-1 commercial”). Interestingly, albeit
unveiling the same spectral features as OX-1 (Figure 3b), this
synthetic route leads to a material without any sensing abilities,
already emitting green light (Figure S14, Supporting Informa-
tion). The second approach involves a one-pot synthesis, where
ZnQ and OX-1 form simultaneously from the reactants zinc
nitrate hexahydrate, 1,4-benzenedicarboxylate (BDC) linker, and
8-hydroxyquinoline (8HQ). However, the resulting ZnQ@O0X-1
system exhibits significant spectral deviations from the pristine
OX-1 framework material, in particularly in the far-IR region
(Figure 3b). This is precisely where collective modes are prev-
alent, and the strong changes indicate that indeed, structural
changes, remaining N,N-dimethylformamide (DMF) molecules
from the synthesis, or even defects occur in the OX-1 framework
when ZnQ is synthesized and confined in the same reaction. In
fact, these findings can explain previously reported variations in
the PXRD patterns of OX-1 and ZnQ@OX-1.") Similarly, actual
chemical interactions emerge between the framework, ZnQ
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Figure 3. SR-FTIR spectra. a) OX-1 and acetone reveal no spectral changes. b) Simultaneous formation and encapsulation of ZnQ in the OX-1 frame-
work lead to structural and chemical changes that are not observed when commercial ZnQ is added during the synthesis of OX-1 (ZnQ@OX-1 com-
mercial). These chemical interactions are key to the sensing performance. c) Upon exposure to acetone, chemical changes are observed. d) Insets
show comparison with pristine guest material and evolution of specific modes upon exposure to various solvents.
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complex, and solvents, that are key to the sensing performance,
while the functional groups of both materials are still intact, as
shown in the mid-IR region, where all additional peaks can be
explained by the presence of ZnQ (Figure 3b).

Since the simultaneous formation of ZnQ and OX-1 lattice
induce a competition for Zn atoms, some 8HQ molecules
might be bound to Zn clusters of the framework, or even inter-
acting with the BDC linker and remaining DMF molecules in
the axial position. As a result, the confined ZnQ complex is in
fact a derivative, where the altered atomic environment leads
to different electronic states, and thus distinctive luminescent
behavior. This phenomenon can ultimately explain why we
observe the blue emission instead of the green emission, which
would be characteristic for ZnQ if isolated in the pores of the
framework. As soon as the ZnQ@OX-1 complex is exposed to
solvents such as acetone, water, or methanol—all of these rela-
tively “small” solvents that can infiltrate the framework through
channels and pores—spectral changes are induced, while
“larger” solvents (e.g., DMF) do not disrupt the framework
(Figure 3c,d, Figures S10 and S11, Supporting Information), as
they do not enter in the pores.

We also probed derivatives of the ZnQ@OX-1 system
(BHQ@OX-1, commercial ZnQ@OX-1), exposed to acetone
and other solvents, and yet, only the ZnQ@OX-1 complex, as
synthesized in a one-pot reaction, exhibited a visible response.
Even though small spectral changes can be observed if SHQ@
OX-1 is exposed to acetone, an observation which we attribute
to the coordination of some 8HQ molecules to the Zn clusters
of OX-1 (and de facto forming ZnQ complexes), their concen-
tration is still too small to produce an emissive material. There-
fore, neither a visible change in color nor any optochemical
response can be observed for 8HQ@OX-1 as opposed to the
ZnQ@OX-1 system. The sensing mechanism of the latter is
better understood through a closer look at the spectral changes
happening in the presence of acetone. For instance, upon
exposure, the peak at 169 cm™ shifts back to a lower energy at
158 cm™!, a peak that is linked with O—Zn—O wagging and
ring torsion in pristine OX-1. Similarly, the intensity of the
additional peak at 199 cm™, only observed after guest confine-
ment and attributed to the CHj rocking and C-O-Zn rocking
in ZnQ, is reduced (Figure 3c). This almost indicates that the
framework “recovers” when small solvents enter the frame-
work and disrupt the host-guest interactions between ZnQ
and OX-1. The intensity of the peak at 374 cm™, which is only
observed in ZnQ@OX-1 and can be attributed to the vibra-
tions of the Zn—0O bonds in ZnQ, decreases when the mate-
rial is exposed to acetone, or other small solvents, whereas
less pronounced changes to this vibrational band are exhibited
in the presence of the larger 2-propanol (IPA) molecules, as,
due to their size, they will infiltrate the framework at a slower
rate (Figure 3d). No changes are observed when the material is
exposed to DMF, as remaining solvent molecules are likely to
be present in the framework after synthesis. It is worth noting
that this peak is absent in the 8HQ molecule without coordina-
tion to Zn clusters.

The above finding leads to the conclusion that, upon expo-
sure to small solvents (e.g., water, MeOH, and acetone), the
host—guest interactions are disrupted as the solvent molecules
enter the framework, and as a result, the guest interacts with
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the solvent rather than the framework. Now, the Zn—O and
Zn—N interactions of the guest that is partially bound to the
framework, with the zinc atom initially connected to one qui-
noline molecule and the framework on the other coordina-
tion site, are disturbed, and the guest is not fully coordinated
to the framework anymore. The same is true for the peak at
417 cm™, which, too, is attributed to Zn—0O modes in ZnQ.
When exposed to acetone or methanol, this peak is shifted to
425 cm™, a mode associated with 8HQ (Figure 3d). Akin to the
previous explanation, the solvent molecules interrupt the inter-
actions between ZnQ and OX-1, and the confined ZnQ complex
is not coordinated with the framework anymore. Instead, the
spectral fingerprint of the framework is more similar to pris-
tine OX-1, and a mix of conventional ZnQ and 8HQ molecules
is prevalent. If the ZnQ@OX-1 system is exposed to acetone
or methanol, this phenomenon, coupled with the possibility of
guest aggregation, can also explain the observed decrease and
shift in emission intensity to the one expected for undistorted
ZnQ.

2.3. In Situ Gas Dosing Experiments with Synchrotron-Based
FTIR Spectroscopy

While these findings explain the sensing mechanisms, we
now turn to the open questions on the level of detection and
reversibility of the sensing itself. Again, we employed SR-FTIR,
albeit operated with a Harrick flow cell, where small amounts
of acetone were injected into dry nitrogen carrier gas. One
useful assumption to make is that all the liquid acetone injected
into the system vaporizes and passes through the sample cell,
although some trace amounts are likely to remain on the metal
surfaces of the pipes leading up to the sample cell. For a first
approximation, this assumption allows for a calculation of ace-
tone concentration: if the total volume under the surface of the
time-resolved acetone vapor spectra corresponds to the amount
of acetone injected, then the volume element at any point in
time under these spectra corresponds to a proportional frac-
tion of the total volume of acetone injected. Integration over
the entire spectrum at a specific time then provides the acetone
concentration in the sample cell at that time step (Figure 4a—c).
The injected volume was altered between 1 and 50 UL, and yet,
the maximum concentration of acetone in the cell remained
under 8 g L or 0.8% of cell volume (Figure 4c). There is no
doubt that additional peaks at 392, 492, 529, 1220, 1358, and
1710 cm™! can be observed when acetone reaches the pristine
OX-1 sample (Figure 4d). But while this is true, all these peaks
can directly be assigned to the peaks of acetone, indicating
the lack of chemical interactions between the sample and vola-
tile gas. As expected, the injection of higher amounts of acetone
(10, 20, and 30 pL) leads to stronger occurrence of the corre-
sponding peaks, while the recurrent injection of 30 UL demon-
strates reversibility of the measurement, although some acetone
is deemed to remain on the surface of the cell (Figure 4d).

The optochemically responsive ZnQ@OX-1 complex, in turn,
exhibits strong spectral changes upon gas dosing with acetone.
As little as 5 pL (or 1.5 g L' in the sample cell) is enough for
the material’s response to be detected in the FTIR spectrum
(Figure 5b). To some extent, the responsiveness scales with the
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Figure 4. Reference measurements for gas dosing experiments with SR-FTIR. a) Time-resolved spectra of flow cell exposed to N, carrier gas with ace-
tone injections. b) 3D plot of transient spectra corresponding to the second injection. At t =100 min, the flow rate was increased to flush the remaining
acetone. c) Calculated acetone concentration in cell after injections. d) OX-1 exposed to acetone injections: i) far-IR spectrum, 5 times injected with
30 pL, ii) mid-IR spectrum, injected with 10, 20, and 30 pL, iii) Mid-IR spectrum injected with 5 x 30 pL.

amount of acetone injected, although the system seems to be
saturated after high injections and irreversible changes in the
spectrum appear. On the question of reversibility, we repeat-
edly injected 30 pL into the system, and the response is clearly
reversible, however, the same trend that large amounts of ace-
tone induce permanent changes in the framework eventually
reduce the sensing ability of the material (Figure 5c). As dis-
cussed before, the key vibrational band at 169 cm™, associated
with Zn—0O wagging and ring torsion in OX-1, is shifted, and
the peak at 199 cm™ that has emerged after guest encapsula-
tion is strongly reduced when exposed to acetone (Figure 5d-i).
Similarly, the peak at 374 cm™ (Zn—O0) decreases, even perma-
nently, and does not recover. An additional peak emerges at
439 cm, and the peak at 417 cm™ is shifted to higher ener-
gies, indicating that Zn—O bonds are replaced with O—H
bonds, as the interactions between the solvent and ZnQ sub-
stitute the host—guest interactions (Figure 5d-ii). Turning to
the mid-IR region, we observe an increase of the vibrations
around 1710 cm™! that are related to the presence of acetone.
Interestingly, the linker vibrations at 1582 and 1654 cm™, both
initially decreased and shifted to lower wavenumber when ZnQ
is encapsulated, are now subject to changes in intensity and
shifted in wavelengths, respectively, while ring modes (such
as 1494 cm™!) neither change upon guest encapsulation nor
in the presence of acetone (Figure 5d-iii). The main difference
lies in the functional groups that are involved: it is mainly the
modes associated with the C and O atoms of the linker that are
affected by host—guest and solvent interactions rather than the

Adv. Mater. Interfaces 2023, 10, 2201401 2201401 (7 ofTI)

aromatic rings. More specifically, the intensity of the peak at
1654 cm™ (or 1737 cm™ in the unscaled DFT simulation) that
is associated with the twisting mode of the O—C—0O groups is
strongly decreased in the presence of acetone or methanol. The
peak at 1494 cm™ (=1567 cm™! in DFT simulated spectrum), in
contrast, is attributed to CH rocking and in-phase ring mode,
and thus hardly affected. This is an indicator that ZnQ interacts
with both the O atoms in the linker and the Zn clusters, but
not with the aromatic ring itself. Similarly, the ring of the ZnQ
molecule is unaffected by host-guest interactions, as confirmed
by DFT calculations, where two different models were simu-
lated (Figure S18, Supporting Information). Hence, the strong
interactions between the Zn and O atoms of the linker, Zn clus-
ters, ZnQ, and DMF that result in a distorted framework and
an altered ZnQ complex, hold the key to the extremely sensitive
behavior, and the ability to sense volatile acetone, which fur-
ther relies on the ability of small solvent molecules to enter the
framework and disrupt bespoke interactions.

2.4. Fluorescence Spectroscopy and In Situ Gas Dosing
with Near-Field Infrared Spectroscopy

The foregoing findings, which in fact suggest that even low
amounts of volatile acetone can lead to an optochemical
response of the ZnQ@OX-1 complex, motivated us to per-
form gas dosing experiments with fluorescence spectroscopy,
since changes in emission can be detected more easily than

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 5. Gas dosing experiments of ZnQ@OX-1 with SR-FTIR. a) SR-FTIR absorption spectra of ZnQ@OX-1 before and after exposure to acetone
compared with in situ gas dosing measurements using transmission SR-FTIR. b) Contour plots showing time-dependent spectral data of ZnQ@OX-1
exposed to increasing amounts of acetone (i. far-IR, ii. mid-IR, iii. Zoomed into region 700-850 cm™). c) ZnQ@OX-1 exposed to 5 injections of 30 pL
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140 160 180 200 220

1550 1600 1650 1700

Adv. Mater. Interfaces 2023, 10, 2201401 2201401 (8 of 11) © 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

85U80|7 SUOWIWOD 3AEaID 3|qedl|dde 8y Aq peusenob are Sa|oile YO ‘@SN JO SanJ o} ARig1TaUIIUO 8|1 UO (SUOI pUOD-pUe-SWRY W00 A3 1M AReql1 U1 UO//SA1Y) SUORIPUOD pUe LB | 84} 88S *[€£202/20/T0] Uo A%eiqiT auljuo A8|iM ‘8L Ad TOKT0ZZ0g WPe/Z00T OT/I0p/w0d A8 |imAeld 1 [eu uo//Sdny wolj papeojumod ‘€ ‘€202 ‘0SEL96TZ



ADVANCED

ADVANCED
MATERIALS

SCIENCE NEWS

www.advancedsciencenews.com

INTERFACES

www.advmatinterfaces.de

a) 24 — b) 8
— Initial
22 ] ——ZnQ@OX-1
20 (after 80 min)
18] 6 ——— 50 ppm acetone
- 164 -
=3 =]
8 17 8
2 124 2 4
0 |2
s "7 g
£ 8- =
6+ 24
4
24
0 04
-2 T T T T T T T T T T T T T T
400 450 500 550 600 650 700 400 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm)
c) 3.0

before exposure

2.5

2.0+

during exposure |
|
)

nanoFTIR intensity (a. u.)
P
!

