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Abstract

A major challenge that plagues nuclear magnetic resonance (NMR) spectroscopists is the
inherently low sensitivity of this workhorse characterization technique. This low sensitivity results
in long acquisition times and/or costly isotopic-labelling to obtain good resolution and signal-to-
noise (S/N) ratios. Therefore, in this thesis, different approaches used to maximize NMR sensitivity
are explored. While increasing the magnetic field strength or experimental time can aid in this
dilemma, this is not always feasible. Thus, spectroscopic techniques can be used to alleviate these
problems. Firstly, variable temperature NMR spectroscopy is explored to manipulate the different
phases of organic/inorganic perovskite materials such that ordering about the ''°Sn centre can be
achieved. As more ordered samples provide better S/N with fewer number of experimental scans
in comparison to amorphous (disordered) material, we can maximize NMR sensitivity, as well as
remove anisotropic interactions which would result in spectral distortions. Another technique to
improve sensitivity is to manipulate the magnetization of a highly abundant nucleus and transfer
this magnetization to the insensitive nucleus of interest, namely cross-polarization (CP). This
technique can be used to experimentally probe structural layers of a material, as well as minimize
the time needed between each experiment. This is beneficial when studying 2°Si nuclei in silicon
nanoparticles as 2°Si has very long relaxation delays. While CP can help with boosting NMR
sensitivity, a sister technique, namely dynamic nuclear polarization (DNP) NMR spectroscopy, has
become more popular in the recent decade due to its sensitivity enhancements over conventional
methods. Thus, DNP NMR is utilized in the later part of this research to demonstrate the evolution
of magnetic resonance techniques. One of the most challenging aspects for NMR-active nuclei are

their natural abundances (for example: oxygen-17 has a natural abundance of < 0.037% even
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though oxygen makes up 21% of the air in the Earth’s atmosphere). Additionally, it can be quite
challenging to obtain maximum labelling with minimal costs. In this thesis, a fast and cost-effective
labelling protocol is introduced for labelling oxygen atoms in amino acids with optimal
incorporation of !0, reducing cost from ~ $110 USD/100 mg of amino acid to ~ $25 USD/100mg.
An emerging NMR instrumentation called cross-polarization magic-angle spinning (CPMAS)
cryoprobe technology is also introduced to boost sensitivity gains. Overall, this research explores
the traditional and emerging NMR technology for pushing the limits of sensitivity gains for

studying next-generation materials.
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Experimentally determined room temperature XRD (a) and solid-state ''°Sn (b)
and 2°Pb (c) NMR spectra for freshly synthesized MASnI3, MASng 42Pbg ssI3 and
MAPDI3 materials.

Room temperature 'H (a, Bo=7.05 T and @/2n = 12 kHz) and 1*C (b, Bo=7.05 T
and /2w = 5 kHz) NMR spectra of freshly synthesized MASn;—Pbxl; (x =0, 0.5
and 1) materials. Change in 'H chemical shifts for CH3 and NH3 units in MA*
cation (¢) and change in '*C NMR chemical shifts (blue) and FWHM values (black)
(d) for MASn;—Pbyl; as a function with Pb concentration (x).

Survey XPS data for 3 nm (black), 6 nm (red), 9 nm (blue), 21 nm (green) and 64
nm (purple), tabulated elemental composition and peak composition for C and 0%
from survey.

Peak fitting for C and Si XPS data for 3, 6, 9, 21, and 64 nm nanoparticles.
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4.3

4.4
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4.8

4.9
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Histograms showing size distributions for (a) 3 nm, (b) 6 nm, (¢) 9 nm, (d) 21 nm,
and (e) 64 nm H-SiNPs.

XRD alignment with (a) LaBs (NIST) and (b) Si standards.

71 buildup curves for H-SiNPs using a mono-exponential longitudinal
magnetization recovery for smaller H-SiNPs (3 and 6 nm) and a bi-exponential
recovery for larger H-SiNPs (9, 21, and 64 nm).

FTIR spectra for H-SiNPs annealed at 1500 °C (purple), 1400 °C (green), 1300 °C
(blue), 1200 °C (red), and 1100 °C (black). The spectra show peaks associated with
Si-H (highlighted in gray) and Si-O (highlighted in blue).

(a) High-resolution Si 2p XPS showing the 2p3/2 emission for 64, 9, and 3 nm H-
SiNPs (Si 2p1/2 component was omitted for clarity). The colored traces correspond
to : grey = experimental data, dotted black = complete fit, red = crystalline core Si,
blue = surface Si, orange = disordered Si, and green = Si oxides. (b) Bright-field
TEM images of H-SiNPs (d ~ 64 and 9 nm) and dodecyl-SiNPs (d ~ 3 nm). (¢)
XRD patterns for d ~ 64 (blue), 21 (red), 9 (green), 6 (cyan), and 3 (brown) nm H-
SiNPs, showing characteristic Si 111, 220, 311, 400, 331, and 422 reflections.

XRD peak broadening distribution for nanocrystalline materials.

Direct (a) and CP (b) 29Si MAS NMR spectra of H-SiNPs with varying particle
diameter.

Contact time array for 2°Si CP MAS ranging from 0.05 to 8.0 ms for 3, 9, and 64
nm H-SiNPs.

Silicon-29 NMR spectra for 9 nm H-SiNPs purposefully oxidized over a period of
9 months to indicate contamination of oxygen under ambient storage. Presence of
Si-O species at diso of ~—110 ppm 4 and 9 months post-synthesis.

Sample of the post-NMR analysis of the H-SiNPs (6 nm) using (a) Si 2p high
resolution XPS data (with only the 2p3,2 shown for clarity) and (b) FTIR spectra of
6 nm H-SiNPs.

(a) Two-dimensional *Si{'H} HETCOR MAS NMR spectra of 64 nm H-SiNPs
with a mixing time of 3.0 ms. (b) Overlay of direct excitation 2°Si MAS NMR and
2Si{'H} CP MAS NMR with variable mixing times for 64 nm H-SiNP to illustrate
NMR features corresponding to H-SiNP surface (yellow), subsurface (red), and
core (blue) signatures. Red arrows indicate sharper subsurface NMR features
present in the direct excitation 2°Si MAS NMR as seen with ?*Si{'H} CP MAS
NMR with a mixing time of 3.0 ms. Direct excitation ?Si MAS NMR with a

71

72

74

76

77

79

80

82

82

&3

84

Xvil



4.14

5.1

52

53

6.1

6.2

recycle delay of 200 s was used to artificially inflate the surface resonance still
present at shorter recycle delays. (c) Artistic schematic of a H-SiNP indicating the

silicon surface, subsurface, and core with a model of the first ten atomic layers of
H-SiNPs.

(a) Relationship of dcgs as a function of inverse bandgap of SiNPs. (b)
Surface/subsurface area % for NMR experiments (black) and model (red) and »°Si
full-width at half maximum (FWHM, blue) with increasing H-SiNP size. As the
H-SiNPs move from a disordered to ordered system, the corresponding surface
area % and linewidth decreases as NP size increases.

(a) TEM image of the 64 nm H-SiNP, (b) schematic of a particle identifying the
three regions of a SiNP, namely core (black), sub-surface (red) and surface (blue)
and (c) DNP-enhanced (W on) and non-DNP-enhanced (uWor) 2°Si{'H} CP MAS
NMR spectra of 64 nm hydride-terminated SiNP using 20 mM bCTbk in toluene-
ds. The spectrum in (c) was recorded within 15 minutes of the addition of
exogenous radical. Typically, during the course of these experiments, glove-box
sample preparation and rotor insertion into a DNP probe would require ~ 3-5
minutes; establishing stable spinning and reaching a set point temperature would
take another approximately 3-5 minutes.

(a) X-band EPR spectra of 64 nm H-SiNP and indicated nitroxide biradicals and
(b) particle field-profile for 2°Si direct DNP of 64 nm hydride-terminated SiNPs at
95 K with MAS frequency of 8 kHz.

Silicon-29 DNP NMR spectrum of hydride-terminated SiNPs (64 nm) with an
endogenous radical acquired at a MAS frequency of 8 kHz (uWWon). The
corresponding spectrum acquired without microwave irradiation (WWorr). Inset is
the uWon spectrum vertically scaled by 6 to illustrate the surface (blue) of the H-
SiNP. The #°Si resonance at -85 ppm is signal from the crystalline core and the
small shoulder to lower frequency (red) is subsurface.*’

Kinetic testing of the enrichment of 1’0 in 10 mM Fmoc-Phe-OH by a multiple-
turnover reaction cycle. (a) Consumption of EDC as a function of time. Markers
represent measured data (black circles, full reaction scheme with amino acid (AA)
and blue squares, control with no AA added) and the solid line represents data
predicted by our kinetic model. (b) Maximum yield of the N-acylurea side product
as a function of the amount of pyridine HBr added.

Experimental mass spectra of 7O labelled (a) Fmoc-Met-OH, (b) Fmoc-Leu-OH,
(¢) Fmoc-Phe-OH, and (d) '7O-enriched Leu of N-formyl-ML*F-OH.
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6.3

6.4

6.5

6.6

Experimental (black) and simulated (blue) 7O MAS (left) and non-spinning (right)
NMR spectra of Fmoc-Met-OH (a), Fmoc-Leu-OH (b), and Fmoc-Phe-OH (c) at
14.1 T (won/2n = 600 MHz) with the corresponding chemical structures (inset)
highlighted with the oxygen-enriched site of interest (yellow: CO and purple:
COH). The simulations of each oxygen environment are shown below the spectra
(short yellow dashes: CO, long purple dashes: COH, grey dots: CO"). Spectra on
the left were acquired under magic-angle spinning (MAS, o./2n = 23.5 kHz), with
spinning sidebands noted by asterisks (*). Spectra on the right were acquired under
non-spinning conditions with 'H decoupling.

Experimental (black) and simulated (blue) ’O NMR spectra of Fmoc-Met-OH
(top) and the above Fmoc-Met-OH sample recrystallized at 14.1 T (won/2n = 600
MHz) with the corresponding chemical structure (inset) highlighted with the
oxygen-enriched site of interested. Spectra were acquired under magic-angle
spinning (MAS, o./2n = 23.5 kHz), with spinning sidebands noted by asterisks (*).
1 indicates the signal coming from the ZrO; rotor.

Experimental (black) and simulated (blue) 7O MAS (left) and non-spinning (right)
NMR spectra of (a) !"O-enriched Met of N-acetyl-M*LF-OH, (b) !"O-enriched
Leu of N-formyl-ML*F-OH, (¢) '’O-enriched Phe of N-formyl-MLF*-OH, and (d)
70-enriched Leu and Phe of N-formyl-ML*F*-OH at 14.1 T (wou/27 = 600 MHz).
The simulations of the individual oxygen environments are shown below the full
spectra with the chemical structures (inset) highlighted with the oxygen-enriched
site of interest (orange: CO of Met, brown: amorphous Met, green: CO of Leu,
yellow: CO of Phe, and purple: COH of Phe). Spectra on the left were acquired
under magic-angle spinning (MAS, ®./2n = 23.5 kHz) conditions, with spinning
sidebands denoted by asterisks (*). Spectra on the right were acquired under non-
spinning conditions with 'H decoupling. The N-acetyl-M*LF-OH sample was
acquired using a DFS population transfer with ~ 10 mg of sample; all N-formyl-
MLF-OH samples utilized the Hahn-echo pulse sequence. { indicates the signal
coming from the ZrO2 rotor.