"~
N &
LY SV
1.0 Y -
after exposure
0.5+
0.0+

T T : T T T
600 800 1000 1200 1400 1600
Wavenumber (cm™)

T T
1800 2000 2200

Figure 6. Response of ZnQ@OX-1 to low concentrations of acetone. a) Emission spectra of ZnQ@OX-1 after exposure to air. b) Emission spectra of
ZnQ@OX-1 after 80 min (stable emission) and exposed to 50 ppm volatile acetone. c) Near-field infrared spectroscopy on a 20 nm spot on individual
crystals of ZnQ@OX-1 before, during and after exposure to acetone (position indicated in AFM image).

chemical transformations in FTIR spectroscopy. In the light of
this, we employed a fluorescence spectrometer with a custom-
ized gas flow cell to dose the sample with acetone concentrations
as low as 5 ppm (see Figure S3, Supporting Information). Prior
to dosing, a strong decrease in emission intensity is observed;
a trend that we attribute to the initial “activation” of the pristine
material (Figure 5a). Either it is the photo-instability induced
by the strong emission of the Xenon lamp, or the sensitivity to
the humidity of ZnQ@OX-1 in the presence of ambient air. The
latter seems to be more likely, especially, since we performed
the same experiment without intermediate steps to avoid
illumination of the sample, and the same decrease in intensity
with time was observed. Nevertheless, after 60 min, the change
in emission intensity has stagnated. With this stability being
attained, a low concentration of acetone (e.g., 50 ppm) was
then injected into the closed system, and vaporized in a round-
bottom flask heated at 50 °C before reaching the sample cell
through pipes. Interestingly, even such low concentrations of
acetone vapor, lead to the shift in emission from 480 to 510 nm,
coupled with a strong quenching of emission (Figure 6a,b). An
irreversible response is however observed if larger amounts of
acetone are adsorbed by the sample.

To push the limit of detection even further, we used nanoscale
analytical techniques to show in situ gas adsorption from a new
perspective: at the single-crystal level. Herein, scattering-type
scanning near-field optical microscopy (s-SNOM) in combina-
tion with nano-FTIR allowed us to measure the IR spectrum of
a 20 nm spot on the ZnQ@OX-1 crystal.?>37] We then exposed

Adv. Mater. Interfaces 2023, 10, 2201401 2201401 (9 of'l'l)

the crystal to acetone vapor by placing an open vial with liquid
acetone in proximity to the measurement stage. During the
measurement, the acetone evaporates and reaches the ZnQ@
OX-1 sample. Interestingly, as shown in Figure 6c, we observe
the same spectral changes from a single crystal when compared
with “bulk” measurements performed on polycrystalline sam-
ples in the order of milligrams (conventional FTIR techniques,
fluorescence spectroscopy) to grams (INS). More specifically,
only during exposure, the acetone peaks at 1358 and 1710 cm™
emerge in the nano-FTIR spectrum and disappear again, while
the acetone-induced chemical changes in the framework, such
as the substitution of Zn—O bonds (indicated by the peak at
1654 cm™!) and DMF molecules, are even detectable after expo-
sure. This first exemplar of in situ gas adsorption on single
crystal not only demonstrates a new nanoscopic route to study
sensing phenomena on much smaller scales, but also unveils
the strong response of ZnQ@OX-1 to acetone vapor.

3. Conclusion

In summary, we performed an in depth and multimodal study
on the unique sensing behavior of ZnQ@OX-1, which exhibits
a visible luminescent color change when exposed to small
amounts of volatile acetone. Using high-resolution spectro-
scopy techniques based on INS and SR-FTIR revealed that the
OX-1 framework changes when ZnQ is encapsulated in a one-
pot synthetic route. Corresponding DFT simulations explained
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the empirically shown vibrational changes and provided further
insights into the sensing mechanism: during the synthesis, the
interaction with DMF solvent molecules and the competition
for Zn clusters between the formation of OX-1 and ZnQ led
to a distorted framework and a derivative ZnQ complex exhib-
iting different luminescent behavior when compared to ZnQ
either in solution or aggregates (see Figure S15 in the Sup-
porting Information). Upon exposure to acetone, or other small
molecule solvents, the host—guest interactions are disrupted
and ZnQ returns to its normal state, as revealed by the green
emission that is expected when ZnQ is isolated in the pores of
OX-1. Using in situ gas dosing experiments with synchrotron
radiation, we observed a reversible response, although large
amounts of acetone led to irreversible changes. To push the
limit of detection, we further employed fluorescence spectro-
scopy, where amounts as low as 50 ppm of acetone resulted in
the quenching and shift in emission. In addition, we achieved
the first in situ gas adsorption on single-crystals using near-
field infrared nanospectroscopy, which reveal the same spec-
tral changes as observed with conventional FTIR techniques.
We found that ZnQ@OX-1 is unstable in water vapor and
therefore, the design of a sensing device focusing on human
breath needs further development to shield the active mate-
rial from water-induced degradation (e.g., encapsulation in a
hydrophobic polyvinyl difluoride (PVDF) matrix). Our findings
explain the underlying mechanism of the exceptional sensing
behavior of ZnQ@OX-1 that was previously unknown. Ulti-
mately, this understanding can be leveraged to tune the system
further and achieve better stability while maintaining the high-
sensitivity sensing performance.
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Every day is a new day. It is better to be lucky:.
But I would rather be exact.
Then when luck comes you are ready.

— Ernest Hemingway, The Old Man and the Sea
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6.1 Structure, synthesis and characterisation of
Z1F-71

Because sensitivity to humidity may seriously hinder the application of MOF-based
sensors, a material with intrinsic hydrophobicity is truly beneficial for enhanced

sensing performance. Therefore, a bottom-up approach, where a hydrophobic
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MOF system is selected and thoroughly characterised prior to tuning its properties
for targeted sensing application, is suggested here. Although a range of suitable
MOF materials exists, we have identified the zeolitic imidazolate framework ZIF-
71 for further investigation not only due to its hydrophobicity, chemical and
thermal stability, but also because it is easy to synthesise in a time-saving and
low-cost one-pot synthesis route; all these features warrant central feasibility for
industrial application.[40, 205] More specifically, ZIF-71 is attained by combining
4 5-dichloroimidazolate (dcIm) and zinc acetate, both dissolved in methanol, to form
a 3-D coordination network of zinc cations bridged by the dclm linkers. [206, [207]
Crystallising in a RHO-type topology with cubic symmetry (see Figure , the
framework possesses large a-cages with a diameter of 16.5 - 16.8 A, that even exceed
the porosity of other well-studied and promising MOF-materials such as ZIF-8.[124]

Particularly beneficial for gas sensing are, indeed, large pores, as they allow for
capture and concentration of the gas species; however, it is also the pore aperture
that can enhance sensitivity and selectivity. In the case of ZIF-71, the largest
cage window, with aperture dimensions of 4.2 - 4.8 A, is still significantly smaller
than the diameter of the cavity, thus facilitating the trapping of molecules inside
the pore. Whilst small pore apertures further lead to size exclusion of larger
molecules, another way to achieve selectivity is by leveraging functional adsorption
sites: when compared to the mIm linker in ZIF-8, with only hydrogen atoms
surrounding the ring, the additional chlorine atoms as part of the linker group in
ZIF-71 offer reaction sites for adsorption and tailored host-guest interactions. Yet,
the major merit of ZIF-71, which is especially highlighted in comparison to OX-1
(Chapter 5), lies not only in its porosity and structure, but also in its inherent
hydrophobicity.[148] Similar to ZIF-8, however, the outermost surface of ZIF-71
could be hydrophilic due to the presence of defects during crystallisation, as exposed
in Chapter 4. Because the dcIm in solution may attack the partially positive zinc
ions, defect-terminating groups involving -N-H can emerge at the crystal surface,
thereby creating possible adsorption sites for hydrogen bonding with water.[206]

Unless such functional sites are sought after for specific adsorption application, it
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Figure 6.1: Framework structure of ZIF-71: a) ZIF-71 unit cell where the inorganic
building blocks are illustrated by the ZnN, tetrahedra. b) Building unit showing the
Zn—dcIM-Zn linkages. c) Blue surfaces denoting the nanopore, corresponding to the
solvent accessible volume (SAV probe radius = 2A) within the open framework structure.
d) Tllustration of the RHO topology, highlighting the apertures of the 4-, 6-, and 8-
membered rings (MR). Reprinted with permission from . Copyright 2022 American
Chemical Society.

is therefore necessary to meticulously control the growth process and crystal size

to achieve the desired properties for application.

6.1.1 Crystal size and growth process

How different variables during synthesis, specifically growth time, temperature, use
of solvents, molar ratio of reactants, and the addition of modulators, may influence
the crystal size has been investigated in several studies (see Table . In general, it
is possible to control the size of ZIF-71 crystals ranging from 50 nm to 1-2 ym while
avoiding aggregation. In fact, the growth process itself constitutes of the individual
growth of nanoparticles at the beginning, and the subsequent agglomeration of

these individual crystals.[208, While the individual growth of nanoparticles is
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dominated by Ostwald ripening, a spontaneous process by which nanoparticles grow
at the expense of other adjacent, smaller nanoparticles to reach a thermodynamically
favoured state, the agglomeration is driven by aggregation.|210, 211] The latter
refers to the oriented attachment of dispersed nuclei to grow larger crystals, and it is
thus the driving force for size enlargement, especially during fast crystal growth.[212]

Because the formation of ZIF-71 crystals depends on the nucleation and growth,
and both may occur simultaneously at the beginning of crystallisation, a short
reaction time (< 1 hour) leads to a broad range of particle sizes.[213] After a relatively
longer reaction time (> 1 hour), nucleation is ceased as the solute is depleted during
self-assembly, while the crystals are still growing, and thus, monodispersed particles
are attained. This mechanism can be accelerated by increasing the temperature,
since this will favour the agglomeration of individual nanoparticles, thereby yielding
larger crystals.[213] Turning to the effect of different solvents on the crystal size, it
was found that, generally, the use of methanol would provide larger crystals (1-2 pm),
while their size is reduced if DMF is used.[214-216] The crystal size does not relate
linearly with the amount of DMF present during synthesis, yet, a small amount of
DMF increases the deprotonation rate, and thus the nucleation rate, yielding smaller
crystals (140 — 300 nm), whereas a reaction environment of pure DMF produces
medium-sized crystals (~500 nm) due to a decreased deprotonation rate.|217]
Because DMF molecules are larger than the pore aperture window, it is however
challenging to remove the solvent from the ZIF-71 even after extensive washing steps.

Another way to reduce the size of the crystals is by decelerating the growth
rate, for example, through the addition of formic acid (HCOOH). In the presence
of an acid, the dcIm on the surface of the ZIF-71 nanocrystals are less likely to
be deprotonated, yielding smaller crystals (~400 nm).[218] Or, again focussing on
increasing the nucleation rate, the addition of triethylamine in a HCR method may
also increase the deprotonation rate to produce small nanocrystals in the range of 50 -
150 nm. [115} [219] In general, the ability to control the crystal size is vital for tailoring
the morphology of the material, ranging from single crystals to polycrystalline

membranes and composite materials to ensure functionality of targeted application.
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Factor | Small crystals | Large crystals | Source
Nucleation High nucleation rate | Low nucleation rate

Solvents Small amounts of DMF, Methanol [214; ]216]

excess dclm [192, 217]
Modulators Triethylamine - 1220]
Crystal growth Low rate High rate

Temperature Decrease temperature Increase temperature [213]
Modulators HCOOH - [218]

Table 6.1: Parameters for controlling the size of ZIF-71 crystals during synthesis.

6.2 Potential applications of ZIF-71
6.2.1 Adsorption / separation / pervaporation

Because of its unparalleled structural features, encompassing exceptional porosity
with large cages and relatively smaller pore apertures coupled with its hydrophobic
and organophilic behaviour, ZIF-71 has naturally emerged as an ideal candidate
material for enhanced adsorption and separation, especially for alcohol-water
separation.[206| 207, [213], 221} |222] Herein, ZIF-71 membranes have been proven
beneficial, as, for example, methanol permeates through it in lieu of water due the
water repelling nature of the membrane. In addition, the small aperture windows
can be harnessed for the separation of methanol and ethanol, as the transport
of the latter is hindered due to its larger molecular size.[207, |222] One way to
produce ZIF-71 membranes is by growing crystals onto a support substrate (e.g.
Zn0) using DMF in the synthesis: if, alternatively, methanol was used, the reaction
would be too fast and the crystals would form in the solvents instead of being
attached to the substrate.|213, [214] Another approach involves ZIF-71 as a filler
for polymeric mixed-matrix membranes, which, due to ZIF-71 and its interactions
with the polymer, simultaneously allow for permeability and selectivity that is
uncommon for zeolites or other filler materials.[207), [213] Again, the crystal size
plays a key role for the separation performance of the composite materials, however,
current research has not yet settled on a reliable rule: on one hand, smaller crystals
offer larger surface areas (per unit volume) for better interactions with the polymer,

but on the other hand, they may result in agglomerations due to their outer
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hydrophilic surface.[213, [223] In addition, larger crystals may reduce the transport
resistance due to fewer grain boundaries. Regardless of crystal size, well-dispersed
crystals without agglomerations are crucial for better performance in separation
processes.[222] 224] These not only include alcohol-water, but also organic-organic
systems, where the small window size of the ZIF-71 pores acts as an obstacle for
larger molecule solvents.[225] However, even if the size of dimethyl carbonate (DMC)
exceeds the diameter of the pore aperture, it may still permeate through ZIF-71
membranes — a phenomenon that is assigned to its weak-polar organic character,

and a possible ’gate-opening’ effect of ZIF-71.[222] 226]

6.2.2 Mechanical energy absorption by liquid intrusion

The same characteristics that are so crucial for separation, more specifically, large
pore size, small cage window, and hydrophobicity, are the reasons why ZIF-71 also
outperforms other framework materials such as ZIF-8 in applications targeting the
storage or dissipation of mechanical energy.[227] Upon intrusion of concentrated
electrolytes in liquid phase, ZIF-71 could store almost twice the energy when
compared to ZIF-8, which has previously been considered a promising shock
absorber.[228] Other energy absorption experiments involving pressurised intrusion
of liquid water revealed the same phenomenon: due to the larger pore size and
hydrophobicity of ZIF-71, the water network inside the cage is more stabilised than
in ZIF-8, and it is energetically less favourable for a water molecule to hop to an
adjacent, empty pore.[229] Therefore, the intrusion is hindered, and accordingly,
the absorption of mechanical energy is improved compared to other MOF materials

if water is used for high-impact energy absorption.

6.2.3 Sensing applications

Naturally, the exceptional performance of ZIF-71 in typical applications of nanoporous
materials has further sparked research in its potential use in sensing technologies.
Indeed, a few exemplars exist, where ZIF-71 has shown promising potential as a

host matrix for sensing applications.[115, [219] 230, 231] For instance, a prototype
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sensor for the detection of iodine gas was developed with high selectivity, parts per
billion (ppb)-level sensitivity, good reversibility and fast response time based on
electric sensing. While hydrophilic MOFs usually exhibit a higher iodine adsorption
capacity, their sensitivity to moisture decreases their overall reusability and thus
performance as a gas phase sensor. Remarkably, ZIF-71, with its interaction sites
and hydrophobic nature, matches the iodine adsorption capacity (mass change of
27 %) and the enhancement in electrical response (by 662-fold) of its hydrophilic
counterparts, while providing stability in humid air.[232]

Other prototypical sensors based on ZIF-71 leverage the concept of encapsulating
luminescent guests to realise sensitivity to mechanical stress, temperature, or volatile
organic compounds (VOCs).[219] The nanoconfinement of the fluorescent dye rho-
damine B (RhB) in ZIF-71, for instance, led to the RhBQZIF-71 composite system,
whose luminescence was significantly quenched when exposed to certain VOCs,
especially DMF. Such turn-off type response is observed, since the encapsulated
RhB guest molecules are converted to non-fluorescent lactone in the presence of
a polar aprotic solvent. However, because a decrease in emission intensity could
also originate from photodegradation, or exposure to other gases, further material
tuning is critical to achieve a sensor with higher selectivity.

More promisingly, the same system has demonstrated a turn-off sensing behaviour
that is coupled with a red-shift in its emission spectrum in response to temperature
variations, whereas all other RhB-based temperature sensors only rely on the
decrease in emission intensity.[219] This phenomenon is explained by a caging effect
imposed by the framework when the RhB monomers or aggregates are confined
in the pores. Because the dimensions of aggregates are relatively larger than RhB
monomers, they are strongly affected by nanoconfinement, and due to lower mobility,
their luminescent intensity decreases more slowly, resulting in a red-shift in emission
of the composite system. Similarly, the caging effect further enables mechanical
sensing in the RhBQZIF-71 material: upon increasing pressure, a tighter formation

of J-aggregates with an accompanying red-shift in emission is observed. [219]
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Yet, for sensing applications, it is the turn-on type response that is even more
favourable, as it may only be triggered by specific stimuli, thereby enhancing
selectivity and sensitivity. This has been achieved by encapsulating tetraphenylethy-
lene (TPE) in ZIF-71.[84] Importantly, TPE exhibits aggregation-induced emission,
which describes the enhancement of emission intensity when the molecular vibrations
are restricted in aggregation. Nanoconfinement within the pores of ZIF-71 produces
the same effect of preventing intramolecular rotation, especially under increasing
pressure, and an enhanced fluorescence is observed. This turn-on response to
mechanical impact (mechanochromic behaviour) is unattainable by the pristine
luminescent molecules alone without being confined in the MOF framework.

In addition, sensitivity to acetone vapour was successfully attained with a ZIF-
71 layer coated onto ZnO nanorods, where an auxiliary PDMS layer serves as a
molecular sieve to improve its selectivity.[233] If ZIF-71 is doped with cobalt, a
higher sensitivity to trace amount of acetone (50 ppb) is achieved, as it enhanced
the catalytic effect that can also be harnessed for improved sensing.[234] It is,
however, the adsorption on the metal-oxide nanorods that is ultimately responsible
for the gas-sensing mechanism, whereas ZIF-71 improves the overall resistance to
moisture due to its hydrophobicity, and captures and concentrates the gas for higher
sensitivity. Despite the operating temperature is lowered (150 °C) by the presence

of ZIF-71, these temperatures are still too high for feasible portable gas sensors.

6.3 Physical and chemical properties character-
isation

Nonetheless, these first sensor prototypes based on ZIF-71, coupled with its
recognised ability to outperform other carefully contrived MOFs, indicate its usability
for chemical, mechanical, and pressure sensing. While the intrinsic properties that
are vital for gas capture, separation and adsorption may also be harnessed for
targeted sensing, they can be tuned even further by leveraging the previously
introduced concepts of guest encapsulation, defect engineering and host-guest

interactions. Rational design of the tailored sensing mechanism requires a thorough
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Figure 6.2: Comparison between infrared spectra of ZIF-71 obtained from synchrotron-
radiation (SR) experiments and DFT simulations employing two different basis sets (BS1
and BS2).

understanding of the structural dynamics and fundamental physical properties.
Indeed, the structure of ZIF-71 has been fully resolved, different synthesis routes
to yield various morphologies have been explored, and its physical and chemical
properties have been characterised with an emphasis on its hydrophobicity and
porosity. However, perhaps owing to the complex chemical structure of ZIF-71, a
detailed description of its vibrational dynamics is lacking thus far, even if it would
create the link between the chemical structure and physical properties. Knowledge
of the vibrational dynamics not only provides evidence for any spectroscopic study
on ZIF-71, but the low-energy lattice conformations, in particular, can elucidate
many significant physical and mechanical phenomena observed in ZIF-71.
Herein, we report the complete assignment of vibrational frequencies using
the complementarity of inelastic neutron scattering (INS) measurements and
synchrotron-radiation infrared spectroscopy, jointly with ab initio density functional

theory (DFT) calculations.

6.3.1 Computational details

All-electron basis sets were used for Zn, C, N, Cl, and H atoms, containing 12,480

(BS1) and 16,032 (BS2) local functions for the 816 atoms per unit cell.
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Firstly, the geometry optimisation was carried out using a quasi-Newtonian
algorithm, and was considered complete when the calculation converged to the thresh-
olds for both the RMS and maximum value for the force and atomic displacement,
simultaneously. The corresponding thresholds were 3 x 10> (RMS on gradient),
1.2 x 107* (RMS on displacement), 4.5 x 107> (largest component of gradient), and
1.8 x 10~*(absolute value of largest displacement). Subsequently, the IR frequencies
were calculated at the special point I' = (0,0,0). Here, the dynamical matrix
(“mass-weighted Hessian matrix”) was obtained through numerically evaluating the
first derivatives of the atomic gradients. The IR intensities were then calculated with
the Berry Phase approach; for a detailed description of the performed calculation,
we refer to the work of Pascale et al.[202] The continuous spectrum was obtained
by fitting the calculated IR intensities with Lorentzian peak shapes with a FWHM
of 10 em™! (see Figure . To improve the match with experimental data, the
calculated IR spectra were scaled by using a scaling factor of 0.98 for wavenumbers
(Figure [6.3)).[235] The INS spectrum was calculated from the output of the DFT
frequency calculation using the AbINS v1 execution in the Mantid software.|196]
The excellent match between theory and the experimental broadband spectra is a
striking result (see Figures[6.2 and [6.5)), since ZIF-71, with its 816 atoms in the unit
cell, is among the largest systems yet for which theoretical frequency calculations
have been achieved; further benchmarking the massively-parallel performance of

the CRYSTAL17 DFT code.

6.3.2 Terahertz phenomena

Through a detailed analysis of each vibrational frequency (see Appendix B), we
discover low-energy conformational dynamics and terahertz (THz) modes that can
unravel many important physical phenomena recently observed in ZIF-71. For
instance, we show that the onset of structural amorphisation detected in ZIF-71
during high-pressure intrusion experiments could be associated with a ’soft mode’
observed below ~0.3 THz.[236] Indeed, mechanical stress can induce anti-parallel

shearing forces, which trigger deformations of the 8-member rings (8MR), ultimately
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Figure 6.3: Bulk shift of DFT simulated spectrum versus the experimental mid-IR
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Figure 6.6: Inelastic neutron scattering (INS) data with error bars for a powder sample
of ZIF-71.

causing a collapse of the framework. Even if small-pore zeolites, too, possess SMR,
it is the structural flexibility of ZIF materials that instigates their intrinsic tendency
to collapse due to amorphisation, e.g. under ball—milling. Considering ZIF-71,
mechanical forces can trigger the shearing mode of the 8MR, thereby leading to
conformations of the pore, which, in the extreme case, could even lead to phase
transitions. The complete collapse of the pore can transform ZIF-71 to a dense,
non-porous form: ZIF-72.[40, In fact, this phase transition was observed in
high-impact intrusion experiments and can finally be explained by the shearing
mode discovered in the complex vibrational dynamics.

Second, we identify characteristic vibrational modes that lead to an increase in
pore aperture; this ’gate-opening’ behaviour, coupled with the large pore size, is
key to the extremely high gas uptake capacity witnessed in ZIF-71. Although the
phenomenon of gate-opening has been postulated for ZIF-71 to find an explanation

why molecules that are larger than the pore window can infiltrate the framework,
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unambiguous experimental and theoretical evidence has been lacking thus far. [214]
222, 226] Especially at higher intrusion pressure, even relatively larger molecules
can trigger the twisting of the dcIm linkers, and de facto increase the accessible
pore volume to permeate the framework.[222] This enhanced adsorption capacity
is unique for MOFs with gate-opening behaviour, since such structural flexibility

is unattainable in rigid frameworks.

6.3.3 Mechanical and single-crystal properties

The possibility of pressure-driven anomalies, including increased adsorption, amor-
phisation and phase transitions, is ultimately guided by the underpinning vibrational
dynamics of a material.[41} [101] Similarly, because these phenomena lead to
destabilisation and mechanical anisotropy, they further affect the mechanical
properties of the framework.|239] Only little is however known about the mechanical
properties of ZIF-71, which, at first glance, is surprising given its significant
performance in separation and gas capture. This lack of knowledge is mainly
due to the difficulty to grow individual crystals with sufficient size for instrumented
nanoindentation: while the largest ZIF-71 crystals are in the range of 1-2 um,
crystals with dimensions of at least hundreds of nanometres would be required
for reliable measurements. One way to circumvent this challenge is given by
measuring the elastic stiffness and hardness of polycrystalline monoliths. [86] However,
avoiding agglomeration has emerged as a favourable criterion for most applications
of ZIF-71, and thus, an understanding of the single-crystal properties is paramount
for tuning the material towards engineering devices. Because simulation of the
mechanical properties was conceived unfeasible based on current resources, we
employed nanoscale analytical tools to experimentally investigate the single-crystal
behaviour. These include nanoindentation based on AFM, and near-field infrared
nanospectroscopy.