(a) Experimental 7O NMR spectra of 40 % !"O-enriched Fmoc-Leu-OH acquired
over a period of 1.1 hrs with a Hahn-echo pulse sequence using a CPMAS
cryoprobe at 18.8 T (won/2m = 800 MHz) and a DFS pulse and Hahn-echo pulse
sequence at 14.1 T (won/27 = 600 MHz). The corresponding natural abundance 'O
NMR spectrum of Fmoc-Leu-OH (magnified by 40) shown at the bottom was
signal averaged over 3.8 days (91 hours of continuous acquisition). The CPMAS
cryoprobe and room temperature spectra were acquired under magic-angle
spinning (MAS) conditions of o,/2w = 15 and 23.5 kHz, respectively. The chemical
structure of Fmoc-Leu-OH (inset) highlighted with the oxygen-enriched site of
interest (yellow: CO and purple: COH) is shown. (b) DNP-enhanced (uW on) and

131

132

135

140

XiX



non-DNP-enhanced (uW off) "O{'H} CP MAS NMR spectra of 40 % '7O-
enriched Fmoc-Leu-OH using 10 mM TEKPol in TCE; an organic solvent was
used to maintain crystallinity. Spectra were acquired under magic-angle spinning
conditions (MAS, o./2n = 12 kHz), recycle delays of 20 s, and 2048 co-added
transients. (¢) Two-dimensional O {'H} HETCOR MAS NMR spectrum of 40 %
70-labelled Fmoc-Leu-OH at 18.8 T using a CPMAS cryoprobe and a spinning
frequency of 15 kHz. The '7O-'H correlation spectrum was acquired with a contact
time of 1.5 ms, 128 co-added transients, 120 t> increments, and recycle delay of 4
s. The structure of Fmoc-Leu-OH is in the inset with the corresponding 'H sites
(pink: R-group, orange: a-carbon, green: Fmoc-protecting group, blue: NH, and
purple: OH) labelled accordingly. A blue oval is used to highlight the
intermolecular correlation between the 7O carbonyl oxygen of one molecule and
the neighboring amide hydrogen (CO---NH). * indicates spinning sidebands and
indicates the signal coming from the ZrO- rotor.
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Chapter 1

Introduction

1.1 Why Is Structure Important?

Since the beginning of time, humans have adapted and relied on materials to survive.
Whether it is the development of wheels for transportation or the invention of modern medicine,
technology has continued to evolve to keep up with the fast-paced changes of our modern world.
With the rapid release and recycle of technology, researchers are in a battle to constantly improve
materials. Thus, researchers turn to the materials science paradigm to streamline the process of
developing new substances. The materials science paradigm models the relationship between
processing, structure, and property (Figure 1.1). While the consumer is focused on the properties /
performance of the product and the developers are focused on the process by which to make the
product, the driving force of its performance is structure (i.e., how atoms are arranged). Based on
the underlying structure of solids, the corresponding properties can drastically change. Thus, it is
imperative to analyze and identify unique structural features such that researchers can tailor the
substance to the application of interest.

There are numerous characterization techniques that can be used to analyze and identify
unique structural features. Below, a few common characterization techniques are discussed, as well

as their limitations for examining certain materials. In this thesis, solid-state nuclear magnetic
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resonance (NMR) spectroscopy is the main approach used to ascertain the unique structural
relationships in various materials, ranging from optoelectronic perovskites, non-toxic silicon

nanoparticles, and biomolecular building blocks.

¢ l Property

Figure 1.1. Materials science paradigm showing the symbiotic relationship between structure,
process, and property of materials.

1.2 Material Characterization Techniques

1.2.1 Determining Size and Image of Materials

Electron microscopes are used to create high-resolution images of the sample of interest.
The two most common techniques that use an electron beam to form an image are transmission
electron microscopy (TEM) and scanning electron microscopy (SEM). While both techniques use
the same radiation source, the mechanism by which the image is detected are different. In TEM,
the electron beam is transmitted through the sample creating a two-dimensional image; whereas in
SEM, the electron beam scans the surface of the sample and is reflected to create a three-
dimensional image. Additionally, the information gathered from each technique is different. Since
the electron beam is passing through the sample in TEM, information about the inner crystal
structure, shape, and size (when coupled with dynamic light scattering) can be determined.
However, the caveat with TEM is that the sample must be thin enough for the electron beam to
pass through. Also, high energy electron beams can induce crystal formation which can skew the
crystallographic information obtained, as well as being destructive to the sample. On the other
hand, SEM provides useful information about surface topography as the electron beam “reflects”

off the sample. This allows the researcher to get an understanding on how the sample “looks” and



can determine any surface defects that would affect the application. However, with SEM, if the
material is non-conductive, a thin coat of a conducting metal (such as gold) is applied to prevent
the sample from becoming charged when irradiated by electrons. This can then interfere with the

compositional analysis of the material.

1.2.2 Determining Elemental Analysis

To gain a better understanding on what elements make up a material, researchers can use
energy-dispersive X-ray spectroscopy (EDX) or X-ray photoelectron spectroscopy (XPS). While
both techniques can provide compositional analysis, the mechanisms are opposite. Firstly, EDX
detects the X-rays emitted from a sample when the material is bombarded by an electron beam
(such as from TEM or SEM). The electron beam results in an electron in the inner shell being
ejected to create an electron hole. When an electron from an outer shell relaxes to fill the electron
hole, an X-ray is emitted. However, this technique does not work well with light elements (Z < 4,
where Z = atomic number of the element) making it difficult for EDX to detect hydrogen, helium,
lithium, and beryllium. On the other hand, XPS detects photoelectrons when the material is
irradiated with X-rays. Not only can XPS identify the elements in the sample, but it can also provide
chemical bonding information (which EDX cannot do). This feature is possible as electrons have
varying binding energies depending on how it is chemically bonded with neighbouring atoms,
which can be probed using XPS. However, as the x-rays have a limited penetrating power, only
electrons within the first few micrometers are affected, making XPS surface sensitive up to 10 nm
into the sample. Another limitation of XPS is its inability to detect hydrogen and helium as they do
not have core electrons (or only 1 core electron for helium), making it impossible to eject the core

electron to produce a photoelectron.

1.2.3 Determining Crystallinity of Sample

Often, researchers want to know how the bulk material is orientated depending on its
composition, or how crystalline (or ordered) the material is as crystallinity can drastically affect
the resulting application. X-ray powder diffraction (XRD) is a technique that identifies crystalline
phases in materials based on the diffraction pattern observed after the sample is hit with X-rays.
By measuring the peak intensities and angles of the diffracted beam, the positions of the atoms in

the crystal, as well as the bonding information can be determined. Not only is this technique



quantitative, XRD is non-destructive, making it ideal for in-situ studies. While XRD remains the
top characterization approach for identifying crystal structure, it is unable to detect hydrogen
atoms. This inability is due to the small electron cloud (1 electron for hydrogen) which makes it
difficult to get a diffraction pattern. Also, if the material that is being analyzed is amorphous (non-
ordered), the resulting XRD pattern would produce broad peak(s) with low intensities, making it

difficult to extract routine structural information, as the solid lacks long-range order.

1.2.4 Solid-state Nuclear Magnetic Resonance Spectroscopy

Solid-state NMR spectroscopy is a powerful characterization technique due to its ability to
probe the atomic- and medium-range structure of solids. By subjecting the sample to a magnetic
field, the atomic nuclei align with the magnetic field, which are then manipulated to produce an
electromagnetic signal corresponding to the nucleus centre that is being studied. Regardless of the
sample’s crystallinity (amorphous, semi-crystalline, or crystalline), NMR can provide quantitative
and qualitative information about the local environment about the nucleus of interest. In addition
to being non-destructive, it can probe almost all elements on the periodic table (in theory), making

it one of the most versatile and robust analytical methods for studying solids.

1.3 Maximizing NMR Sensitivity

While solid-state NMR spectroscopy is a powerful technique for soft and hard materials
characterization, it is inherently insensitive due to its low Boltzmann distribution (more
information about Boltzmann distribution is discussed in Chapter 2). Additionally, the signal-to-
noise ratio (S/N) of the resulting spectrum depends on several different factors, such as sample
amount, number of transients averaged together, and/or magnetic field strength. To increase the
S/N, spectroscopists can increase the sample amount, experimental time, and/or magnetic field
strength; however, this is not always feasible. In this thesis, different approaches used to maximize
NMR sensitivity are explored. In Chapter 3, variable temperature ''°Sn NMR spectroscopy is used
to probe different phases of methylammonium tin halide perovskites as more ordered samples can
provide better S/N with fewer number of transients compared to amorphous material.
Spectroscopists can also manipulate the magnetization of insensitive nuclei by transferring
polarization from a highly abundant/ sensitive nucleus to the insensitive nucleus of interest. This

can be done using experimental pulse sequences such as cross-polarization (CP). This is explored
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in Chapter 4 when studying the underlining structure of hydride-terminated silicon nanoparticles
(H-SiNPs). Expanding on techniques such as CP, dynamic nuclear polarization (DNP) NMR
spectroscopy uses polarization of unpaired electrons to enhance the nucleus of interest. This
technique has become more popular in the recent decade due to its commercialization and has
resulted in sensitivity enhancements over conventional NMR methods. In Chapter 5, DNP NMR
is used tackle the long acquisition times needed to study H-SiNPs as discussed in Chapter 4, as
well as discussing future avenues for endogenous radicals to help boost polarization transfers. The
most common way to help increase S/N is to isotopically label your sample to increase the number
of NMR-active spins that can be detected. However, this can be synthetically challenging and often,
very costly. Therefore, in Chapter 6, a fast and cost-effective labelling protocol is introduced to
tackle one of the most challenging NMR-active nuclei, oxygen-17. Using this approach, as well as
the sensitivity enhancement methods mentioned in the previous chapters, 7O NMR studies of
fluorenylmethoxycarbonyl- (FMOC-) protected amino acids and site-specific labelled tripeptides
are investigated. A technique called cross-polarization cryoprobe (CPMAS cryoprobe) is also
introduced as an emerging sensitivity enhancement approach to study complex and challenging

materials.

1.4 Overview of Thesis

In Chapter 2, a general overview on NMR theory and experiments are presented. As DNP
NMR plays a role in Chapters 5 and 6, a brief description of this technique is provided, along with
details about computational techniques used in Chapter 3.

Non-renewable energy resources (such as fossil fuels and coal) have been the main source
of energy for ages. However, as these sources are depleting and the effects of fossil fuels on our
environment increasing, the field of solar energy has expanded exponentially to find the next-
generation material that can harness the sun’s energy. Hybrid organic-inorganic metal-halide
perovskite materials are an emerging class of materials that could profoundly change the
optoelectronic and solar research fields. Unfortunately, the leading solar-absorbing candidates
contain toxic lead. In addition, its chemical instability leads to decomposition that can result in
detrimental environmental concerns. In Chapter 3, a series of non-toxic tin-based hybrid organic-
inorganic metal-halide perovskites (methylammonium tin halide, MASnX; where MA* =

CH3NH;" and X = CI', Br, or I') are examined as potential solar-absorbing materials. Interestingly,
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each of the three candidates have unique phases that occur between 150 and 540 K. Using variable-
temperature solid-state NMR spectroscopy, unique chemical shifts corresponding to the changes
in the polyhedra about the Sn centre are identified. This is further compared to the chemical shift
anisotropy observed when the Sn centre deviates from octahedral symmetry. As chemical
instability is a major factor when developing potential candidates, the degradation of MaSnl3 over
two weeks is examined, noting that after 30 hours, the !'Sn NMR resonance significantly broadens
and shifts to higher frequency.

There has been a widespread interest in silicon nanoparticles (SiNPs) due to their versatility
in the fields of optoelectronics, battery electrodes, and nanomedicine. The nanostructure of these
materials influences their properties, so it is imperative to employ a comprehensive study on these
game-changing particles. In Chapter 4, a complement of characterization methods, including XPS,
TEM, XRD, Fourier transform infrared spectroscopy, and solid-state NMR spectroscopy, is used
to systematically investigate the nanoparticle structure of a series of hydride-terminated SiNPs (H-
SiNPs) ranging from 3 to 64 nm in diameter. Using NMR, the surface silicon species manifests in
a unique chemical shift resonance which gravitates to higher frequencies and becomes sharper as
the particles increase in size and crystallinity. These resonances correspond to distinct surface,
subsurface, and core silicon species layered within the H-SiNPs. By applying this systematic study
using these characterization methods, the structural insights of SiNPs can be determined and
provide a foundation for advancements in SiNP-based applications.