AFM nanoindentation was performed with the Veeco Dimension 3100 instrument
operating in indentation mode. A Bruker PDNISP probe with a cube-corner

diamond indenter tip (cantilever spring constant 152 N/m, and contact sensitivity
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Figure 6.7: Local nanoFTIR spectra measured on individual ZIF-71 crystals reveal
chemical homogeneity.

of 156.6 nm/V) was used. The nominal contact area was determined based on the
indenter tip geometry established by Zeng and Tan.[240] The mechanical properties
— Young’s modulus (F) and hardness (H) — were derived from the set of indenter
load-vs-displacement curves employing the Oliver and Pharr method, which is
applicable to the cube-corner geometry.[241] For a detailed description of the AFM
nanoindentation methodology for MOF crystals, we refer to the work of Zeng
and Tan.|240] We determined that the Young’s modulus and hardness measured
on individual single crystals of ZIF-71 are relatively lower than in ZIF-8, which
we attributed to the larger pore size of ZIF-71.[159] Further discussion of the
AFM nanoindentation results can be found around Figure 4 of the manuscript
in Section [6.4l

NanoFTIR spectra were collected from an average of 10 Fourier-processed

I spectral resolution, 1024 points per interferogram,

interferograms with 9 cm™
and 10-ms integration time per pixel. All measurements were carried out under
ambient conditions. Although the local nanoFTIR spectra, shown in Figure [6.7]
match the ones measured on the polycrystalline, bulk material, thereby evidencing
chemical homogeneity of the nanocrystals, they hint the presence of surface-related

defects. Specifically, defect-terminating, undercoordinated linker groups may offer

adsorption sites for water molecules, which is linked with the hydrophilic behaviour
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at the outermost surface. These nanoscale measurements therefore invite further
studies based on the strategies presented in Chapter 5.

In summary, our approach that comprises experimental and theoretical evidence
of the vibrational dynamics and single-crystal behaviour of ZIF-71, offers a detailed
description of the fundamental physical properties controlled by its unique chemical
structure and topology. This knowledge could further pave the way to downstream
applications targeting the design of ZIF-71 systems for sensing technologies, since
their physicochemical properties not only outperform hydrophilic frameworks, but

also stable ZIF counterparts.
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6.4 Vibrational modes and terahertz phenomena

of the large-cage zeolitic imidazolate framework-
71
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ABSTRACT: The zeolitic imidazole framework ZIF-71 has the potential to outperform other
well-studied metal—organic frameworks due to its intrinsic hydrophobicity and relatively large

pore size. However, a detailed description of its complex physical phenomena and structural ‘
dynamics has been lacking thus far. Herein, we report the complete assignment of the vibrational |
modes of ZIF-71 using high-resolution inelastic neutron scattering measurements and
synchrotron radiation infrared spectroscopy, corroborated by density functional theory (DFT)
calculations. With its 816 atoms per unit cell, ZIF-71 is the largest system yet for which
frequency calculations have been accomplished employing the CRYSTAL17 DFT code. We
discover low-energy terahertz dynamics such as gate-opening and shearing modes that are
central to the functions and stability of the ZIF-71 framework structure. Nanoscale analytical
methods based on atomic force microscopy (near-field infrared spectroscopy and AFM
nanoindentation) further unravel the local chemical and mechanical properties of ZIF-71 single
crystals.

mong the vast field of nanomaterials, metal—organic enhanced gas capture or mechanical shock absorbance.'” It
frameworks (MOFs) have gained considerable interest crystallizes in a cubic symmetry, and it is constructed from
owing to their unique physical and chemical properties, which large a-cages (16.5—16.8 A of diameter) connected by eight-
are unattainable in other conventional materials. For instance, membered ring (8MR) units with cage windows of 4.2—4.8 A,
their open framework structure assembled from metal clusters in addition to four- and six-membered ring (4MR, 6MR) pore
bridged by organic linkers leads to large surface areas even apertures (see Figure 1). Besides, the coexistence of hydrogen
exceeding those of zeolites, while their organic—inorganic and chlorine atoms in the dcIM linker offers more versatile
character offers novel, tailorable functional properties.' interactions with guest molecules than expected for only
Originating from the traditional use of porous nanomaterials, hydrogen bonds in ZIF-8, advancing reactivity in catalysis or
where MOFs have been proven beneficial for gas capture and selectivity for sensing applications. Yet, perhaps owning to its
storage, the multifunctional nature of MOF:s has paved the way complex structure, this material has not been widely explored,
for an array of innovative applications, including but not which is surprising given that ZIF-71, due to its intrinsic
limited to catal}zrii;, drug delivery, microelectronics, and hydrophobicity, provides excellent chemical stability akin to
chemical sensors. ZIF-8. While a thorough understanding of the physical
One of the most promising candidates for the application of properties of ZIF-8 and its underpinning lattice dynamics has
MOFs is the zeolitic imidazole framework ZIF-8 [Zn(mIM),; been developed,m’m little is known about the fundamental

mIM = 2-methylimidazolate] due to its stability and ease of
synthesis.® ZIF-8 crystallizes in a sodalite (SOD) topology with
an internal pore size of ~10 A, and it has become a
prototypical and well-studied material among the large family
of MOFs.” ZIF-8, or materials in the subclass of ZIFs, in
general, are constructed from metal cations tetrahedrally
coordinated to imidazole-type organic linkers, yielding a
chemically stable framework structure with cage-like subunits.®
While ZIF-8 has indeed sparked considerable scientific and v
technological interests, other ZIF materials, in fact, might even Received:  January 11, 2022 (i o
outperform ZIF-8 in various applications.'”"" For instance, the Accepted:  February 28, 2022
far less studied material ZIF-71, built from Zn cations bridged Published: March 24, 2022
by 4,5-dichloroimidazolate (dcIM) linkers, possesses a RHO-

type structure with pore sizes exceeding those of the SOD-type

ZIF-8, thus rendering ZIF-71 a promising candidate for

vibrational characteristics of ZIF-71, which is so central to
understanding the physical behavior of the material, and thus
there is a gap in knowledge prior to targeting specific
applications.

In this work, we provide the first complete assignment of the
vibrational modes of ZIF-71 using high-resolution neutron and
synchrotron vibrational spectroscopy, in conjunction with ab

© 2022 American Chemical Society https://doi.org/10.1021/acs.jpclett.2c00081

W ACS Publications 2838 J. Phys. Chem. Lett. 2022, 13, 2838—2844



The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

Figure 1. Framework structure of ZIF-71: (a) ZIF-71 unit cell where
the inorganic building blocks are illustrated by the ZnN, tetrahedra.
(b) Building unit showing the Zn—dcIM—Zn linkages. (c) Blue
surfaces denoting the nanopore, corresponding to the solvent
accessible volume (SAV probe radius = 2 A) within the open
framework structure. (d) Illustration of the RHO topology,
highlighting the apertures of the 4-, 6-, and 8-membered rings (MR).

initio quantum mechanical simulations. This multimodal
approach allows us to establish the low-frequency terahertz
(THz) lattice modes and unravel basic mechanistic dynamics,
and further identifies the characteristic vibrational modes in
the mid-infrared region. The results are important because not
only they provide the missing reference for spectroscopic
studies of ZIF-71, but also they hold the key to unlocking
complex host—guest interactions underpinning the functions of
ZIE-71.

To analyze the physical molecular vibrations corresponding
to each mode of ZIF-71, we computed the theoretical spectra
and vibrational frequencies using density functional theory
(DFT), as implemented in a development version of the
CRYSTALI17 code (running in massively parallel processing
(MPP) mode on high-performance clusters).'>'® ZIF-71, with
its 816 atoms per unit cell, is hitherto the largest MOF system
for which theoretical frequency calculations with DFT have
been accomplished, thereby benchmarking the CRYSTAL17
code. We have tested two all-electron basis sets of increasing
size, designated as BS1 and BS2, containing 12 480 and 16 032
local functions, respectively. The calculations were performed
at the B3LYP-D3 level of theory, including two- and three-
body corrections (ABC) to account for dispersion inter-
actions.'”~"” The Fourier transform infrared spectroscopy
(FTIR) data were obtained with synchrotron radiation (SR) at
the MIRIAM beamline at the Diamond Light Source
(Oxfordshire, U.K.). Using two different detectors (bolometer
and built-in detector) and beam splitters (Mylar and KBr,
respectively), the full broadband IR spectrum from 50—2000
cm™! could be measured. For IR spectroscopy, the interaction
between electromagnetic waves and molecular vibrations is
based on dipole changes, which are only induced by
asymmetric vibrations or rotations leading to the so-called
selection rule. To further elucidate the symmetric modes
without dipole change, or the IR inactive modes, these data
sets were complemented with inelastic neutron scattering
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(INS) measurements, performed on the TOSCA spectrometer
at ISIS Neutron & Muon Spallation Source (Oxfordshire,
U.K.).”° Unlike optical spectroscopy techniques, all molecular
motions are observed in INS without the symmetry-based
selection rule; however, in practice, this technique shows
dominant sensitivity to vibrations encompassing hydrogen due
to the exceptionally large scattering cross-section of the
hydrogen nuclei.”' Additionally, the vibrational dynamics in
the low-energy THz region, which are so central to the
structural mechanics of MOF materials, are revealed with INS,
as frequencies as low as 20 cm™' are measured. We further
employed nanoscale analytics, such as infrared nanospectro-
scopy and nanoindentation, to attain the local chemical and
physical information on the individual ZIF-71 crystals. Both
techniques are based on atomic force microscopy (AFM),
albeit operated in different modes: nanoindentation monitors
the strain rates of the AFM indenter tip during the indentation
process to probe the local mechanical properties, specifically
the Young’s modulus (E) and hardness (H) of single crystals.””
Nanospectroscopy is based on a tapping-mode AFM combined
with a scattering-type scanning near-field optical microscope,
where the illuminated tip serves as a source for an evanescent
near-field, to obtain a nanoFTIR spectrum of individual
nanocrystals.”*~>* Together, these multimodal techniques gave
us a detailed “picture” of ZIF-71, comprising its intrinsic
vibrational dynamics, its fundamental physicochemical behav-
ior, and the resulting single-crystal characteristics.

As shown in Figure 2, the calculated IR spectrum yields
excellent agreement with the one measured with SR-FTIR. A
bulk shift of the simulated peaks to lower frequencies was
applied (factor 0.98), which is a common approach
considering the “nanocrystal effect”, as the strengths of real
bonds, even if only slightly, are decreased from the ones of
idealized crystal.”® For reference, the measured INS spectrum
for ZIF-71 is also shown in Figure 2d. It can be seen that the
shape of the predicted spectrum in the low-energy region
matches remarkably well with the INS data (Figure 2¢); this is
a significant result given that establishing a good agreement
between DFT and INS data at low wavenumbers is usually
considered as a challenge even for a less complex frame-
work.'**”** Only the combination with DFT can assign the
physical motions to each observed peak, and a detailed analysis
of all vibrational modes identified different characteristic
spectral regions ranging from high to low energies. Above
2000 cm™, a region typically associated with the stretching
vibration of functional groups, C—H stretching modes are
observed for ZIF-71. In the transition between functional
group and the fingerprint region between 1200 and 2000 cm ™,
the high-intensity peaks are assigned to C—N stretching modes
of the aromatic ring in combination with C—H bending. Below
that, the characteristic modes of the aromatic ring of dcIM are
prevalent in the mid-IR fingerprint region: 900—1200 cm™" for
vibrations describing the in-plane ring modes and 600—900
cm™ for the out-of-plane ring modes, respectively. It is further
evident that the modes involving the ZnN, metal clusters
appear below 500 cm ™, where stretching and bending between
Zn and N are excited at specific frequencies; here, however, the
Zn atoms remain fixed, and the main resulting motions are
associated with the linker units, thus slightly deforming the
pores and channels of ZIF-71. Stronger structural distortions of
the pores, and the framework itself, are expected in the low-
energy, or THz region (<300 cm™), involving the low-energy
collective modes. This is precisely where relations between the

https://doi.org/10.1021/acs.jpclett.2c00081
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Figure 2. Comparison of experimental and theoretical DFT spectra for ZIF-71. (a) Far-infrared (farIR) spectrum measured with synchrotron
radiation (SR) compared with DFT simulated spectrum. (b) Midinfrared (mid-IR) spectrum measured with synchrotron radiation (SR) compared
with DFT simulated spectrum (shifted with a factor of 0.98). (c) Low-energy region of the spectrum obtained with inelastic neutron scattering
(INS), compared with calculated INS spectra derived from the DFT phonon calculation). (d) Simulated and experimental INS spectra of ZIF-71.

physical properties and the lattice dynamics can be instigated, significant lattice dynamics among them is the soft mode at
since soft modes (e.g, breathing modes of the framework), 10.46 cm™' (~0.3 THz), which is assigned to a strong shear
gate-opening, and shearing are linked with adsorption, deformation of the 6- and 8-membered rings (Figure 3a). Such
elasticity, structural transitions, and instability.>** > Between a shearing deformation suggests a propensity to undergo a
170 and 280 cm™', the N—Zn—N bending and stretching phase transformation, potentially to ZIF-72 or COK-17, which
modes are observed introducing tetrahedral deformations, contain, in essence, the same building blocks as ZIF-71, yet
which, in turn, cause distortion of the linker unit, and some— their structures are entirely different: the latter manifests in a
albeit small—structural deformations of the pores will occur. SOD topology akin to ZIF-8 but with a distorted configuration,
Here, vibrations associated with the Cl atoms are also whereas ZIF-72 is a nonporous Ics-type framework lacking the
detected; they can play a key role for they offer additional exceptional porosity of ZIF-71.>"*” Transitioning—or even
interaction sites for guest adsorption. Stronger deformations of structural amorphization as observed in other ZIF materi-
the 4-, 6-, and 8-membered rings (MR) are revealed in the als'#**—seems likely, especially since the shearing mode of the
spectral region below 150 cm™ (< 4.5 THz): this is where 8MR, which are inherently mechanically unstable subject to
intriguing physical phenomena like gate-opening, shearing, antiparallel shear forces given the large pore size of ZIF-71,
pore breathing, and other structural mechanisms underpinning leads to a decrease of the pore that is even more susceptible to
the fundamental properties of the framework are prevalent. collapse.”™** As opposed to small-pore zeolites, which are

Herein, we explore the low-energy collective modes of ZIF- characterized by eight-member ring (8MR) pores and can
71, which encompass contributions from the entire crystalline exhibit high thermal and mechanical stability, ZIFs are more
lattice and thus, are so intrinsically linked with the core likely to collapse to amorphization under ball-milling; a
physical phenomena observed in ZIF materials. While a full tendency that has been demonstrated for five different
description of the vibrational modes is provided in the ZIFs.***” Our findings suggest that, in ZIF-71, too, mechanical
Supporting Information, we illustrate in Figure 3 a few crucial stress can trigger shearing deformations of the 8MR leading to
lattice modes that strike us as exceptional for understanding subsequent amorphization. This soft mode could further
the physical phenomena of ZIF-71. Perhaps one of the most explain the previously observed phase transition reported

2840 https://doi.org/10.1021/acs.jpclett.2c00081
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a) Soft-mode at 10.46 cm™!

b) Vibration at 9.46 cm
triggering gate opening

c) Vibration at 23 cm"
triggering gate opening

Figure 3. Low-energy lattice modes of ZIF-71. (a) Soft mode
associated with a shear deformation of the 8MR. (b, c) Gate-opening
mechanisms of the 8-membered ring (MR) via synchronous rocking
of opposite organic linkers. Pink arrows designate the collective
dynamics affecting the geometry of pore cavity. (d) Vibration
triggering gate-opening of the 6MR through synchronous flapping of
the bridging linkers.

during intrusion-extrusion experiments, where, despite a major
collapse of the ZIF-71 framework, traces of both ZIF-71 and
ZIF-72 were found by X-ray diffraction.®® Consistently, soft
modes have been linked with structural flexibility in switchable
MOFs such as DUT-8, where lattice vibrations revealed by
Raman spectroscopy and computational modeling indicated
differences between rigid and flexible, or porous and
nonporous forms.”

In addition, we discovered three collective modes triggering
gate-opening, a mechanism which could facilitate adsorption
and significantly raise the gas uptake capacity. This is due to
the synchronous flapping (or scissoring mode) of opposite
ligands that results in a greater accessible pore volume via an
opening of the pore aperture. For the 8MR, we detect two gate
opening modes at 9.45 and 23 cm™’, respectively, induced due
to the conformational changes of different linker units as they
pivot around the metal centers (Figure 3b,c). Directly related
to the increase in aperture of the 8MR, a similar, albeit less
pronounced, pore breathing mechanism is propagated in the
adjacent 6MR, whereas the 4MR exhibits shearing deforma-
tion. An actual gate-opening in the 6MR is however identifiable
at 37 cm™' (~1 THz), where the coherent scissoring dynamics
of the linker units located opposite to each other cause an
increase of the pore aperture (Figure 3d). Though much less
explicit, the lattice vibrations involving stretching and twisting
of the Zn—N bonds and ligands also trigger pore deformations
of the 4, 6 or 8MR—be it asymmetric gate-opening, pore
breathing, expansion, contraction, or shearing—and while all
of these mechanisms indeed distort the cage structure, they are
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thus far not assigned to the core physical phenomena observed
in ZIE-71.

To obtain a better understanding of the physical properties
of the individual ZIF-71 crystals, we performed nanoscale
analytical measurements comprising near-field infrared spec-
troscopy and AFM nanoindentation. First, we measure, with a
resolution of 20 nm, the local IR vibrational spectra: they not
only reveal the homogeneity of the chemical composition of a
single crystal (see the Supporting Information, Figure $7), but
their average also offers comparison with conventional (far-
field) ATR-FTIR techniques and the simulated spectrum, as
shown in Figure 4b. For instance, the most pronounced peak at
1054 cm™', assigned to in-plane ring deformation of the linker
with rocking of the C—H groups, is characteristic for ZIF-71,
while the smaller peaks associated with C—N stretching modes
at 1201 cm™" (with C—H bend), 1234 cm™" (ring breathing),
and 1301 cm™' (stretching) are also in agreement with
conventional measurements. The small discrepancies between
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Figure 4. Nanoscale analytics of ZIF-71 single crystals. (a) AFM
image of ZIF-71 crystals with indicated positions for nanoFTIR
measurements. (b) Corresponding nanoFTIR spectra compared with
ATR-FTIR measurements and DFT simulations (shifted with a factor
of 0.98). (c) Individual crystals are selected for AFM nanoindentation
measurements. (d) AFM height profile of the individual crystals
corresponding to the lines designated in part c. (e) AFM
nanoindentation load—displacement (P—h) curves of individual
nanocrystals of ZIF-71. (f) Derived Young’s modulus and (g)
hardness, plotted as a function of the maximum indentation depth.
Dashed lines represent values measured on two different samples of
ZIF-71 monoliths with instrumented nanoindentation by Tricarico et

al*
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the theoretical and experimental spectra around 1500 cm™

stem from the fact that, here, symmetric stretches of the
undercoordinated N—C—Cl groups at the edge of the unit cell
are triggered which are not expected in the ideal, periodic
crystal. Thus, the peak splitting observed in the experimental
data indicates that these modes are in fact present at the crystal
surface. Otherwise, the local single-crystal spectrum matches
the ones measured on bulk, polycrystalline material and
calculated from a periodic lattice; hence, this technique can be
used for direct recognition of the vibrational modes, or the
fingerprint, of ZIF-71, thereby facilitating prospective studies
on the behavior of ZIF-71 with nanoscale resolution.

In addition, we measured the local mechanical properties of
single ZIF-71 crystals by employing AFM nanoindentation.
This technique allows us, with a resolution akin to AFM, to
accurately characterize the elastic stiffness and hardness of
individual ZIF-71 crystals, which is unachievable using
standard techniques, since the growth of large single crystals
of ZIF-71 crystals (approximately hundreds of micrometers)
suitable for instrumented nanoindentation has been proven
challenging up to this point. Herein, we obtain a set of load-vs-
displacement (P—h) curves of several isolated ZIF-71 crystals
with submicrometer size. From these shallow indentations with
a surface penetration depth ranging from 60 to 170 nm, the
Young’s modulus (E) lying in the range of of 1-3 GPa and
hardness (H) between 100 and 300 MPa are determined using
the Oliver and Pharr method, taking into account the cube-
corner geometry of the diamond indenter tip.” It is worth
mentioning that the outlier (E = 8 GPa, H = 800 MPa) was
measured on the inclined crystal (label 6 in Figure 4c—e), and
introduces artifacts, as the lack of smooth and flat sample
surface led to an unreliable contact area determination. Since it
is unfeasible to align the small micrometer-sized crystals
(through dropcasting) for orientation-specific measurement,
only the exposed top surface of each crystal was probed. Owing
to the difficulty to grow significantly (at least 100 times) larger
ZIF-71 crystals, the mechanical properties of ZIF-71 from
instrumented nanoindentation or Brillouin spectroscopy have
not been reported yet, and thus, it is challenging to verify these
experimental values from AFM nanoindentation. However,
while this is true, it is a method that has been shown to achieve
quantitative measurement on the prototypical ZIF-8, where
comparison with conventional techniques and DFT calculation
were feasible. With the efficacy of this method being proven,
we herein report the mechanical properties of ZIF-71 with
nanoscale techniques, which further substantiate these findings.
Additionally, the values of Young’s modulus and hardness are
in reasonable agreement with the ones measured on two
different ZIF-71 monoliths (Figure 4f,g, dotted lines).” While
the two differing values for different samples are explained by
the random orientation of nanocrystals in the monoliths and
intergranular porosity, the discrepancies between monoliths
and single crystals can be linked to various factors including
use of different tips (Berkovich versus cube-corner geometry),
nanostructure packing, anisotropic behavior of single crystals,
or compliance of the AFM cantilever probe. In general,
Young’s modulus of ZIF-71 (E ~ 2 GPa) is notably lower than
the one previously shown for ZIF-8 (3.15 GPa), an observation
which we attribute to the larger pore size of ZIF-71.'*

Knowledge of the mechanical properties paves the way for
further studies targeting pressure-driven mechanical anisotro-
py, phase transitions, and amorphization. All of these are
closely linked with THz phenomena including—but not limited
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to—gate-opening and shearing modes, as previously shown for
ZIF-8.%° Additionally, the discovered gate-opening modes can
finally explain the measured and computed adsorption
isotherms for C, (ethane, ethene) and C; (propane, propene)
gases in ZIF-71.*""* While, at a first glance, the deviations
between experiments and Monte Carlo simulations were
assigned to either host—guest interactions or the complex
structure of ZIF-71, there might be more to that; for C,
molecules, as expected, simulations predicted higher loadings,
for they assume a perfect crystal structure unattainable in
experiment. On the other hand, the experimental gas uptake
for C; molecules is higher than computationally predicted,
especially if the pressure exceeds 0.3 bar. This is a strong
indicator that larger molecules at higher pressure trigger
bespoke gate-opening and thus, pore expansion, which
ultimately leads to increased gas adsorption when compared
to the simulations that assume a rigid framework. The same
trend of structural flexibility can explain the simulated anomaly
of adsorption of water and alcohols at varying pressure in ZIF-
717 At low pressure, the affinity for water adsorption is
relatively weak due to the hydrophobic, nonionic, and
microporous nature of ZIF-71, where only the organic linker
rather than the metal sites offer preferential adsorption sites.
However, with increasing pressure, when entropy effects
determine adsorption, water adsorption increases rapidly
owing to its small molecular size and capillary condensation.
The confinement of adsorbed molecules in a porous
framework material—or, in other words, the hindrance of
motion—leads to a loss of entropy;44 if, however, the
framework is flexible upon increased pressure or temperature,
entropy rises and adsorption capacity is enhanced compared to
a rigid framework.

Yet, we observe less structural flexibility for ZIF-71 in
comparison with the SOD-type ZIF-8, where the mIM linkers
offer a higher capability to twist than the dcIM moieties. For
instance, the swing angle associated with the 8MR aperture
seems to be smaller when compared with the one of the 6 MR
of ZIF-8. In the case of ZIF-71, this could in fact facilitate the
trapping of guest molecules, as a higher internal loading would
not immediately lead to deformation of the pore aperture. One
example is the storage or dissipation of mechanical energy,
using the liquid-phase intrusion of concentrated electrolytes in
a hydrophobic nanoporous framework, where the stored
energy in ZIF-71 is almost doubled compared to that measured
for ZIF-8."* Similarly, ZIF-71 performed better than ZIF-8 in
more recent impact absorbance experiments based on water
intrusion: the larger water network in a ZIF-71 cage is more
stabilized than in the smaller ZIF-8 cage, and accordingly, it is
less favorable for a water molecule to hop to an empty
neighboring ZIF-71 cage.'' This phenomenon increases the
intrusion barrier in ZIF-71 compared to ZIF-8. Albeit less
significantly, the lower flexibility in ZIF-71 could also hinder
water hopping, thereby decelerating the intrusion and thus
enhancing the mechanical energy absorption capacity of ZIF-
71.