While characterization of SiNPs can be performed using 2°Si NMR spectroscopy, the long
acquisition times, and poor sensitivity due to low Boltzmann population makes in-depth studies of
these materials challenging. For example, a single 2Si NMR spectrum discussed in Chapter 4
needed 30+ hours of continuous acquisition to obtain a suitable S/N ratio. Thus, in Chapter 5, a
complementary magnetic resonance technique, namely dynamic nuclear polarization (DNP) is used
to boost 2Si sensitivity in H-SiNPs. Details on DNP methodology can be ascertained in Chapter 2
of this thesis but in brief, DNP uses hyperpolarized unpaired electrons to increase polarization of
the nucleus of interest which allows for reduction in experimental time. When the traditional
indirect DNP approach is employed using an exogenous radical, the highly reactive SiNP surface
quickly rendered the unpaired electrons null, and minimal DNP enhancements (¢ < 3) are found.
However, by exploiting the silicon surface dangling bonds as an endogenous radical source,
respectable DNP enhancements (g = 6) are obtained using minimal radical concentrations (< 1 mM
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endogenous radicals vs. 10 mM for exogenous radicals). While the DNP enhancements were small,
this results in time savings of 36 (i.e., a 2Si NMR spectrum that would take 36 hours to complete
would only require 1 hour to have the same S/N ratio using DNP). These preliminary findings
provide a foundation for future endogenous radical development which would further sensitivity
gains.

One way to increase sensitivity is to isotopically label the sample of interest. This is not
uncommon in the field of biomolecular NMR where carbon and nitrogen centres are labelled with
3C and N, respectively. Oxygen is also readily present in amino acids, peptides, and proteins,
with their role in hydrogen bonding being vital for secondary and tertiary protein structures.
However, isotopically labelling 7O centres is improbable as it is very costly and time consuming.
In Chapter 6, a fast and cost-effective method to 7O label FMOC-protected amino acid building
blocks is developed and used in strategically labelling biologically relevant tripeptides. Using this
inexpensive method, higher volumes of sample are labelled and analyzed using !’O NMR
spectroscopy. While good resolution and sensitivity is obtained at high magnetic fields (14.1 T)
with strategic labelling, the limit to sensitivity is further probed by employing sensitivity
enhancement methods, such as population transfer, DNP, and CPMAS cryoprobe technology. By
applying these approaches, substantial time savings over conventional NMR experiments are
found.

In Chapter 7, concluding remarks and future works for investigating perovskites,

nanoparticles, and proteins are provided.



Chapter 2

Theoretical Background

2.1 The NMR Hamiltonian

The NMR Hamiltonian (H'nmr) corresponds to the total energy of the system and describes
how a nucleus interacts with its environment. In this thesis, the H'nmr can be split up into the
following five terms:

Hymr = Hz + Hys + Hpp + H; + Hy 2.1
where, H, represents the Zeeman interaction, Hs is the magnetic shielding term, Hpp is the
direct dipolar interaction, }{; is the indirect spin-spin interactions, and H, represents the
quadrupolar interaction.

All NMR active nuclei will experience these interactions (except for }, which is only
experienced in quadrupolar nuclei, / > 1/2). The Zeeman interaction is referred to as an external
interaction as it is under control of the experimentalist (i.e., external to the nuclear environment).
On the other hand, Hys, Hpp, H;, and H, are referred to as internal interactions as they are
sample/system dependent (i.e., molecular properties intrinsic to the nucleus and system at hand).
As the internal interactions are influenced by molecular structure, they are orientation-dependent
with respect to the applied magnetic field (Bo). Thus, these interactions help provide critical

structural information on the sample at hand. In this thesis, a general overview of the NMR
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interactions will be presented. For more information about solid-state NMR, the reader is referred

to the following resources.'™

2.1.1 The Zeeman Interaction

When an NMR-active nucleus is placed in an external magnetic field, Bo, the energy levels
become non-degenerate and split into corresponding nuclear spin states (m) (Figure 2.1). The
magnetic moments (or nuclear spins) will orient themselves either parallel or antiparallel with By
and will split into (27 + 1) states with even spacing. This is called the Zeeman interaction, which
can be defined as the following Hamiltonian:

where vy is the gyromagnetic ratio (intrinsic property to the nucleus), 7 is the reduced Planck’s

constant, and / is the spin quantum number.

a b
) 80 No B, Zeeman S/plitting ) B0 No B, Zeem[an 38/;2)Iitting
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\
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\
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Figure 2.1. Spitting of the energy levels due to the Zeeman interaction for an / = 1/2 (a) and / =
3/2 (b) nucleus. The arrow represents the direction of By and SQ refers to the observable single
quantum transitions.

The observable single quantum transitions are evenly spaced out by Am = £+ 1 and the energy
difference (AFE) is defined by Equation 2.3, where /4 is Planck’s constant and v is the nuclear Larmor
frequency.

AE = yhBy = hv 2.3



The nuclear Larmor frequency is the rate at which the magnetic moment precess about the external
magnetic field and is defined by Equation 2.4.
,_YBo 2.4
2
At thermal equilibrium, the population of the nuclear spin states are determined by the
Boltzmann distribution (Equation 2.5), where np and n, are the populations of the upper and lower
energy spin states, & is the Boltzmann constant, and 7 is temperature in Kelvin.
s _ e “lir = e_yhBo/kT 2.5
Ny
As the energy separation between spin states is inversely proportional to the wavelength of light
used to irradiate the nuclei, NMR is inherently insensitive as radiofrequency pulses (vide infra) are
applied to perturb the small fraction of excess nuclear spins from the lower energy state to the
higher energy state. While electronic (UV-Vis spectrophotometry) and vibrational (infrared
spectroscopy) spectroscopy are more sensitive techniques as the energy separation between spin
states is much larger compared to NMR, the structural information resulting from NMR

interactions observed in a spectrum is instrumental in the field of materials science.

2.1.2 Magnetic Shielding and Chemical Shift

The magnetic field experienced by the nucleus of an atom is dependent on the local
electronic environment. In an external magnetic field, the valence electrons circulate, which
generate a secondary magnetic field opposite of the applied magnetic field. This interaction results
in the unique environmental information based on the electronic structure at the nucleus and
provides characteristic resonance frequencies. The magnetic shielding Hamiltonian can be
described as:

}[MS = ]/IB()O' 26

where / is the nuclear spin momentum operator of the nucleus and ¢ is the shielding tensor. The
shielding tensor (Equation 2.7) can be written in the principal axis system (PAS) where 611 <622 <
033 with o11 being the least shielded and o33 is the most shielded.

g1 O 0
EPAS = [ 0 0-22 0 ] 27
0 0 o033
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As the magnetic shielding is with respect to a bare nucleus, it is difficult and rarely
measured experimentally. Therefore, the magnetic shielding interaction is measured with respect
to a reference compound and use the term chemical shift (6). The chemical shift term can then be
calculated using the resonance frequencies (v) of the sample and standard reference (Equation 2.8).

Vsample — Vreference

Ssample = x 106 2.8

Vre ference

Chemical shift values are measured in terms of parts-per-million (ppm) and can vary dramatically
for nuclei with large chemical shift ranges. The large chemical shift range is ideal as the resulting
chemical shifts would be sensitive to small changes in their local structure; thus, providing a
detailed investigation on the electronic environment. The notation used to report the chemical shift
anisotropy (CSA) interactions in this thesis follow the Maryland Convention® and can be expressed

as the following:
_ (811 + 852 + 633)

iso — 3 2.9

Q = 611 - 633 210

K = M 211
Q

where Jiso represents the average chemical shift, Q (span) represents the magnitude or breadth of
the anisotropic pattern, and « (skew) determines the shape of the anisotropy. As the CSA increases
linearly with the magnetic field, manipulation of this interaction can occur through magnetic field

strength selection (i.e., low By is preferred to minimize this interaction).

2.1.3 Direct Dipolar Coupling

Direct dipolar coupling is a result of the nuclear magnetic moments of two nuclei (I and S)
interacting through space (i.e., they do not need to be bonded together, they just need to be within
proximity of each other). This dipole-dipole interaction can occur between the same nuclear spins
(I =S, homonuclear dipolar coupling) or with different nuclear spins (I # S, heteronuclear dipolar
coupling). Regardless of the interaction, the resulting NMR lineshape is broadened. The direct
dipolar Hamiltonian can be described as:

Hpp = Rpp[A+B+C+D+E +F] 2.12
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where Rpp is the dipolar coupling constant and the alphabetic terms (A to F) are defined below
(Equation 2.14). The dipolar coupling constant is dependent on the gyromagnetic ratios (y) of the

two nuclei and the distance, 7, between the spins I and S.

o= (2) (222)

While there are 6 terms in the “Dipolar Alphabet”, only the A and B terms contribute to the line
broadening in the spectrum. More specifically, terms A and B play a role in homonuclear dipole
coupling, whereas only term A is apparent in heteronuclear dipole coupling. Terms C to F, on the
other hand, only contribute towards relaxation.

A=—(3cos?6 —1)1,S,

1
B = —Z(B cos? @ — D[I.S_ +1_S,]

3 .
C=- 2 (sin 6 cos b e“‘f’)[IZS+ +1.S,]

3 ' 2.14
D=-— 2 (sin@ cos@ e*®)[1,S_ +1_5,]

3 .
E= ~2 (sin? 6 e7219)[1,S,]

3 .
E= ~2 (sin? @ e*2®)[1_S_]

In both the A and B term, there is a ‘3c0s?0-1’ term present. This term can be minimized or removed
(and thus affecting the dipolar coupling) by using a technique called magic-angle spinning. This
technique will be discussed in detail below.

There are a few things to consider that can affect the direct dipolar interaction. If the natural
abundance of the nuclei of interest is very small, the likelihood of these spins coupling to each
other is low. Additionally, if the distance is too great between the two spins, the dipolar coupling
would be diminished. However, this interaction is very important for structure determination as it

can be manipulated to determine distances, 7, through-space between the two spins of interest.
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2.1.4 Indirect Spin-Spin Coupling (J-coupling)

The through-bond interactions of the nuclear magnetic moments and the electronic structure
is referred to indirect spin-spin coupling or J-coupling. The indirect spin-spin Hamiltonian is the
following:

where J is the indirect coupling tensor. The isotropic J-coupling causes peak splitting in the
resonances corresponding to the coupled nuclei. This effect dominates in liquid-state NMR;
however, J-coupling is usually overpowered by CSA (and quadrupolar interactions for /> 1/2) in
solid-state NMR. The anisotropy in J (AJ) is very small and cannot be distinguished from direct
dipolar couplings. Thus, when measuring the dipolar coupling constant, Rpp, the resulting value is
an effective dipolar coupling constant, Refr.

A 2.16
Reff = Rpp — ?

2.1.5 Quadrupolar Interaction

Most NMR-active nuclei have a spin greater than 1/2 (/ > 1/2) and are referred to as
quadrupolar. Unlike for 7 = 1/2 nuclei, the charge distribution for quadrupolar nuclei is non-
spherical (Figure 2.2). This results in a nuclear electric quadrupole moment (eQ) which couples
anisotropically with the local environment. The charge distribution can either be oblate (football-

like) or prolate (disc-like) in shape if the eQ’s are negative or positive, respectively.

Oblate Spherical Prolate
Q<0 Q=0 Q=0

Figure 2.2. Nuclear charge distrubtions for a / = 1/2 (spherical) and /> 1/2 (oblate and prolate)
nucleus. The arrow indicates the direction of the applied magnetic field along the Z-axis.
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In addition to the NMR interactions discussed above which are between the nucleus and

surrounding magnetic environment, quadrupolar nuclei also interact electrically resulting in an

electric field gradient (EFG or V). This interaction causes changes in the Zeeman interactions and

thus, can affect the central and satellite transitions (Figure 2.3). As the quadrupole interactions are

small in comparison to the Zeeman interaction, the quadrupolar Hamiltonian consists of first- and

second-order energy corrections to the Zeeman energy levels. There is also a third-order

quadrupolar coupling but this is rarely necessary as it is typically very small in 99% of cases.