The above exemplar, however, is only one of many possible
applications where ZIF-71 can outperform other, well-studied
MOF materials and ZIF counterparts.45 For instance,
functionalizing ZIF-8 with halogenated imidazolate linkers
could increase the CO, uptake, with CI being the most stable;
accordingly, in ZIF-71, the electron-withdrawing Cl groups
offer adsorption sites for enhanced gas loading capacity.*>*’
Similarly, ZIF-71 thin films, as a halogenated material, have

https://doi.org/10.1021/acs.jpclett.2c00081
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been shown to be promising for nanofabrication of MOF
devices targeting low-k dielectrics and photonic sensors.*® Our
work presents the fundamental insights required prior to
developing such applications and technologies by contributing
a full description of the vibrational dynamics of ZIF-71.
Combining DFT calculations with high-resolution synchrotron
FTIR spectroscopy and inelastic neutron scattering not only
completely characterizes each vibrational mode but also further
unravels the key collective modes that are inherently linked
with the material’s properties and functions. For instance, we
discovered shearing modes with potential phase transitioning
and gate-opening modes of the different cages, which could
increase gas uptake. In addition, we explore the single-crystal
properties of ZIF-71 using nanoscale analytical tools. This
allows us, while simultaneously imaging the crystals with AFM,
to locally probe the chemical composition by measuring a
nanoFTIR spectrum from a 20 nm spot, and we further
measured the local mechanical properties to complete the
detailed picture of ZIF-71. We hope to offer the basis for—and
inspire—further studies on the physical behavior of ZIF-71, as
a versatile platform for basic research and application
stemming from its unique topology, hydrophobicity, large
pore size, and nanoscale mechanics.
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7.1 Discussions

Targeting sensing applications, the main aim of this thesis was to investigate the
interplay of physical, chemical, and structural characteristics of metal-organic
framework (MOF) materials. These include host-guest interactions (Chapter 3),
defect engineering (Chapter 4), sensing mechanism (Chapter 5), and structure-
function relations (Chapter 6) to tune their response to external stimuli. Employing
various spectroscopic techniques, ranging from nanoscale analytics to accelerator-
based facilities, in combination with quantum mechanical calculations, I have
explored these underpinning principles of MOFs for sensing from a new perspective:
the single crystal level. In these concluding remarks, I will start by summarising the

main findings of each Chapter, while also discussing their strengths and limitations,

153
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as well as their contributions to the field of research. Building upon these key findings,
I will then expand toward a more general discussion and outlook, demonstrating
how this fundamental knowledge will help the design of tailored properties for

optoelectronics and sensing devices.

7.1.1 Chapter 3 summary

Chapter 3 described the concept of guest encapsulation in the pores of a MOF host,
and summarised the characterisation techniques used to study such guest@MOF
systems. Because it remains challenging to reveal the location of the guest, a new
strategy is proposed to confirm whether the guest species are in fact encapsulated,
or solely attached to the surface of the MOF-type crystals. This chapter comprises

the following main contributions:

o The manuscript (Nano Lett., 2020, 20, 7446-7454.) presents the first system-
atic use of near-field nanospectroscopy in the field of MOFs. I demonstrate
methodologies for sample preparation, data acquisition and analysis; and
a detailed comparison with conventional spectroscopy techniques as well as
DFT simulated spectra proved the feasibility to unveil the local single-crystal

characteristics.

o This is also the first example of these techniques applied for investigating
MOFs with loaded guests. Previously, clearly distinguishing between the
guests being attached on the surface or encapsulated inside the pores of a
MOF has been a controversial matter in the field, especially for applications.
In this chapter, I present a strategy that successfully illustrates the location

of emissive guests in representative MOFs composed of Zn%** or Zr**.

o This chapter highlighted the importance of thorough washing for guest@MOF
systems, which is necessary to remove any excess guest material adhered to

the crystal surface.
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Despite yielding nanoscale-resolved structural and vibrational information of
guest@MOF systems, the presented methodologies have some important limitations.
As it stands, the outlined approach is the best way to prove guest encapsulation on
local scales, since the resolution is beyond the limitation of other techniques; and
yet, we cannot rule out that tiny amounts of guest material may remain on the
surface beyond the sensitivity of detection. However, the strong signal obtained with
FLIM indicates the presence of larger amounts of guest material, which, if solely
attached to the surface, would be detectable with s-SNOM. Especially together with
the observed monoexponential decay of the luminescent monomers, this multimodal
approach supports the notion that the guest species are distributed and successfully
incorporated in the host framework. On the question of distribution, it still remains
challenging to answer how homogeneous the guest molecules are dispersed inside the
framework. Even if the FLIM images suggest a homogenous distribution, they only
represent a 2-D projection, and it is likely that guest molecules were removed from
the unit cells close to the crystal surface during extensive washing. Additionally,
because s-SNOM imaging, nanoFTIR and FLIM only provide qualitative data,
it is impossible to quantify the precise amount of guest loading. It is further
worth noting that only the combination of all presented techniques can probe
the confinement of guest molecules, and that this multimodal approach is solely
applicable for emissive guest species.

Bearing in mind these limitations, the developed methodologies open the door
for verifying the confinement of guests not only in MOF materials, but also in other
porous materials, such as zeolites and hybrid frameworks. Nano-and micro-sized
crystals are however only one example within the vast array of possible applications,
ranging from 2-D nanosheets and mixed-matrix membranes to polycrystalline

films for devices.

7.1.2 Chapter 4 summary

Building on the established feasibility to study the local characteristic of MOF-type

single crystals, Chapter 4 delves into the presence of defects. Firstly, defect engineer-
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ing is introduced as another core principle of tuning MOFs for applications. Secondly,
a literature review summarised the conventional characterisation techniques to study
defects in MOFs, further highlighting that point defects, albeit postulated, have not
yet been probed in ZIF materials. Thirdly, this chapter contributes the following key
findings reported in the published work ACS Appl. Nano Mater., 2022, 5, 6398-64009:

e A new set of techniques, comprising nanoFTIR, tip-force microscopy (TFM),
and DFT calculations, was proposed to expose and characterise structural

defects in crystalline materials.
o For the first time, point defects in ZIF materials were directly probed.

o By tracking the chemical changes during crystallisation, we discovered the co-
existence of different structural defects at early stages of crystallisation. While
zinc vacancies gradually disappear with prolonged growth time, missing linker
defects prevail. These create open metal sites, which decrease hydrophobicity,
but could also be leveraged for advanced reactivity in applications such as

catalysis, gas adsorption, or chemical sensing.

o The impact of structural defects on the mechanical properties of the framework
were revealed by TFM experiments and DF'T calculations. In fact, the observed
higher anisotropy and reduced Young’s modulus can be linked with orientation

of defects.

Even if this study focusses on the chemical and structural changes of ZIF-8
during crystallisation, the materials is sampled only at representative steps during
the growth process, which depicts a major limitation. Ideally, in situ measurements
will become feasible as soon as near-field techniques have fully advanced to liquid
environments.|[242] Another challenge is imposed by tip-force microscopy being
strongly affected by local anomalies such as crystalline edges. To overcome this
challenge, edges were identified by AFM imaging, and their contributions were
filtered out in the measurement of mechanical properties. Yet, because standardised

calibration of TFM is difficult, the comparison of Young’s moduli, which seem to
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have similar values for crystals grown for 3 minutes (1.7 & 0.7 GPa) versus 60
minutes (2.1 £ 0.5 GPa), is still a concern. We therefore consider not only the
mean value itself, but also the variance of the individual point measurements as
an additional indicator; in particular, a bimodal distribution could be observed
for the more defective sample signifying higher anisotropy. To this end, there
are no other experimental techniques available to study mechanical properties of
individual crystals. This is precisely why we additionally performed computational
modelling to simulate the mechanical properties of the ideal and defective ZIF-8
crystals. Here, a point defect was introduced in the unit cell; however, since they are
periodic calculation, the DFT simulations assumed a regular repetition of the defect,
whereas, in practice, the occurrence of point defects is most likely random. Although
extended structural defects may also emerge in ZIF materials, they have not yet
been discovered in the sodalite (SOD)-type structures such as ZIF-8. Therefore,
in this work, we only consider point defects. We mention that point defects such
as open metal sites can potentially be beneficial for applications such as catalysis
or gas adsorption, but do not evaluate these crystals for these uses. Instead, we
focus on the fundamental characterisation of defects in ZIF-8 rather than defect
tuning for applications, for which we referred to reported experimental findings.
Indeed, we provide the so far missing link between experiments and simulation
revealing defects in ZIF-8 to explain the previous empirical findings, and invite

further studies on defects in crystalline materials.

7.1.3 Chapter 5 summary

Turning from promising ways to tune MOFs for sensing applications to the sensing
itself, Chapter 5 discusses how MOF materials detect specific gases. More specifically,
the interactions of a guest@MOF composite material upon exposure to acetone
are scrutinised, not only by near-field analytics and DFT calculations, but also
by embracing other spectroscopy techniques. The findings have been published
in Adv. Mater. Interfaces, 2023, 10, 202201401.
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« Rather than simply observing the response of a MOF to vapour, the underlying
response mechanism is studied to answer open questions governing the host-

guest interactions, limit of detection, and repeatability.

« Using spectroscopy techniques in the far- and mid-infrared regions, i.e. inelastic
neutron scattering and synchrotron-based Fourier transform infrared spec-
troscopy; we found that conformational changes occur both in the framework
and in the luminescent guest molecule upon encapsulation. These findings
explain the green emission of the host-guest composite material, whereas ZnQ)
alone would usually exhibit a yellow (in aggregation) or blue emission (in

solution).

o Guided by density functional theory calculations and spectroscopy techniques,
we further investigated the chemical changes of the ZnQ@QOX-1 system when
exposed to acetone by unveiling the vibrational dynamics. Upon exposure to

small solvents, the host-guest interactions are disrupted.

o In situ gas dosing experiments performed with synchrotron-based FTIR
spectroscopy revealed that as little as 5 ul. of volatile acetone (or 0.2 % in
the cell) led to changes in specific vibrations, and can thus be detected by the
material. This is an exciting finding given that materials which solvatochromic

behavior alone might not even show any response in their IR spectrum.

o To push the limit of detection even further, we used fluorescence spectroscopy
to discover that the shift in emission can be caused by only 50 ppm of volatile

acetone.

o The first in situ gas dosing experiment on the single crystal level is presented

based on near-field infrared nanospectroscopy.

In summary, the multimodal approach we presented here, encompassing spec-
troscopy at large-scale facilities, novel nano-scale analytics and DF'T calculations,

offers an in-depth study of the sensing mechanism at the interface of physical
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properties, chemical structure and optoelectronic response. In the course of this
study, we noted that the material is strongly affected by humidity; it is therefore
unfeasible to engineer a sensor device solely based on OX-1. Instead, an additional
polymeric layer may offer protection, or the material has to be tuned further to
achieve better performance under ambient conditions.

Despite our attempts to explain the sensing mechanism of ZnQ@OX-1, some
questions remain unanswered. For instance, we postulate a derivative of Zn(Q that
emerges upon interaction with the framework, but could not yet solve its distinct
structure. Similarly, the presence of defects in the OX-1 system is likely, given
the conformational changes observed when ZnQ) is confined inside the pores, but
again, a detailed description remains as future work. Nonetheless, a fundamental
understanding of the underpinning mechanism is demonstrated — and in fact crucial
to further tune the sensing performance (that is limit of detection, selectivity,
response time, reproducibility, and stability). Therefore, our work could pave the
way to downstream application targeting the design of novel sensing technologies
for the detection of volatile organic compounds in air or human breath to afford

environmental monitoring or non-invasive diagnostics and screening.

7.1.4 Chapter 6 summary

To circumvent the main challenge that impedes the application of ZnQ@OX-1 as
a sensor material, an alternative, hydrophobic MOF material is investigated in
Chapter 6. The framework materials ZIF-71 has the ability to outperform other
MOF systems, and even if its structure and synthesis route are well studied, as
outlined in the literature review, there is a compelling need to understand its
complex structure-function relations. This work has been published in J. Phys.

Chem. Lett., 2022, 13, 2838-2844. To summarise, Chapter 6 provides:

e The complete assignment of all vibrational modes of ZIF-71.

o A link between observed physical and mechanical properties and the under-
pinning lattice dynamics, including gate-opening, shearing modes, and phase

transitions.
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o A description of its single-crystal behaviour: the Young’s modulus was

determined as £ = 1 — 3 GPa, and the hardness as H = 100 — 300 MPa.

e The combined results illustrate a method that could be applied for many

other hybrid materials to understand their fundamental properties.