Zeeman +

Zeeman + :
Zeeman 18t Order +
7% Order 2™ Qrder
- T
r” £
-3/2 Y
ST ST ST
A2 el . . A
E 5 1
cT CT CT
4 +
M2 ——-e ¥ ¥
ST IST tsr

——
o
-

+3/2

Figure 2.3. Energy level splittings due to the Zeeman interaction and the first- and second-order
quadrupolar interactions for an / = 3/2 nucleus. The black arrows indicate that AE are the same,
whereas the red arrows indicate AE has changed from the original energy difference seen by the
Zeeman effect. The central transition is denoted as CT and the satellite transition is denoted as ST.

The quadrupolar Hamiltonian consists with the following:

— 1 2
Ho = Hy +H;

eQ 3. . .
Hy = ———= |5 [31Z - I*|V,
Q 41(21—1)ﬂ[ v

2 eQ 1? S . . .
Fe = _;[m] [VaV_,I, (412 — 8% — 1) + V,V_,12(42% — 2[2 — 1)]

where the elements V(x) are as follows:

2.17

2.18

2.19
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Voy =V — iV, 2.20

1
Vop = 2 (Vxx - sty) — Wy

The first-order quadrupole interaction does not affect the central transition, although the satellite
transitions can either increase or decrease. The second-order interaction affects all energy levels
and thus, the central transition is now impacted and results in a shift or broadening of the
quadrupolar powder pattern.

The quadrupole interaction can be described by the quadrupole coupling constant (Cq) and

the asymmetry parameter (7) as illustrated in Equations 2.21 and 2.22, respectively.

eQVzz
CQ - T 221
Viy — 1,
=" 2.22
ZZ

In select cases, the quadrupole interaction can become zero for a /> 1/2 nucleus. As the EFG tensor
is traceless and symmetric (Equation 2.23), the Cq vanishes if the local environment is highly

symmetric (i.e., the nucleus is in a cubic position) or if there is isotropic tumbling.

Vex O O
0 0 Vg

2.2 Experimental NMR Techniques and Data Processing
2.2.1 Magic-angle Spinning (MAS)

In liquid-state NMR spectroscopy, the molecules are rapidly tumbling in solution which
allows for the averaging of the orientation of nuclear spins to zero. Therefore, the effects of CSA
and dipolar coupling are rarely observed, and sharp resonances (isotropic peaks) are obtained in
the resulting spectra. Solid-state NMR spectroscopy on the other hand works with powder (“tiny
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crystallites”) samples which results in anisotropy. While a lot of information can be gained from a
powder pattern, these broad and distorted patterns can be difficult to analyze.

In the 1950’s, Edward R. Andrew and Irving J. Lowe independently determined that if the
solid sample would spin at a fixed “magic” angle, many anisotropic interactions (such as CSA,
direct dipolar coupling, and first-order quadrupolar coupling) would average out.®’ This spinning
application was thus, referred to as magic-angle spinning (MAS). As the molecular orientation is
dependent on a 3cos?6-1 term, if the sample is spinning infinitely fast at 6 = 54.74° with respect to
Bo, the anisotropic term becomes zero and you are left with only the isotropic peaks. However,
spinning infinitely fast is impossible so the majority of the time, MAS can attenuate the anisotropic
interactions but not completely remove them. There are some cases where the anisotropic
interactions can be “spun” out (i.e., interactions average to 0) when the spinning rate of the sample
is faster (~>2 times) than the magnitude of the interaction. At slower spinning speeds, sharp lines
called spinning sidebands are produced in addition to the peak corresponding to the isotropic
chemical shift. These spinning sidebands are spaced out equidistant with respect to the spinning
frequency and thus, would change depending on the spinning frequency used. Since the isotropic
peak does not change with respect to the spinning frequency, multiple MAS experiments at various
spin rates would then help discern the isotropic chemical shift. Magic-angle spinning has become
synonymous with solid-state NMR studies and is routinely used with non-spinning experiments to

extract isotropic and anisotropic interactions, respectively.

2.2.2 Bloch Pulse

The simplest NMR technique is the Bloch pulse (Figure 2.4), named after Felix Bloch in
1946, which consists of a radiofrequency (RF) pulse which tips the net magnetization at a specific
angle (typically 7/2 or less) into the X-Y plane.® A short delay follows which allows for the pulse
to dissipate from the probe coil and minimize probe ringing before the free-induction decay (FID)
is acquired. Finally, a recycle delay is allowed for the Boltzmann population to return to
equilibrium (along the Z-axis) before the pulse sequence is repeated (Figure 2.5). Over a course of
experimental time dictated by the spectroscopist, the transients (or number of scans) are added

together, and the final FID is Fourier-transformed to produce the NMR spectrum.
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Figure 2.4. The Bloch pulse sequence.
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Figure 2.5. Illustration of the net magnetization when a Bloch pulse is applied.

2.2.3 Spin Echo Pulses

In an ideal world, all nuclear spins in a sample would be equally excited when a pulse is
applied and would relax at the same time. However, that is not always the case due to
inhomogeneous effects in the magnetic field, as well as variations in relaxation times. In a Bloch
pulse, during the delay between the excitation pulse and acquisition, the spins start decaying at
different rates and the resulting NMR signal is diminished or the spectrum becomes distorted. In
1950, Erwin L. Hahn first discussed that the transverse magnetization lost could be recovered by
using a secondary 7/2 pulse to refocus the spins, producing a spin echo.’ In 1954, Herman Y. Carr
and Edward M. Purcell expanded on this method and used a combination of /2 and n (90° and
180°) pulses to measure spin-spin (7%) relaxation.!? While the secondary pulses can be varied, the

following discussion about spin-echoes will about the /2 — &t pulse sequence (Figure 2.6).
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/2 T

Figure 2.6. The Spin Echo pulse sequence where 7, is the echo delay.

Similar to the Bloch pulse, a 7/2 pulse is applied to tip the net magnetization into the X-Y
plane. During the short delay (zp), some spins decay faster or slower due to the magnetic field
inhomogeneities. A  pulse is then applied to flip the magnetizations, allowing the slower spins to
be closer towards the negative y-axis, whereas the faster spins would be further away from meeting
at the negative y-axis. Another delay follows to allow all the spins to catch up to the “main”
magnetization along the negative y-axis. The echo pulse is then acquired when all spins are

completed refocused, followed by the relaxation delay.

2.2.4 Cross-polarization (CP) Pulse

One way to boost the signal-to-noise ratio (S/N) of the resulting spectrum is to acquire more
transients to minimize the noise level of the FID. However, since relaxation delays can range from
seconds to hours, it would be ineffective to signal average within a reasonable timeframe. In 1972,
Alexander Pines, Michael Gibby, and John S. Waugh developed a pulse sequence which takes
advantage of the abundant spin polarization and short relaxation delays of 'H nuclei, namely,

Cross-polarization (CP) (Figure 2.7).!!
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/2 Decoupling

Contact Pulse

Figure 2.7. Cross-polarization pulse sequence where 'H is the proton nucleus (or a high gamma
nucleus such as '°F) and X represents the low gamma nucleus of interest.
First, a n/2 pulse is applied to the 'H channel to tip the net magnetization into the X-Y plane. Then
a 'H spin-lock pulse is applied concurrently with a contact pulse on the X channel. When the
Hartmann-Hahn match condition is satisfied, polarization transfer between the 'H and X nucleus
can occur (Equation 2.24).

yiB," = yXB,* 2.24
Following the contact pulse, the FID is measured during the acquisition time while a 'H high-power
decoupling pulse is applied. The decoupling pulse is used to minimize the heteronuclear dipolar
and J-coupling interactions which causes line broadening. Finally, a recycle delay corresponding
to the time needed for the 'H spins to relax back to equilibrium is applied before the pulse sequence
is repeated.

By transferring the 'H polarization to the dilute nucleus of interest (such as 2°Si), the signal
enhancement increases by a factor of y!'/yX. Additionally, with the shorter relaxation delay seen for
'H spins, more scans can be acquired within the same experimental timeframe compared to direct
excitation experiments. However, there are a few disadvantages to the application of CP.
Inherently, the pulse sequence requires 'H spins to be present in your sample. While this is not a
problem for biomolecular systems, many inorganic solids may not contain protons. Since the net
magnetization of the nucleus of interest is enhanced by the polarization transfer from protons, the
corresponding NMR spectrum is not quantitative. To obtain qualitative results, one must use a

direct-excitation experiment (such as Bloch pulse or Spin-Echo pulses above). Another technique
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called multiCP has also been proven to produce quantitative results using composite /2 pulses.!!3
Despite these disadvantages, CP has become routine for solid-state NMR spectroscopy due to its

high turnover rate and sensitivity gains.

2.2.5 Sensitivity Enhancement Pulse (Double Frequency Sweep — DFS)

While CP is beneficial for boosting sensitivity for / = 1/2 nuclei, implementing CP for
quadrupolar nuclei, / > 1/2, is not as routine. One way to maximize sensitivity for quadrupolar
nuclei is the use of population transfer techniques, such as double frequency sweeps, which uses
adiabatic frequency sweeps across the satellite transitions (ST) to inverse the Boltzmann
populations of the ST onto the central transition (CT) before a selective n/2 pulse is used to perturb

the CT (Figure 2.8).!%15

/2

DFS Pulse

Figure 2.8. Double Frequency Sweep (DFS) pulse sequence followed by a selective n/2 pulse.

Depending on which energy levels are inverted first (i.e., +/- 5/2 to +/- 3/2, followed by +/- 3/2 to
+/- 1/2, Type A, or +/-3/2 to +/- 1/2, followed by +/- 5/2 to +/- 3/2, Type B), the theoretical
maximum enhancement (€prs) can be 5 or 3, respectively for / = 5/2 nuclei (Figure 2.9). However,
in real-world situations for powder samples, the ST frequencies are not easily distinguishable and
thus, the resulting enhancements are smaller than the theoretical maximum. Nevertheless, the small

enhancements are still beneficial in boosting the S/N for quadrupolar nuclei.
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Figure 2.9. Enhancement values obtained due to the population inversion of double frequency
sweep pulses for an / = 5/2 nucleus.

In addition to DFS, hyperbolic secant (HS)'®!7 pulses and rotor-assisted population transfer
(RAPT)'® are other population transfer techniques to increase sensitivity for quadrupolar nuclei.
Similar to DFS, HS uses population inversion to transfer the polarization to the CT. On the other

hand, RAPT saturates each energy level to boost the sensitivity of the CT.

2.2.6 Spectral Simulations (WSOLIDS)

To extract the NMR parameters (Jiso, 2, K, Cq, NQ, 0, B, and y) from the experimental NMR
spectra, spectral simulations are completed using the program WSOLIDS1." The experimental
NMR spectra are fit using the Maryland Convention,>* proposed by Mason and Herzfeld,? and
endorsed by IUPAC?! (vide supra). From the fitted data, the corresponding simulated NMR spectra

are exported and visualized using TopSpin 4.1.3.

2.3 Dynamic Nuclear Polarization (DNP) NMR

Solid-state NMR spectroscopy has been a workhorse characterization technique for
decades. However, it is inherently a low-sensitivity technique due to the small nuclear Zeeman
polarization, as well as having a multitude of nuclear interactions (such as large anisotropy or
quadrupole interactions) which create challenges with interpreting spectra. While there have been
advancements in the field with the introduction of MAS, CP, and ultrahigh-field NMR magnets,
increasing sensitivity remains at the forefront of NMR development.

Dynamic nuclear polarization (DNP) has expanded the versatility of NMR spectroscopy

due to its tremendous sensitivity gains. Using a familiar concept of cross-polarization, where there
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is a transfer of polarization from a high-spin abundant spin bath (*H’s) to an insensitive nucleus,
DNP NMR uses the large electron polarization of unpaired electrons to boost sensitivity. Unlike
CP where the transfer of polarization is based on parameters set in the pulse program, the electron-
nuclear transitions for DNP are produced using microwave irradiation. Using this technique,
sensitivity gains ranging from 10 — 100 times that of traditional NMR spectroscopy can be obtained
routinely; thus, allowing for long and complex experiments to be completed in a reasonable
timeframe. Below a general overview on DNP basics (such as instrumentation, polarization agents,
and polarization transfer approaches) will be given. Readers are directed to the following sources

for a more in-depth investigation of DNP and the advancements in this field.?2-32

2.3.1 Dynamic Nuclear Polarization (DNP) Instrumentation

There are four major components which are crucial for dynamic nuclear polarization
acquisition: a solid-state NMR spectrometer, a microwave source, cryogenics, and a DNP NMR
probe. The solid-state NMR spectrometer needed for DNP is one used with conventional solid-
state NMR experiments with a few additional requirements. Firstly, the magnet bore must be wide
(89 mm) versus a standard (54 mm) bore to accommodate the electronics needed to perform
experiments at cryogenic temperatures, as well as allow for microwave irradiation to reach the
sample of interest. Additionally, an optional outer coil can be included to allow for minute
adjustments to the main magnetic field. This is crucial for the optimization of the magnetic field
strength tailored to the polarizing agent used.

One main difference between the traditional NMR setup with DNP is the addition of a
microwave source. Typically, a gyrotron is used to generate high-frequency microwaves which are
then guided to the sample of interest using a transmission line. While the gyrotron tube sits inside
a similar superconducting magnet to the NMR spectrometer, the gyrotron emits microwaves in the
GHz frequency range. Another difference is that all DNP experiments are performed under
cryogenic temperatures (<130 K). The purpose of this is to improve the electron and nuclear
relaxation behaviour, which allows for effective electron polarization transfer to bulk nuclear spins
within the sample. As a constant supply of inert gas at cryogenic temperatures is needed, DNP
experiments can be costly due to the additional cost of liquid nitrogen. However, there has been
advancements in the development of a closed-loop system to recirculate liquid helium®** or the

use of nitrogen gas generators*>*¢ to help minimize future costs.
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As with all NMR experiments, an NMR probe is needed to send and detect the signal during
signal acquisition. With DNP NMR probes, additional components are needed to allow for sample
cooling and microwave irradiation of the rotor. To allow for optimal enhancements, sapphire NMR
rotors are used as its been shown that sapphire is more transparent to microwaves, providing larger
enhancements over the typical zirconia-based NMR rotors. Lastly, the rotor is capped with a

zirconia, Torlon® or Vespel® drive cap.

2.3.2 Polarizing Agents

The mechanism of dynamic nuclear polarization requires a source of unpaired electron
spins. This can be achieved using either endogenous (innate to the sample) or exogeneous radicals
called polarizing agents, which are added to the sample of interest during sample preparation.
Polarizing agents can be split up into two categories: narrow-line or wide-line radicals, with the
distinction based on their corresponding electron paramagnetic resonance (EPR) lineshape.
Typically, wide-line radicals are used as they are commercially available, as well as easier to
synthesize in comparison to narrow-line radicals. In this work, wide-line radicals, AMUPol /
bCTbK, and TEKPol, were used in Chapters 5 and 6, respectively (Figure 2.10).>7*° Additionally,
in Chapter 5, the intrinsic dangling bonds on the silicon nanoparticle surface provided a source of

unpaired electrons for endogenous DNP studies.
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Figure 2.10. Chemical structures of the wide-line radicals used as polarization agents in this thesis.

2.3.3 Polarization Transfer Approaches and DNP Enhancement Factor (g)
There are two different polarization transfer approaches for any conventional DNP NMR
experiment: direct or indirect DNP. For a direct DNP experiment, the NMR active nucleus (X) is

polarized directly from the source of unpaired electrons, ¢ = X; whereas for an indirect DNP
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experiment, the unpaired electrons polarize 'H spins followed by a CP step to observe the nucleus
of interest, e 2 'H = X (Figure 2.11). Regardless of the method used to polarize the nucleus of
interest, two nearly identical experiments must be completed for a DNP study, if studying the
overall gain in sensitivity. When microwaves (MW) are on, this is known as a DNP NMR
experiment (denoted as MWon, or uwon). The exact same experiment is then acquired without
microwaves (MWsr, or uwofr), which is a standard solid-state NMR experiment. To quantify the
gain in sensitivity, the DNP enhancement factor, ¢, is then calculated by comparing the peak
intensity (/) of the NMR spectrum acquired with and without microwaves, Imwon and Imworr,
respectively (Equation 2.25).

_ IMWon

€ 2.25

"~ Tywon
The resulting reduction in experimental time is therefore determined by a factor of 2. Typically,
larger gains in sensitivity are achieved using direct DNP polarization as the gyromagnetic ratios
between electrons and the lower-y nuclei (y../yx) are much higher than the ratio between electrons
and 'H (indirect DNP). Regardless of the polarization transfer approach used, enhancement factors
of up to 658 can be achieved using indirect DNP NMR in theory, opening the door for complex
and “impossible” experiments to be performed.
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Figure 2.11. Illustration of direct and indirect polarization pathways for DNP NMR.

2.4 Computational Methods (Amsterdam Density Functional — ADF)

In Chapter 3 of this thesis, density functional theory (DFT) calculations are completed using
the Amsterdam density functional (ADF) 2017 modelling suite.*!** Computations are used to
gauge a better understanding if a certain system is NMR feasible prior to experimental acquisition

or to compare if the experimental results are within theoretical reason. By modelling our chemical
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systems, we compute NMR parameters (o, 2, and x) and then compare them to experimental values

extracted using WSOLIDS1. The ADF modelling suite was used as it is a powerful molecular DFT

system that allows for accurate modelling of heavy atoms. A zeroth order regular approximation

(ZORA) approach is used in all calculations to ensure accurate approximations.
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Chapter 3

Phase Evolution in Methylammonium Tin Halide Perovskites

with Variable Temperature Solid-state !'?Sn NMR Spectroscopy

3.1 Introduction

Over the last decade the archetypical hybrid methylammonium lead iodide-based (and
related modifications) perovskite has been a disruptive technology as a potentially new solar
absorbing material with the photoconversion efficiency increasing from 4 % in 2009 to >25 % in
2019.! Extending beyond photovoltaic applications, these materials have exhibited exquisitely
tailorable bandgaps, often spanning 2 to 3 eV, by adjusting the cation and/or halide compositions.
These favorable optical and electronic properties have attracted their development in various
applications such as light emitting diodes (LEDs), lasers, X-ray and y-ray detectors, photocatalysis,
etc.>% Perovskites, with a generic formula of ABX3, demonstrate excellent material tunability due
to their high degree of elemental substitution in the cation (A and B) and anion (X) positions
throughout their three-dimensional crystalline lattice. For example, the A site often incorporates a
large inorganic (e.g., Cs") or small organic cation (e.g., methylammonium, CH3NH3*, or
formamidinium, NH>CH=NH,"); the B site can accommodate Pb*", Sn*" or Ge*"; while the X site
can be Cl, Br, I or a mixture of these halides.”!? Generally, a material must satisfy a few constraints

to be called a perovskite; this includes having a general formula, ABX3, the B-site cation being in

29



an octahedral-like coordination environment, and the 3D network being interconnected through

corner sharing [BXs] octahedra and appropriate tolerance factors.!!

Although the photoconversion efficiency of APbX3-based materials have surpassed other
remarkable photovoltaic materials, such as CdTe, CIGS and amorphous Si, certain environmental
and stability concerns exist as these materials contain Pb and have been shown to be sensitive to

12-14 Recently, the

temperature and water, ultimately leading to decomposition into PbXo.
environmental impact of lead halide perovskites was demonstrated by measuring the bioavailability
of plants in perovskite-contaminated soil.!> The authors found that the lead contamination due to
halide perovskites is ten times more bioavailable compared to other lead contaminants found in
soil. Also, when exposing plants to the maximum safety level of perovskites in soil, most of them
revealed signs of lead toxicity and plant death, suggesting that the safety level for lead needs to be
lowered. To circumvent these degradation and environmental concerns, some researchers have
shifted their focus to lead-free Sn-variants as new solar absorbing materials.'®!® To date these
materials have received far less attention primarily due to their initial weaker photoconversion
efficiencies and the tendency of Sn?* to readily oxidize to Sn**, ultimately impacting the perovskite
structure and optical properties.!*-2> However, studies have shown that tin halide perovskites with
a cesium cation produce tunable photoluminescence via halide exchange, as well as photocurrents
exceeding 22 mA/cm? when CsSnls is used as the absorber in perovskite solar cells.?*?* Using a
mixed Sn-Pb B-site, a research team reported a hybrid perovskite solar cell with a 50:50 ratio of
Sn:Pb (CH3NH3Sno sPbg sI3) with a tailorable bandgap and a 4.18 % photoconversion efficiency.?
Despite the challenges faced with tin-based perovskites, in 2014 CH3NH3Snl3..Bry and
CH3NH3Snls were successfully used as light harvesters; demonstrating the vast potential of tin-

based perovskites as potential next-generation, environmentally-friendly solar cell materials.?%%’

Understanding the underlying physical properties of Sn-based perovskites is vital if one is
to obtain the optimum photoconversion properties for these materials. Recently, NMR
spectroscopy has been shown to be an impressive analytical method in assessing cation and anion
structural and dynamic aspects in relation to hybrid and non-hybrid lead halide perovskites?®~3 that
is non-destructive, qualitative, and quantitative. Solid-state ''°Sn nuclear magnetic resonance
(NMR) spectroscopy can be utilized to assess phase changes and the impact of ion substitution on

these Sn-based perovskites. Although many researchers use powder X-ray diffraction (XRD) as
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their structural analysis method, NMR spectroscopy provides complementary insight into sub-
nanometer (local and medium-range) structure, as well as on dynamics, further expanding our

understanding of the material’s structure-property relationships.

Here we extend this method to hybrid tin-containing halide perovskites as ''?Sn (nuclear
spin, / = 1/2) has a modest natural abundance of 8.58% and a relatively high magnetogyric ratio of
—10.031810""rad T-' s7!, nearly 1/3 that of 'H, making it a sensitive NMR probe nucleus for many
materials.’®#? Using in situ variable-temperature ''”Sn NMR spectroscopy ranging from 190 to
540 K, the apparent phase transitions of MASnX3, where X = Cl, Br or I, are investigated.
Degradation of MASnI; is further examined by the impact on the spectral lineshape of the Sn
environment. Furthermore, we compare ''?Sn and 2°’Pb NMR characteristics of a mixed B-site
MA(Sn/Pb)I3 candidate with respect to the respective parent phases. Finally, we examine how the
chemical shift and anisotropy are impacted by the halide composition and the extended Sn-X

polyhedra using anionic cluster quantum chemical calculations.

3.2 Experimental Section

3.2.1 Materials and Methods

Tin halide salts, SnX, (X = Cl, Br or I) as well as distilled HI (57%) and H3PO> (50%) were
purchased from MilliporeSigma. Methylammonium halides (MAX, where X = Cl, Br or I) were
sourced from GreatCell Solar (formerly DyeSol). During the course of this research we noticed
that different sources (Alfa Aesar vs. Sigma Aldrich) of Snl> might contain approximately 50:50
mixtures of Snl, and Snl4 (Figure 3.1); it is advisable that the starting material be screened using
NMR and XRD prior to synthesis as mixtures may result in multiple phases of different

methylammonium tin halide and tin halide species.
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Figure 3.1. Solid-state ''’Sn MAS NMR spectrum of freshly purchased Snlx (purported to be 99%),
T=290K;Bo=11.75T; o/2n = 12 kHz; 2048 co-added transients. The purchased material clearly
contains nearly equivalent fractions of both Snl, and Snls.
3.2.2 Synthesis of the Parent Phases

MASNX; parent phases were prepared using either solvent synthesis or solid-state reaction

methods, or both, following previous published procedures for MASnCls,* MASnBr;**and
MASnI;.!1°

3.2.3 Synthesis of the Mixed B-site Phase

A 100 ml three-necked round bottom flask was charged with a mixture of aqueous HI (6.8
ml, 7.58 M) and aqueous H3PO> (1.7 ml, 9.14 M) under an inert atmosphere (N2 gas). Prior to the
addition of tin and lead iodide, the flask was purged for two minutes with N> gas. Snlz (186 mg;
0.5 mmol) and Pbl> (231 mg; 0.5 mmol) were added to the solution with a stir bar set to 250 RPM.
The temperature of the bright yellow solution was maintained between 80 and 90 °C using a
mineral oil heating bath. Solid CH3NH3I (159 mg, 1 mmol) was added to the solution and dissolved
immediately. The mixture was heated to 120 °C until the solution was reduced by approximately
half its volume and went from yellow to black (approximately 1 h). The stirring and heating sources
were removed to allow the black solution to cool to ambient temperature and allowed to sit for 24
h under a nitrogen atmosphere to initiate crystallization from the mother liquor. The product was

filtered and washed with degassed ethanol and stored under No.
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3.2.4 Powder X-ray Diffraction (XRD)

Samples were ground to a powder using an agate mortar and pestle and placed on either
plastic sample holders or packed into capillary tubes and sealed. XRD patterns were collected on
an Inel powder diffractometer equipped with a curved position-sensitive detector (CPS 120) and a
Cu Ko radiation source. MASnI; and MASno.sPbosI; were packed into capillaries and XRD data
were acquired using a Bruker D8 Advance Diffractometer equipped with a Cu K, source and

Vantec-500 2D detector.