Even if a good match between theoretical simulation and experimental mea-
surement was obtained for the vibrational spectra, there are still a few additional
modes that cannot be explained by the theoretical calculations. Ideally, the sample
preparation is reproducible, but whether these vibrations observed in experiments
are linked to adsorbed contaminants (impurities), or other defects related to the
specific synthesis route, cannot be distinguished. Due to time restrictions at
large-scale facilities, there are challenges regarding the availability of repeated
measurements on different batches of synthesised sample material. Similarly, only
a few crystals were probed with AFM nanoindentation, whereas the availability
of large datasets would be preferred. This is however unachievable with such
local techniques. One way to avoid this incurred challenge is given by performing
simulations of the elastic constants; however, they have been proven unfeasible
with the available resources. Finally, regarding the relation of vibrational modes
triggering phenomena like gate-opening or shearing, it is important to distinguish
between elastic and inelastic transformations. While molecular vibrations are
elastic motions around their equilibrium position, the actual physical-structural
conformations that are responsible for phase transition, amorphisation, or enhanced
gas absorption are inelastic transformations. The existence of the specific lattice
dynamics only indicate the possibility that inelastic transformation can be triggered.
Despite these limitations, I believe that the findings of this chapter will provide
the basis and spectroscopic evidence for prospective studies on ZIF-71 targeting

its application in optoelectronics and sensing devices.
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7.2 Concluding remarks

This thesis provided novel insights into the fundamental concepts of MOF materials
for sensing applications. Presented here are strategies to reveal guest encapsulation
and probe structural defects, as well as their implications, on the single crystal level.
In addition, the importance of host-guest interactions for sensing was highlighted,
and fundamental properties were resolved for a promising candidate material with
enhanced sensing abilities. Overall, this thesis represents methodologies and insights
to unravel the fascinating nanoscopic features of MOF materials, paving the way
to downstream applications; in addition, the developed array of approaches is also
applicable to other emerging 2-D and 3-D crystalline materials. The ability to
confirm guest confinement or probe defects, for instance, is of preeminent importance
to assess the performance of any porous host matrix or crystalline material, especially
if doped. Perhaps most significant for the design of novel sensing devices are the
findings on the sensing mechanism itself: indeed, they have sparked further tuning of
the material, leading to the discovery of a similar system with enhanced sensitivity
to acetone, and most importantly, resistance to moisture. Similarly, the fundamental
description of the physical and structural phenomena in ZIF-71 has shaped the
basis for a vibrational study on a photoswitchable guest@ZIF-71 system emerging
as a stimuli-responsive, optoelectronic switching device.

In a nutshell, the synergistic use of nanoscale analytics, DFT simulations,
and far-IR techniques has clearly proven to yield mechanistic insights into the
multi-faceted and rich characteristics of MOFSs, aiming to inspire new research
in the quest for establishing how nanoscale mechanisms underpin the structure-
function relationships. More importantly, and as derived from these first exemplars,
unravelling their exceptional features will invite the advancement of MOFs as
innovative sensing technologies to solve real-world problems in environmental

monitoring, civil security, manufacturing safety, and medical diagnostics.
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Assignment of the vibrational modes of
OX-1

The following tables provide a complete assignment of the vibrational modes of

OX-1. Abbreviations are as follows:
e asym: asymmetric
e sym: symmetric
e ip: in-phase

e op: out-of-phase

163
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Frequency Intensity Description
-1

cm a.l.

99.81 1 scissoring of entire ring (rotation), rocking of O around Zn,
stretching of CH3-Ch2 group

30.24 1 synchronous flapping (scissoring) of entire ring, rocking of O around Zn,
stretching of Ch3-CH2 group

34,67 1 Zn-O symm stretch, synchronous flapping of entinre ring,
streching of CH3-CH2 group, but all reduced

39.43 1 Zn-0O asym stretch, wagging of H-C-C-H

40.45 1 Zn-0O sym stretch, asym stretch of the whole CH3-CH2-NH2 group

45.55 22 7Zn-0O asym stretch, wagging of H-C-C-H

49.31 6 Zn-0 rocking, rocking of C-C-N
ZN-O asym stretch, wagging of H-C-C-H, C-C stretch,

51.68 3 .
wagging of whole CH groups

61.51 5 Zn-0 rocking, C-C asym stretch, out-of-phase linker rotations (scissoring)

62.53 4 Zn-0-C asym stretch, Zn-O rocking

68.64 20 Zn-0O asym stretch, rocking of whole C-C-NH group

75.01 16 Zn-0O asym stretch, CH stretch,

77.29 11 Zn-0 asym stretch, CH stretch, C-C-C asym stretch

78.26 12 Zn-0O asym stretch, CH stretch, C-C-C asym stretch

79.2 29 Zn-0O asym stretch, wagging of whole ring

82.57 11 7Zn-0 twisting, twisting of ring

84.92 32 Zn-0 twisting, twisitng of ring

86.77 26 Zn-0O sym stretch C-C stretch,

87.07 24 Zn-0O sym stretch, C-C stretch, twisting of ring

88.58 7 Zn-0O sym stretch, C-C stretch, twisting of ring

91.9 36 ZN-0O sym stretch C-C rocking

96.66 9 Zn-0 sym stetch, C-C stretch, twisting of ring

98.39 10 Zn-0 rocking, rocking of ring

98.89 6 Zn-0 rocking, rocking of ring

101.24 8 Zn-0 rocking, rocking of ring

110.04 25 Zn-0 twisting, C-C asym stretch

111.49 2 Zn-0 twisting, C-C asym stretch

113.04 122 Zn-0 twisting, C-C asym stretch

Table A.1: Vibrational modes of OX-1 from 0 to 113 cm 1.
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Frequency Intensity Description

cmfl

113.22
119.79
127.21
127.81
134
134.51
137.48
137.85
145.5
145.62
152.44
157.32
158.98
161.53
166.16
166.85
173.26
173.93
177.24
179.05
186.43
194.79
203.54
204.39
208.78
209.4
218.37
231.18
251.06
258.23
275.77
277.3
281.14
287.86
291.31
294.02
301.15
303.91
304.32
311.2
311.46
338.73
362.85
365.98

a.u.
22
2

9

6
75
2
43
16
16
123

295
38
99

163

13
20
50
177
26
22
10
67
42
130
133

149
217
7

2
31
336
1

)
16

Zn-0 twisting, rotation of ring

7Zn-0 twisting C-C twisting

H rocking, Zn-O twisting

7Zn-O wagging

Zn-0O wagging

7Zn-O wagging

Zn-0O wagging

7Zn-O wagging

Zn-0O wagging

Zn-0O bend (wagging)

Zn-0O wagging

Zn-0O wagging

Zn-0O wagging

7Zn-0O wagging

Zn-0 scissoring

Zn-0O scissoring

torsion of ring, Zn-O wagging

Zn-O wagging

Zn-0O twisting

Zn-0O wagging

Zn-0O twisting

ZN-O wagging

Zn-0O twisting

Zn-0 twisting

Zn-0 twisting (but small, mostly CH3)
Zn-0 twisting (but small, mostly CH3)
Zn-0 twisting

7Zn-0O twisting

Zn-0 twisting

7Zn-O wagging

Zn-0 twisting

Zn-0 twisting (but small, mostly CH3)
only CH3

Z1n-0O asym stretch, tilting of ring
Zn-0O asym stretch

Zn-0O asym stretch

Zn-0O asym stretch, tilting of ring

only CH3

only CH3

Zn-0O asym stretch

Zn-0O asym stretch

only CH3

Z1n-0O asym stretch, in-plane rotation of ring
Zn-0O asym stretch, in-plane rotation of ring

Table A.2: Vibrational modes of OX-1 from 113 to 400 cm 1.
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Frequency Intensity Description
-1

cm a.u.
425.77 2 twisting of ring

433.81 2 C-C twisting

447.96 51 only CH3

448.07 3 only CH3

456.1 10 Zn-0O sym stretch

469.5 11 mainly HCCH

469.65 9 mainly HCCH

479.63 12 ring wagging (out-of-plane bending), small Zn-O asym stretch
481.2 7 ring wagging (out-of-plane bending), small Zn-O asym stretch
488.13 48 mainly CH3

488.53 3 ring wagging, mainly CH3

512.9 12 mainly CH3

512.96 7 mainly CH3

521.61 2 tiny Zn-O asym stretch, otherwise HCCH

521.78 74 tiny Zn-O asym stretch, otherwise HCCH

532.65 150 mainly CH3

532.89 9 mainly CH3

555.58 420 7Zn-0O asym stretch, C-C asym stretch, ip ring deformation
561.32 185 Z1n-0O asym stretch, C-C asym stretch, ip ring deformation
584.49 197 Zn-0O asym stretch, C-C asym stretch

584.75 69 Z1n-0 asym stretch, C-C asym stretch

599.82 36 7Zn-0O asym stretch, ip ring deformation

601.43 221 Zn-O asym stretch, ip ring deformation

619.46 118 7Zn-0O asym stretch, ip ring deformation

622.31 58 Zn-0O asym stretch, ip ring deformation

628.64 18 7Zn-0O asym stretch, ip ring deformation

628.89 246 Zn-0 asym stretch, ip ring deformation (asym)

648.15 15 Zn-0O asym stretch, ip ring deformation (sym, breathing)
711.61 1 op ring deformation, OCO wagging

712.63 1 op ring deformation, OCO wagging

730.66 2 OCO scissoring, ip ring deformation

768.49 445 op ring deformation, HCCH wagging, OCO wagging
768.83 257 op ring deformation, HCCH wagging, OCO wagging
769.92 317 op ring deformation, HCCH wagging, OCO wagging

770.2 235 op ring deformation, HCCH wagging, OCO wagging
777.23 221 mostly CH3

778.48 2 HCCH wagging (in ring)

788.31 102 mostly CH3

801.17 19 mainly CH3

801.37 4 mainly CH3

Table A.3: Vibrational modes of OX-1 from 400 to 800 cm 1.
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Frequency Intensity Description

cm !
839.41
839.71
844.2
845.7
847.11
847.42
849.07
850.69
860.83
861.37
887.78
889.15
894.31
899.97
900.97
921.97
922.32
922.7
924.83
927.84
1017.06
1017.94
1020.19
1036.1
1040.11
1040.14
1042.72
1042.76
1043.34
1044.41
1088.61
1127.89
1149.02
1154.92
1155.14
1187.07
1187.07
1187.26
1187.62
1192.7
1199.04
1199.12

a.u.
67
382
175
37
12
19
258
67
58
1

9

8
19
67
8
37
4
30
4
23
1

1

47
62
21
19
20
50
)

47
32
32
15
20
22
34
1

24
2

49
16

Table A.4: Vibrational modes of OX-1 from 800 to 1200 cm L.

ip ring deformation, OCO asym stretch
ip ring deformation, OCO asym stretch
ip ring deformation, OCO sym stretch
ip ring deformation, OCO sym stretch
Op ring deformation, OCO sym stretch
Op ring deformation, OCO sym stretch
ip ring deformation, OCO sym stretch
ip ring deformation, OCO sym stretch
CH3

CH3

op ring deformation, CH wagging

op ring deformation, CH wagging

ip ring breathing

CH3

CH3

CH3

op ring deformation (wagging)

op ring deformation (wagging)

op ring deformation (wagging)

op ring deformation (wagging)

CH twisting, ip ring deformation

CH twisting, ip ring deformation

CH twisting, ip ring deformation

CH3

CH rocking, ip ring deformation

CH rocking, ip ring deformation

CH rocking, ip ring deformation

CH rocking, ip ring deformation

CH rocking, ip ring deformation

CH rocking, ip ring deformation

CH3

CH3

ip ring deformation, CH scissoring
CH scissoring

CH scissoring

CH scissoring

CH scissoring

CH scissoring

CH scissoring

ring breathing, CH scissoring

ip ring deformation, CH rocking

ip ring deformation, CH rocking
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Frequency Intensity Description
—1

cm a.u.
1200.69 2
1200.88 4
1202.46 110
1202 121
1329.57 3
1329.86 3
1395.97 1225
1399.41 1264
1401.51 493
1412.9 87
1412.92 88
1417.38 1465
1417.62 1375
1428.44 1544
1431.42 2068
1434.6 186
1450.86 298
1451.72 27
1453.33 312
1453.94 323
1454.62 127
1454.76 158
1455.93 67
1456.32 451
1464.41 114
1465.17 70
1471.77 5483
1484.19 901
1501.69 8
1502.29 207
1504.86 84
1506.09 124
1511.27 8
1511.32 319
1518.36 14
1519.46 6
1520.74 20
1522.98 76
1565.36 179
1565.44 6
1566.65 246
1572.95 945
1574.68 132

Table A.5: Vibrational modes of OX-1 from 1200 to 1600 cm L.

ip ring deformation, CH rocking
ip ring deformation, CH rocking
ip ring deformation, CH rocking
CH3

ip ring deformation, CH rocking
ip ring deformation, CH rocking
CH3

CH3

CH3

ip ring deformation, OCC sym stretch
ip ring deformation, OCC sym stretch
C-C asym stretch

C-C asym stretch

C-C-0O asym stretch

C-C-0O asym stretch

C-C-0O asym stretch

C-C sym stretch, CH scissoring
C-C sym stretch, CH scissoring

ip ring deformation, CH scissoring
ip ring deformation, CH scissoring
ip ring deformation, CH scissoring
ip ring deformation, CH scissoring
ip ring deformation, CH scissoring
ip ring deformation, CH scissoring
HCC asym stretch

HCC asym stretch

OCO sym stretch, ip ring deformation, CH rocking
OCO sym stretch, ip ring deformation, CH rocking

OCO sym stretch

OCO sym stretch

OCO sym stretch

OCO sym stretch

mainly CH3, CH bend

mainly CH3, CH bend

OCO asym stretch, ring breathing
OCO asym stretch, ring breathing
OCO asym stretch, ring breathing
OCO asym stretch, ring breathing
ip ring deformation, CH rocking
ip ring deformation, CH rocking
ip ring deformation, CH rocking
CH rocking, ip ring deformation
CH rocking, ip ring deformation
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Frequency Intensity
—1

cm a.u.
1652.15 52
1652.84 33
1693.05 3975
1705.65 95
1715.48 143
1719.37 307
1719.68 1096
1721.27 1240
1737.34 3017
1778.56 1971
1784.97 256
3202.45 1
3203.46 3
3215.96 8
3217.51 )
3217.56 2
3259.89 34

Table A.6: Vibrational modes of OX-1 from 1600 to 4000 cm™!.