3.2.5 Solid-state Nuclear Magnetic Resonance Spectroscopy

Tin-119 NMR spectra were acquired at a magnetic field strength of 7.05 T (300 MHz 'H)
with a Bruker AVANCE 300 spectrometer. Non-spinning and magic-angle spinning (MAS) "°Sn
NMR experiments were undertaken using a 4.0 mm double resonance ('H/X) NMR probe, where
X was tuned to '"”Sn. Spectra were acquired using a Hahn-echo pulse sequence with recycle delays
set between 0.5 to 200 s, a yB1/2x of 62.5 kHz (4.0 ps m/2 pulses) and 264 to 16,384 co-added
transients. Variable temperature (VT) NMR spectra (150 to 360 K) were acquired for MASnCls,
MASnBr; and MASnI; using a Bruker NEO 500 spectrometer equipped with a Bruker Smart
Variable Temperature (BSVT) unit. The heat exchanger source was liquid nitrogen with a dry
nitrogen gas source for temperatures below 235 K or an ethanol/dry ice bath, with dry air as the
VT gas for temperatures in the 235 K to room temperature range. The variable offset cumulative
spectra (VOCS)* approach (3-4 steps with 50 kHz transmitter frequency steps) was used for the
complete acquisition of the resulting spectra for MASnCl3, MASnBr3; and decomposing MASnls.
The individual spectra were added using the skyline projection method. To ensure detection of by-
products that may have longer spin-lattice relaxation times, recycle delays were set based on
arrayed parameter optimizations. Tin-119 NMR spectra were referenced to tetracyclohexyl tin (3iso
=-97.35 ppm), a secondary reference with respect to Sn(CHz)s (0 ppm). Temperature calibrations

were performed using MAPbCls, a method developed by this group.*

High-temperature !'?Sn MAS NMR spectra were acquired on a wide-bore Bruker Avance
IIT HD 400 MHz spectrometer equipped with a 7 mm double-resonance probe, spinning at 3.0 kHz.
The sample was heated using a 50 W CO laser, and the temperature calibrated using the Br NMR

signal of KBr as an external standard.*’ The room-temperature spectrum was acquired with a pulse
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length of 4.6 us (90° tip angle), a recycle delay of 20 s, and 20480 coadded transients. At higher
temperatures, recycle delays of 5 s (T =453 K) and 1 s (T = 533 K) were used, with 8k and 4k
transients, respectively. Tetramethyltin (25% in CHCI3) was used as the chemical shift reference
(0 ppm).

All 'H, *C, and 2°7Pb NMR experiments for MAPbI; and MASn sPby sIs were performed
at 7.05 T (300 MHz 'H) on a Bruker Avance 300 NMR spectrometer using a double resonance
("H/X) NMR probe, where X was tuned to '3C (wo/2n = 75.5 MHz) and 2°Pb (wo/27 = 62.9 MHz),
respectively. All 'H experiments were performed with a MAS frequency of 12.0 kHz. A 4.0 ps n/2
pulse (yB1/2n = 62.5 kHz), 4 co-added transients and a recycle delay of 60 s were used for each
measurement. All "H NMR spectra were referenced by setting the 'H peak of adamantane to 1.85
ppm with respect to the primary reference sample, TMS with §('H) = 0.00 ppm. All 13C
experiments were performed under a MAS frequency of 5 kHz. A 'H-'3C cross-polarization (CP)!
technique with TPPM high-power 'H decoupling®? (yB1/2n = 62.5 kHz) and 4.0 ps 7/2 pulse
(yB1/2m = 62.5 kHz) for 'H, a contact time of 3.5 ms, and a recycle delay time of 60 s were used
for each measurement. All *C NMR spectra were referenced at 38.56 ppm for the high frequency
13C resonance of solid adamantane with respect to the primary standard sample, TMS at §('3C) =
0.00 ppm.>* All 27Pb NMR spectra were collected under non-spinning sample conditions. A Hahn-
echo ((m/2)x-11-(m)y-12-ACQ, where 11 and 12 represent the interpulse and refocusing delays,
respectively)>* was used, with 0.5 -5.0 s recycle delays. All 2°’Pb NMR spectra were referenced to
the primary standard, PbMes with 5(**’Pb) = 0.0 ppm by setting the 2°’Pb peak of MAPbCl; —647.5
ppm at 293(1) K.* All iodine-containing samples were synthesized and packed under N> with
initial analysis in either sealed tubes or under nitrogen gas. Decomposition studies were measured
at room temperature under air, without controlling for humidity (over the course of 6 months the
average humidity levels in Edmonton, Alberta were between 50 and 75%); at the 6 month mark a
series of "?Sn NMR spectra were acquired using identical parameters, as discussed above, with

the VOCS approach.

3.2.6 Quantum Chemical Calculations

Density functional theory (DFT) calculations on model tin-halide polyhedral anions,

[SnXe]* where X = Cl, Br and I, were carried out using the Amsterdam Density Functional (ADF)
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2017 modeling suite.>>>7 The polyhedral structures were modeled using existing crystal structure
data.!%21:3% Relativistic effects were calculated using the zeroth order regular approximation
(ZORA) method along with the ZORA/QZA4P basis set, which is optimized for relativistic
calculations.’>%® All calculations used the BP86 functional in the generalized gradient

approximation (GGA).%!-62

3.3 Results and Discussion

Variable temperature ''?Sn NMR experiments were performed on a series of crystalline
hybrid tin halide perovskites to gain electronic and structural insight through their magnetic
shielding. Below we discuss the chemical shift range observed for the cubic crystalline parent
hybrid tin perovskites and the impact on the ''”Sn chemical shift anisotropy (CSA) as the phases
change upon cooling. This is further expanded upon using quantum chemical calculations, as well

as by examining the changes in ''?Sn and 2°’Pb NMR spectra when mixing B-sites (Sn/Pb = 1/1).

3.3.1 Parent Materials —- MASnX3 (X = Cl, Br and I)

XRD patterns for the solvent-synthesized polycrystalline MASnX; (X = Cl, Br and I)
samples are provided in Figure 3.2a at room temperature and agree with previously reported
structures with MASnCl; (space group P1) material exhibiting a triclinic phase (vide infra) and,
MASnBr; and MASnl; materials exhibiting a cubic phase (space group Pm3m) at room
temperature. The ''"Sn NMR spectra of MASnX;3 (X = Cl, Br and I) in their cubic (Pm3m)
perovskite phases are shown in Figure 3.2b. The local Sn(II) chemical environment is coordinated
to six halide anions forming [SnXs]* octahedral clusters as shown in Figure 3.2¢. As expected, the
unit cell undergoes an expansion (a=5.604 A (Cl) — 5.901 A (Br) — 6.204 A (1)) to accommodate
the increasing anionic radius (r(CI") = 1.81 A, r(Br") = 1.96 A, and r(I") = 2.20 A) proceeding down
Group 17.4363

With the Sn positioned at a cubic site of symmetry surrounded by six identical halide
neighbors, the resulting lineshape for each parent phase is Gaussian-like in nature, with no evidence
of chemical shift anisotropy at moderate magnetic field strengths. This is expected due to its
spherical symmetry. For MASnCl3 in the cubic phase, the observed Gaussian lineshape is
consistent with that expected from indirect spin-spin coupling between !'”Sn and the six directly
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bonded *¥37Cl nuclei (i.e., 'J('°Sn,33Cl); both 3°Cl and 3’Cl are 7 = 3/2 nuclei). A first-order '°Sn
NMR spectrum contains 19 overlapping peak multiplets (Figure 3.3a) due to 'J(!°Sn,**Cl) and
LJ(1Sn,>’C1).%* Although a splitting pattern to this interaction is not resolved, reported
1J(19Sn,3337Cl) values ranging from 275 to 470 Hz are consistent with the observed linewidth for
MASNCI3.% However, the possible impact of the 3¥*7Cl nuclear quadrupole interactions on the
9Sn lineshapes cannot be discounted.?!%¢ Likewise, indirect spin-spin interactions between ''°Sn
and 78!Br (both = 3/2) and '*"I (I = 5/2, see Fig. 3.3b for the predicted first-order splitting pattern
in this case) surely play a role in the observed ''°Sn lineshapes, but the much larger nuclear
quadrupole interactions expected for these nuclei preclude a straightforward analysis. See Ref. 31
& 35 for a comparable analysis of 2°’Pb-halide spin-spin coupling in MAPbX3 perovskites. We
note that the Snls polyhedron in MASnIs is not a perfect octahedron, as previously discussed!? ;
DFT results (below) on this very small distortion suggests a very small CSA (Q < 10 ppm) may be
present. Each parent phase has a characteristic isotropic chemical shift (8is0) with MASnCl; being
the most shielded of the series, 8iso = —404 (1) ppm; MASnBr3; is shifted slightly to higher
frequency, 8iso = =315 (1) ppm and MASnI;3 is the most deshielded, iso = 155 (2) ppm. Over this
series, the band gaps span approximately 2.5 eV: 3.69, 2.2 and 1.2 eV, respectively for MASnCl3
(monoclinic, thin film), MASnBr; (cubic) and MASnI3 (cubic); MASnCl; is white in color while

MASnI; has a metallic black appearance.!%-19:43:67-69

The NMR chemical shift is sensitive to the electronic and local structure; therefore, with
any change or disturbance about the local nuclear electronic environment, an associated change in
the shielding will be detected. The shielding contributions of these semiconducting materials are
impacted by the differing contributions of the diamagnetic and paramagnetic shielding
components. In this case, the material with the largest bandgap (MASnCl;) is located to lower
frequency, experiencing a greater shielding whereas a gradual deshielding is observed as the halide
octahedron is replaced by Br and again by 1. The halide MASnX3 series spans nearly 550 ppm
when in the cubic environment. A linear relationship between the optical bandgaps and the
experimentally determined ''”Sn isotropic chemical shifts appear to be present and may prove to
be a practical analytical tool to describe solid solutions of these hybrid materials. The nuclear
magnetic shielding is sensitive to the electronic structure about the nucleus of interest and thus is

impacted by the local structure. Nuclei which have directly bonded halogen atoms usually exhibit
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either a normal halogen dependence (NHD), wherein the magnetic shielding increases with the
mass of the halogen atom, or such as the !'’Sn nuclei in this study, the inverse halogen dependence
(IHD) wherein the magnetic shielding decreases with halide mass. These effects have been
attributed to a spin-orbit contribution to the magnetic shielding.”® In their computational study of
Pb(Il) and Pb(IV) halides, Dybowski and coworkers found that the spin-orbit contribution to
shielding is essentially invariant to halide mass for the Pb(II) nuclei, but is responsible for the NHD
for Pb(IV) nuclei. The IHD for the former was attributed to the paramagnetic contribution to
magnetic shielding.”! Table 3.1 summarizes the calculated paramagnetic (Gpara), diamagnetic (Gdia)
and spin-orbit (os) contributions to the Sn magnetic shielding for a series of [SnX4]*" model
compounds. Qualitatively, the experimental trends are reproduced. In particular, the IHD is
correctly predicted by these results. However, in contrast to the computational results reported by
Dybowski and coworkers for Pb(II) halide complexes, our results suggest that the IHD observed
for these Sn(II) complexes cannot be ascribed solely to the paramagnetic term: Gpaa and Gso
contribute almost equally to the IHD. Both phenomena are impacted by numerous factors, such as
structure and the local environment. A detailed study of this phenomenon requires an examination
of many more samples and thus is beyond the scope of the present study, but it is a promising

avenue that merits future consideration.