Description

OCO wagging, ip ring deformation
OCO wagging, ip ring deformation
NH scissoring, small CH scissoring
C-C rocking

C-C scissoring

C-C scissoring

C-C scissoring (NH2 scissoring)
C-C scissoring

OCO twisting

CO twisting

CO twisting

CH asym stretch

CH asym stretch

CH sym stretch and asym stretch
CH sym stretch

CH sym stretch

CH stretch
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Assignment of the vibrational modes of
ZIF-T71

The following tables provide a complete assignment of the vibrational modes of

ZIF-71. Abbreviations are as follows:

» Vibrations with change of bond length:

— v Stretching
— v, Asymmetric stretching

— vy Symmetric stretching
» Vibrations with change of an angle between bonds:

— 0 Bending

ds Scissoring (in-plane)

p Rocking (in-plane)

— w Wagging (out-of-plane)

7 Twisting (out-of-plane)
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B. Assignment of the vibrational modes of ZIF-71 171

Collective modes 0 - 170 cm ™!

Frequency Intensity Assignment
(em™1) (a.u.)

FTIR BS1 BS2 BS1 BS2
9.46 11.61 1 1 8MR gate-opening

10.45 6.63 1 1 Soft mode with shear deformation of 8MR and 6MR
10.52 12.7 8 6  p opposite linkers in 4MR, asym gate-opening
17.25 1 p opposite linkers in 6MR, asym gate-opening
24 23.68 219 5 6  8MR gate-opening
24.21 23.94 2 1 8MR, 4MR shearing, p Cl
25.43 25.35 2 3 8MR breathing
33 33.06 31.95 3 5 v, Zn-N, N-C, w Cl
37.42  40.18 2 1 6MR gate-opening
43 40.81 3 vs Cl-C-N, small 6MR breathing
46.11 47.47 2 1 vs Zn-N, N-C, w Cl, small 4AMR and 8MR breathing
53 51.21 53.74 5 4  flapping of neighbouring linkers, asym gate-opening, v, Zn-N
54.01 55.05 1 1 vy Zn-N-C, 4MR breathing
55.68 58.95 3 1 Ve Zn-N, AMR and 8MR shearing, ring breathing
61.39 62.87 2 2 w CI, ring breathing, 4MR and 6 MR shearing
62 64.63 65.17 3 6  ring breathing, w Cl, defomration of 8MR and 4MR
66.35 68.83 1 3 Ve Zn-N, ring deformation, small pore deformation
77.37 75.83 1 5 7 Cl-C-N, ring breathing, very small pore deformation
79.29 79.59 12 21 71 Cl, 8MR aperture increase, vs Zn-N: 4MR pore stretching
74 80.85 80.18 39 16 v, Zn-N: 4MR pore deformation
86.14 83.13 5 3 7 Cl, v C-H, 8MR and 4MR pore deformation, 6MR breathing
91.56 85.82 1 v, Cl-C-N, 6MR pore deformation, SMR and 4MR deformation
93.31 90.73 1 1 4MR breathing, 6MR and 8MR, small deformation
99.21 98.65 34 30 v ring, w Cl, 4dMR and 6MR aperture expansion
103.96 102.09 4 2 6MR breathing (small)
107.82 106.79 42 34 8MR breathing (small)
111.95 110.15 4 7  4MR shearing, 6MR deformation
112 113.09 112.11 168 99 4MR and 6MR deformation, 8MR expansion

112 119.66 118.4 218 162 4MR and 8MR deformation, 6MR expansion
121.91 121.28 19 19  8MR shearing, 6MR contraction
125.35 123.79 163 171 8MR breathing, 4MR and 6MR deformation
130.67 130.17 5 62 05 Cl, v C-N, 4MR and 8MR pore stretching
129 133.15 132.41 600 651 v Zn-N, v N-C-H, 4MR breathing
156.81 158.22 1 1 6 Cl, 7 Zn-N, 6MR pore deformation
161.39 163.13 10 10 v, Zn-N, §5 Cl, 6MR pore deformation
170.61 171.61 21 9 vy Cl v, ring
173.72 174.13 1 2 v, ring, 5 Cl
17717 177.78 15 29 v Zn-N 6, CI, 4MR and 6MR pore deformation

Table B.1: Vibrational modes of ZIF-71 from 0 to 170 ecm L.
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Vibrational modes 171 - 600 cm ™!
Frequency Intensity  Assignment
(cm™1) (a.u.)
FTIR BS1 BS2 BS1 BS2
179.63 180.06 28 10§ Zn-N (tetrahedral deformation), ring deformation
173 179.89 180.54 55  68.75 0 Zn-N bending (tetrahedral deformation), w Cl
182.72 183.88 2 1 v Zn-N, ring deformation
189.79  190.2 1 7 0 Zn-N, ring stretching
190  195.41 194.86 15 17 0 Zn-N (tetrahedral deformation)
22349 223.06 25 20 v Zn-N; 4AMR breathing
229.01 227.38 169 272 6 Zn-N, 8MR and 6MR deformation
215  230.26 230.87 780 730  § Zn-N, pore deformation
236.01 234.78 2 2 d Zn-N, §, Cl
225 24295 241.98 422 402 v Zn-N
247 253.13 251.87 434 597 ¢ Zn-N, 4MR and 8MR expansion
254.65 253.26 77 71 0 Zn-N, w N-C-H
256.51 253.87 45 9 0 Zn-N, w C-H
256.79 254.08 5 5 0 Zn-N, w C-H
257.44 255.53 185 156 6 Zn-N
262.35 260.99 138 188  w ring, 4AMR asym gate-opening
263.05 261.87 296 155 v, Zn-N, w ring
263.63 261.87 8 140  §5 Zn-N
258  265.61 264.08 719 431  p linker
258  266.4  265.23 686 1082 w linker
269.2  268.46 87 90 v Zm-N, ring deformation
275.26  274.57 4 2 Ve Zn-N, ring stretch
271 27841 278.02 1165 1103 v, Zn-N, ring and pore deformation
281  284.04 283.7 1586 1504 p Zn-N, p C-N-C, small 8MR breathing
288.77 288.94 969 1020 7 N-C, small 6MR breathing
439.85 438.99 3 4 p linker
444.45 443.66 7 6 p linker
446.1  444.83 16 17 v, N-C-Cl, only incomplete linkers
449.12 44788 14 7 ds linker

551.7  548.38 1 1 6s N-C, 4MR deformation
552.08 548.59 2 10 7 N-Zn-N, 4MR expansion
552.64 548.77 6 1 7 N-Zn-N,
553.65  550.39 4 8 w N-Zn-N
554.53 1 w N-Zn-N, ring stretching

558.19 554.87 153 167  w C-N, 7 C-N-Zn

560.49 557.14 14 15 v Zn-N (Zn fixed)

563 959.47 120 80  vs Zn-N (Zn fixed)

563.53 559.85 41 95  vs Zn-N (Zn fixed), ring shearing

564.74 560.98 173 216 vs Zn-N (Zn fixed), ring deformation
552 565.57 561.99 1044 1000 vs Zn-N (Zn fixed),

in-plane ring deformation

Table B.2: Vibrational modes of ZIF-71 from 171 to 600 cm~?!
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Vibrational modes 601- 1200 cm~! (Ring deformations)

FTIR

662

666

821

830

1056

Frequency
(cm™?)
BS1
660.64
661.19
662
663.36
674.43
675.12
676.38
677.3
677.77
679.84
680.36
682.82
823.1
824.39
825.09
825.85
826.46
827.29
827.9
1024.56
1028.59
10294
1029.54
1029.98
1033.14
1033.49
1076.38
1080.26
1081.76
1084.43

Table B.3: Vibrational modes of ZIF-71 from 600 to 1200 cm 1.

BS2
669.95
670.36
671.17

672.4
575.91
677.05
678.17
678.69
678.96
681.17
681.96
684.58
830.44
831.07
832.29
832.55
833.13
835.16
841.68

1027.14
1030.85
1031.71
1032.1
1032.58
1035.74
1063.7
1074.7
1078.22
1079.72
1082.53

Intensity
(a.u.)
BS1 BS2
6 5
19 1
3 10
5 10
1 1
99 8
250 375
346 236
157 354
21 27
65 56
972 761
3 14
58 1
70 116
4 14
99 62
29 81
87 52
12 8
6 7
4 2
8 10
4 5
15 18
3 8
24028 24045
2317 2381
2493 2912
596 013

Assignment

out-of-plane ring deformation
out-of-plane ring deformation
out-of-plane ring deformation
out-of-plane ring deformation
out-of-plane ring deformation
out-of-plane ring deformation
out-of-plane ring deformation
out-of-plane ring deformation
out-of-plane ring deformation
out-of-plane ring deformation
out-of-plane ring deformation
out-of-plane ring deformation
out-of-plane ring deformation
out-of-plane ring deformation
out-of-plane ring deformation
out-of-plane ring deformation
out-of-plane ring deformation
out-of-plane ring deformation
out-of-plane ring deformation
in-plane ring deformation

in-plane ring deformation

in-plane ring deformation

in-plane ring deformation

in-plane ring deformation

in-plane ring deformation

in-plane ring deformation

in-plane ring deformation, p H-C-N
in-plane ring deformation, p H-C-N
in-plane ring deformation, p H-C-N
in-plane ring deformation, p H-C-N
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Vibrational modes 1201 - 4000 cm 2

Frequency Intensity
(em™1) (a.u.)
FTIR BS1 BS2 BS1 BS2
1201  1216.57 12123 1839 1699
1220.54  1216.47 1 1008
1201 1224.07  1218.27 2414 1666
1229.18  1225.51 63 340
1233 1260.24 12455 3319 3431
1260.38  1245.82 1235 1174
1264.22  1249.53 46 184
1266.22  1251.13 2490 2191
1238  1270.56  1255.91 3175 4286
1272.64  1237.63 548 411
1273.35  1257.97 368 13
1276.42  1260..96 486 537
1332.01 1317.33 190 1367
1333.06  1320.68 11 275
1334.13  1322.32 238 19
1334.48  1323.73 5 164
1302 1335.65  1324.99 440 1741
1336.15  1325.64 2 500
1337.46  1325.64 78 5
1337.97  1326.37 300 83
1339.14  1326.95 532 371
1341.35  1328.42 1053 18
1341.77 1328.6 346 17
1465 1508.78 1493.54 16845 15950
1519.82  1505.77 22 193
1488  1520.47  1506.45 1248 1509
1543.99  1532.58 74 60
1518  1545.61 1534.23 1168 1307
1551.32  1539.22 503 468
1552 1539.91 630 844
155.49 1545.15 302 316
1525 1556.6 1546.23 1331 1399
1562.84 1552379 488 519
1563.73  1553.68 1273 1423
3277 3251.24 158 134
3277.06  3251.28 15 10
3283.44  3260.16 31 38
3283.78  3260.53 12 14
3296.46  3270.69 19 31
3296.78  3270.95 2 3
3305.46  3281.78 74 86
3305.78  3281.96 4 3

174

Assignment

0 CH, v, CI-C-N, edges of unit cell
0 CH, v C-N

0 CH, v C-N

6 CH, v C-N

v C-N, ring breathing
v C-N, ring breathing
v C-N

v, C-N

v, C-N

v, C-N

v C-N

v C-N

v C-N

vy C-N

v C-N

vy C-N

v C-N

vs C-N

v C-N

vy C-N

vs C-N

vy C-N

v C-N

0s N-CH

0s N-CH

v C-N, 6 CH

v, C-C-N

v, C-C-N, v C-C,

vs N-C-N

vs N-C-N

v C-C, v C-N,

v C-C, v C-N, § N-C-N
vs N-C-Cl (edge of unit cell)
vs N-C-Cl (edge of unit cell)
p CH

v CH

v CH

v CH

v CH

v CH

v CH

v CH

Table B.4: Vibrational modes of ZIF-71 from 1200 to 4000 cm 1.
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