(a) (b)
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Figure 3.2. (a) Room temperature powder X-ray diffraction patterns for freshly synthesized
MASnX; (X = Cl (Triclinic), Br (Cubic) and I (Cubic)). (b) Solid-state ''Sn NMR spectra of cubic
methylammonium tin halide perovskites, MASnX3; where X= Cl, Br and I; MASnCl; (/27 = 3
kHz; 9.4 T; Tsample = 533 (5) K), MASnBr3 (0/2n = 10 kHz; 7.05 T; Tsampte = 290 (1) K) and
MASnI3 (non-spinning; 7.05 T; Tsample = 290 (1) K). (c¢) Graphic illustration of the arrangement of
[SnXs]* clusters.
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Table 3.1. Calculated magnetic shielding parameters for [SnX]*” (X = Cl, Br, I).

O11 022 033 Oiso
Opara Odia Os Otot Opara Odia Os Otot Opara Odia Os Otot Opara Odia Os O'tot
o o o o
SnClg*

Cubi -197 510 436 356 -197 510 436 35 -197 510 436 356 -197 510 436 356
c 4 6 7 4 6 7 4 6 7 4 6 7
Mono -213 510 355 333 -207 510 362 339 -197 510 443 356 -206 510 387 343

3 4 3 4 5 1 7 6 7 1 5 1
Tric. -224 510 323 319 -215 510 328 327 -196 510 470 360 -211 510 374 335
A 0 1 0 3 3 5 1 4 9 8 3 8
Tric. -217 510 319 324 -208 510 359 338 -197 510 412 354 -207 510 363 339
B 8 5 8 6 6 3 0 8 4 8 6 2
SnBre*
Cubi -219 507 304 318 -219 507 304 318 -219 507 304 318 -219 507 304 318
c 5 5 4 5 5 4 5 5 4 5 5 4
Ortho -220 502 77 289 -218 505 183 305 -212 505 195 312 -217 504 152 302
6 6 7 1 0 1 9 3 0 2 3 3
Snlg*"

Alph  -243 509 -2 263 -243 509 -2 263 -243 509 -1 264 -243 509 -2 263
a 5 1 1 5 5 1 1 5 0 1 3 4 1 0 8
Beta -244 509 -9 263 -244 509 -9 263 -243 509 266 -244 509 -4 264

6 1 7 6 1 7 7 1 1 3 1 5
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Figure 3.3. First-order J-coupling splitting pattern expected for an 7/ = 1/2 nucleus coupled to six
magnetically equivalent / = 3/2 nuclei (i.e., ***’Cl or 7”#!Br) with negligible quadrupolar
interactions and with relative peak intensities of 1:6:21:56:120:216:336:456:546:580:546:456:
336:216:120:56:21:6:1(a)%; the trace above this pattern illustrates the Gaussian lineshape expected
if individual peaks are not resolved. The corresponding pattern for an 7/ = 1/2 nucleus indirectly
spin-spin coupled to six / = 5/2 nuclei (i.e., '*’I) with relative peak intensity ratios of
1:6:21:56:126:252:456:756:1161:1666:2247:5856:3431:3906:4221:4332:4221:3906:3431:2856:2
247:1666:1161: 756:456:252:126:56:21:6:1 (b)%4.

3.3.2 MASnCl;

Methylammonium tin chloride is a white crystalline material that exists in four unique
crystallographic phases. Unlike its sister compound MAPDbCI3, which is stable and resides in the
cubic phase under ambient conditions, the Sn congener undergoes three phase changes between
300 and 478 K,*!¥ and only resides in a cubic (Pm-3m) crystal phase hexacoordinated to Cl with
corner sharing polyhedra above 478 K. At ambient conditions (< 300 K), the crystal structure
reverts to a triclinic (space group, P1) structure with Sn being five-coordinate in a distorted square
pyramidal type of polyhedron, with a zipper-like Sn-CI-Sn-CI-Sn chain structure running along the
B axis. Slightly above ambient conditions Furukawa et al. have reported a complex phase change
region where the triclinic structure transforms to a monoclinic (space group, Pc) structure at 318
K, followed quickly by the evolution of a rhombohedral (space group, R3m) structure at 350 K.2!
The authors describe this as a breakdown in the symmetric trans CI-Sn-Cl bonds present above 480
K, whereby the pseudo-cubic phase begins to have an asymmetric Cl-Sn---Cl bond, becoming
increasingly stretched (or deformed) as the temperature decreases.?!"’? Figure 3.4 shows the minor

response in the CSA to these structural changes using variable-temperature !'"Sn NMR
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spectroscopy of MASnCls. Beginning at 250 K, the MASnCl3 sample is gradually heated through
each phase transition temperature: triclinic (2 = 700 (15) ppm; T = 245 K) — monoclinic (1 = 643
(15) ppm; T = 320 K) — rhombohedral (2 = 620 (10) ppm; T = 360 K) — cubic (1 =0 ppm; T =
533 K; full width at half maximum (FWHM) = 2.72 kHz). As the sample is heated towards the
cubic phase transition temperature (533 K), the CSA powder pattern drastically decreases (Figure
3.5). The decrease in CSA appears to relate to this Cl-Sn---Cl distortion (e.g., Sn---Cl - 3.19 A
(triclinic) — 3.16 A (monoclinic) — 3.03 A (rthombohedral) — 2.88 A (cubic)) about the Sn
environment. These findings are further supported qualitatively by the DFT calculations, where the
largest CSA is associated with the triclinic phase, although the experimentally observed span is
underestimated by DFT. Table 3.2 summarizes the CSA parameters obtained from fitting both
magic-angle spinning (MAS) and non-spinning !'?Sn NMR spectra (Figure 3.4).

Table 3.2. Experimental !'?Sn NMR parameters for MASnXs

Compound diso Span,Q Skew,k Space Group Crystal System Temperature

(ppm) (ppm) (K)
MASNCIl;  -405 (1) - - Pm3m Cubic 533
MASNnCIls  -400 (1) 620 (10) 0.95 R3m Rhombohedral 350
MASNCls  -396 (1) 643 (15) 0.92 Pc Monoclinic 318
MASNCls —  -394(1) 700 (15) 0.97 P1 Triclinic 250
Sni 367 (1) 710 (15) 1.0
MASNCIs —
Sn2
MASNnBrs  -315(2) - - Pm3m Cubic 295
MASNBrs  -340 (5) 800 1.0 PmC21 Orthorhombic 200
a-MASnI3 155 (2) - - P4mm Tetragonal 295
B-MASNIs  -100 (3) 190 (6) 0.55 I4cm Tetragonal <200K
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Figure 3.4. Experimental (black) and simulated (blue) variable temperature MAS (a) and non-
spinning (b) ''?Sn NMR spectra of MASnCl; for cubic (a, T =533 K; Bo= 9.4 T; &/2n = 3 kHz;
3202 co-added transients), rhombohedral (a, T = 360 K; Bo=11.75 T; w./2n = 13.5 kHz; 488 co-
added transients and b, T=360 K; Bo=11.75 T; non-spinning; 256 co-added transients), Monoclinic
(a, T=320 K; Bo=11.75 T; o/2n = 13.5 kHz; 512 co-added transients and b, T = 318 K; Bo=
11.75 T; non-spinning; 256 co-added transients) and triclinic (a, T =245 K; Bo=11.75 T; /21 =
13.5 kHz; 1024 co-added transients and b, T = 245 K; Bo= 11.75 T; non-spinning; 1024 co-added
transients) crystal structures. Note: diso is indicated as fsa1 with a second tin site at 245 K indicated
by TSnZ.
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Figure 3.5. Variable temperature ''?Sn MAS NMR spectra of MASnCl3 (Bo= 9.4 T; o:/2n = 3
kHz).

3.3.3 MASnBr3

The unique corner-sharing [BXs] octahedra in the high-temperature aristotype perovskite
structure allows for a series of tilts (i.e., cooperative rotations) as the temperature decreases and
can enter subsequent phases. As noted above, the high temperature a-phase (space group, Pm3m)
is cubic with Sn surrounded by six Br~ neighbors forming perfect corner-sharing octahedra with
the methylammonium cation sitting in the cuboctahedron site coordinated to 12 Br~.”® The non-
spinning '"”Sn NMR spectrum shows a single Gaussian-like peak, with a FWHM ca. 8.0 kHz and
an isotropic chemical shift of =315 ppm (Figure 3.6). Onoda-Yamamuro et al. reported that the
MASnNBr; perovskite converts from a semiconducting cubic solid to an insulator at 195 K with a
rhombohedral crystal structure (R2¢ or R-3¢) when using a deuterated MA cation.” A synchrotron
study on non-deuterated MASnBr3 (as studied herein) revealed that the only low temperature phase
observed is orthorhombic (space group Pmc2).>® They further extensively studied the heating and
cooling of this material between 188 and 230 K, but could not find evidence of this 3™
rhombohedral phase. The authors suggest this could be due to a strong deuterium isotope effect on
the phase boundaries which has been previously reported in MAGeCls, where CD3ND3GeCls is
rhombohedral and CH3NH3GeCls is cubic at a high temperature (349 K).”>%75 To determine the
19Sn NMR parameters of the low-temperature MASnBr3; orthorhombic phase, the sample was
cooled to 200 K (Figure 3.6). The asymmetric !'’Sn lineshape (8iso = =340 ppm; Q = 790 ppm) is

consistent with an orthorhombic phase as the Sn center is no longer in the symmetric environment
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seen at higher temperatures. The large CSA determined experimentally is further supported by DFT

calculations (vide infra, Table 3.3).

295K Cubic
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Figure 3.6. Experimental (black) and simulated (blue) variable temperature ''?Sn NMR spectra of
MASnBr3 (top) cubic (T = 295 K; Bo= 7.05 T; non-spinning; 2048 co-added transients) and
(bottom) orthorhombic (T =200 K; Bo=11.75 T; non-spinning; 264 co-added transients). Note the
presence of a SnBr2 impurity (*, center-of-gravity shift dcgs = -639 ppm) is apparent in the spectrum
acquired at 200 K it is also present in the spectrum acquired at 295 K, but less apparent due to the
different nuclear relaxation parameters as the sample is cooled and because, unlike MASnBr3,
SnBr; is not in a cubic environment at 295 K and thus its peak is not sharp. Inset is the orthorhombic
spectrum vertically scaled by 2 to highlight the SnBr (8cgs = -639 ppm) impurity present, as well
as the region where the potential degradation product, MA>SnBrs, would appear.
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Table 3.3. Density functional theory (DFT) calculated NMR parameters using ADF 2017,
implementing a zero-order regular approximation, quadrupole-zeta basis set (ZORA/QZ4P) and

the BP86 functional.
Compound Oiso Span, Q Skew,k Space Group Crystal System Temperature

(ppm) (ppm) (K)
[SnCle]* 3567.27 0.001 -1.00 Pm3m Cubic 533
[SnCle]* 3518.17 20.30 1.00 R3m Rhombohedral 350
[SnCle]* 3430.57 234.2 0.50 Pc Monoclinic 318
[SnCle]* 3391.60 295.6 0.09 P1 Triclinic Sn1 250
[SnCle]* 3358.46  419.3 0.59 P1 Triclinic Sn2 250
[SnBrs]*" 3184.40 0.001 1.00 Pm3m Cubic 295
[SnBre]* 3022.70  223.2 -0.39 PmcC21 Orthorhombic 200
a-[Snle]* 2637.90 7.245 1.00 Pm3m Cubic 005

Pimm?

B-[Snle]* 264450  24.08 1.00 I4cm Tetragonal 190

1. See discussion in Stoumpus et al., 2013, Inorg. Chem., 52, 9019-9038
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3.3.4 MASnI;

MASnI; is fascinating as, in addition to its attractive semiconducting properties with
reported bandgaps of between 1.21 and 1.35 eV being in a suitable range for direct bandgap solar
absorbing applications, the Cs and MA perovskites also display some metallic properties.!®’¢ As
observed for the MASnBr; material, MASnlI3 also can exist in two phases, with the a-MASnl3
being cubic (Pm-3m) and more recently reported as pseudo cubic (tetragonal with a space group
of P4mm), while the low temperature (200 K) B-MASnI; phase is tetragonal (I4cm).!%437377 Figure
3.7 shows the non-spinning ''*Sn NMR spectra for the a- and p-MASnI;z phases at 295 and 190 K,
respectively; the '?Sn NMR spectrum for the a-phase has a Gaussian-like lineshape (FWHM ca.
8.95 kHz) with 8iso = 155 ppm, consistent with the nearly cubic structure as reported by Stoumpos
et al.!® As described by these authors, a non-centrosymmetric tetragonal space group is the best
description for the hybrid perovskite phase. Unlike a single atom (e.g., Cs") being able to occupy
the 1b Wyckoff position at the center of the cuboctahedron, organic cations (e.g., CH3NH3" or
HC(NH:),") cannot satisfy this condition, thereby creating structural disorder within the cage and

the potential for hydrogen---halide interactions.

The '"”Sn NMR spectrum for the B-phase displays a small shielding anisotropy of Q =
190(10) ppm (x = 0.55), indicating sensitivity to the polyhedron distortion upon cooling, and the
chemical shift changes by 250 ppm, shifting to lower frequency at 8iso = —100 (3) ppm. A small
deformation in the axial Sn-I bonds occurs as the pseudo-cubic crystalline sample is cooled from
295 to 190 K, which causes one Sn-I bond to shrink (3.057 A) and the other to lengthen (3.158 A).
This change is directed along the c-axis of the crystal lattice while the four Sn-I ionic bonds
arranged in the equatorial square-planar geometry remain constant at 3.1324 A. The DFT results
(below) do predict this increase in shielding anisotropy (as it did for the CI) but underestimate its
magnitude and poorly reproduce the chemical shift even when relativistic effects are incorporated
in the calculation. The poor agreement may be due to the impact of the different electronic
properties of the two phases and that MASnl; can display unique semi-conducting and metal
properties which may impact the experimental results but are not accurately incorporated in the

resent quantum chemical computations on an isolated anionic “molecular” complex.
t t h | tat lated “molecular” |
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Figure 3.7. Experimental (black) and simulated (blue) variable temperature ''?Sn NMR spectra of
MASnIz (top) pseudo-cubic (a-phase, T = 295 K; Bo = 7.05 T; non-spinning; 64 co-added
transients) and (bottom) tetragonal (B-phase, T = 190 K; Bo=11.75 T; non-spinning; 4098 co-added
transients).

3.3.5 Tracking MASnI; Degradation

Degradation of tin(Il)-based perovskites has precluded the widespread application of these
materials as an alternative to lead-halide perovskite materials. As such, many researchers continue
to explore strategies to avoid rapid degradation under ambient conditions, such as encapsulation
under an inert atmosphere, polymer coating or ion mixing (A-, B-, or X-sites). In order to
investigate the ambient air stability and degradation of MASnX3 materials, we applied solid-state
119Sn NMR to study freshly synthesized MASnX3 samples; the summary of the results is presented

below.

Under ambient conditions (i.e., room temperature, parafilm-sealed vial under air),
degradation was not a significant concern when handling MASnCl; and MASnBr; compounds. In
fact, based on the NMR spectra, there was no indication of degradation of MASnClz and MASnBr3
after two years from the date of synthesis. The only other material detected by ''’Sn NMR in
MASnBr; was SnBr,, which we believe is from unreacted starting material (vide supra).
Previously, our group investigated the decomposition of MAPbIz under hydro, thermal and
hydrothermal exposure, revealing intricate spectral changes amongst Pblo, MAPblz, MAPbI;-H>0O
and MA4Pbls-2H,0.!2? This approach is not feasible for MASnI; as the compound shows the onset
of degradation within an hour of synthesis; some evidence of degradation was also apparent when

undertaking NMR studies of the low-temperature phase acquired under dry nitrogen gas. Figure
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3.8a shows a spectrum of the freshly synthesized material (~ 30 min post-synthesis under N»
atmosphere) which is denoted as time (T) = 0 h. As MASnl; degrades, the linewidth and chemical
shift change, with the latter shifting to a higher frequency over a period of hours as noted at T =4
and 36 h (Figure 3.8a). The overall effect is quite drastic, with the spectral changes plotted in Figure
3.8b. Over a period of 30 hours the '?Sn NMR resonance broadens significantly from ~10 kHz to
>30 kHz (Figure 3.8b). Degradation also leads to a shift of the resonance (center-of-gravity) to
higher frequency by ~ 115 ppm over the same period of time. The result of this reactivity can
significantly skew the reported ''Sn NMR results, shifting the center-of-gravity upwards by a few
100 ppm and resulting in drastic changes to both the lineshape and breadth.

Although we cannot determine the exact decomposition product(s) in MASnlz over this
time frame, it is well documented that MASnlI; readily decomposes.’®” Some possible candidates
include Sn(II)-based species such as SnO and Snls, or fully oxidized Sn(IV) species such as SnO»,
Snls or MA>Snls. During attempts to synthesize pure MASnI3;, a series of identifiable and
unidentifiable compounds were observed in the XRD. We were able to identify a few oxidized
Sn(IV) species such as MA2Snls, SnO; or Snls. Unfortunately, during this study we also determined
that various commercial sources of Snl, contains significant amounts of Snls (Figure 3.1). As a
result, the presence of both Sn(II)- and Sn(I'V)-based iodides may be observed in the XRD due to
unreacted impurities in the starting materials. Leading to further complications, the presence of
Snls (or oxidation of Snly) may further assist in forming MA>Snls, while oxidation may occur
during the XRD measurement. The pure phase of MASnl3 reported in this work was examined
immediately post-synthesis (~30 min) within a sealed capillary using pure (> 99%) Snl, as a
starting material in tandem with the NMR study. The first 36-hour period after synthesis was
continuously monitored using ''Sn NMR, however none of these degradation products were
observed. The difficulty of using NMR to track decomposition is compounded by the fact that
degradation products have different nuclear spin-lattice relaxation times (ranging from ms to sec)
and suffer from varying degrees of chemical shift anisotropy, making it difficult to optimize
acquisition parameters to observe all possible compounds uniformly, especially if the time-
consuming VOCS approach is required to cover the large chemical shift range of nearly 13,000
ppm (covering Sn metal to MA»Snle, spanning over 1 MHz at 7.05 T).3841.898! Interestingly, six
months after the synthesis of the solution-prepared sample, a very broad ''"Sn NMR signal

spanning ~ 2800 ppm (315 kHz FWHM) and centered at ~1500 ppm was observed (Figure 3.8c).
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The aged MASnI3 appears to be trending towards the reported chemical shift range for Sn metal,
indicating some type of intermediate phase(s) (Figure 3.9) that cannot be positively identified but
that resonates between the chemical shifts for metallic Sn and the MASnl3 parent phase (Figure

3.8d).31°83

While preparing this report, a publication appeared in which a sample of MASnI3 prepared
using mechanochemical synthesis (MCS) exhibited a broad (~100 kHz, 7>*=10 ps) and slightly
asymmetric '’Sn NMR resonance with a reported isotropic chemical shift of 795 ppm.#' This
finding contrasts with the work reported here for a solution-based synthesis under N2, where the
non-spinning ''?Sn NMR spectrum is Gaussian-like with a FWHM of ca. 9 kHz (7>*=110 ps) and
with an isotropic chemical shift of 155 ppm. Similar differences are noted with the mixed bromide-
iodide MCS sample in that report, where the ?Sn NMR resonance for MASnBrool»1 (8 = 1586
ppm) is much broader and shifted to even higher frequency than that of their parent MASnl3 phase.
The electronic properties of methylammonium tin halide perovskites would suggest that the NMR
signal of a mixed Br/I phase would be located between their reported parent end members (i.e.,
MASnI3 and MASnBr3), as observed in the case of the analogous MCS-made methylammonium
lead halide perovskites, where all halide solid solutions are located between the parent end-
members.?8 Likewise, these authors report the incorporation of C1~ into the MASnl; lattice, forming
MASNC]I; 71o3, based on the appearance of a new !'?Sn NMR resonance centered at 249 ppm. This
new resonance is situated between their reported parent end members (MASnl3z, & = 795 ppm and
MASNCI3, diso = -395 ppm), and is narrower than either of their reported MASnI; or MASnBro.9l2.1
phases, all prepared using mechanochemical methods. Finally, Kubicki and coworkers detected
metallic B-Sn as well as MA>Snls and SnO; in their MCS-made MASnI3 parent sample, achieved

using longer acquisition times than attempted in our work.?!

The ''?Sn NMR results for the MCS-made MASnI; (8 = 795 ppm), MASnBrol,.1 (8 = 1586
ppm) and MASnClz7los (8 = 249 ppm) reported by Kubicki et al. all appear at higher chemical
shifts than the solution-synthesized MASnI3 phase presented in this work (diso = 155 ppm). This
difference may lie in structural variants produced by different synthetic methods, viz., MCS vs.
solution. For example, we have shown using 2°’Pb NMR spectroscopy that MCS reduces resolution
when compared to solution synthesis for the solid-solution MAPbCIBr3.x perovskite series, as it

reduces local and long-range ordering; however the chemical shifts and lineshape did not change
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significantly.”® As MASnI; and its mixed halides are complex materials, a more thorough
investigation is needed to better understand the large changes in chemical shift and linewidth
observed between MCS and solution synthesis, in addition to how the degradation of MASnIs-
based perovskites is impacted by both synthetic procedures and starting materials. The rapid
degradation of MASnI; observed in this work and the long acquisition times needed to identify the
decomposition products may require complementary characterization techniques to arrive at
unambiguous conclusions for these complex materials and processes. The intuitive attractiveness
of DNP to boost sensitivity and delay decomposition is undermined by the need to conduct such

experiments at very low temperatures, which would induce further phase changes.3486
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Figure 3.8. (a) Non-spinning ''?Sn NMR spectra of MASnI; of freshly synthesized (0 hr) to aged
(36 hrs). (b) Changes in the center-of-gravity shift (dcc / ppm) and full-width-half-maximum
(FWHM / kHz) of MASnI; with respect to time. (¢) Non-spinning !'?Sn NMR of MASnl; after 6
months post-synthesis acquired using a VOCS approach. (d) Tin chemical shift scale for other tin
halide and oxide compounds.
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Figure 3.9. Powder X-ray diffraction patterns of decomposed MASnI;, pristine MASnI3, MA>Snl¢
and SnO;.
3.3.6 Impact of X on MASnX; ?Sn Magnetic Shielding

A quintessential NMR parameter to assess electronic and chemical structure is the isotropic
chemical shift and its sensitivity to local structure. As the ''’Sn NMR diamagnetic chemical shift
range covers nearly 5,000 ppm depending on the chemical environment, this provides the ability
to identify various tin halide species. The chemical shifts determined experimentally expand our
understanding of the ranges that can potentially be observed for hybrid tin(II) halide perovskites.
As seen for SnX; salts (e.g., SnCl, in DMSO (=384 ppm) to I (—152 ppm)), the ''°Sn in MASnCl;
is the most shielded (&iso = —400 ppm) with the Br and I phases gradually shifting to higher
frequency, ranging over approximately 600 ppm. To assess the sensitivity to local structure, a series
of [SnXe]*" anionic polyhedral clusters were assembled based on crystallographic data, and the Sn
chemical shifts were calculated using ADF 2017 implementing a ZORA/QZA4P basis set to compare
with experimental values. Figure 3.10a shows the relationship between the calculated magnetic
shieldings and experimental chemical shifts for the eight unique phases studied here. The quantum
chemical calculations using simple model compounds agree with the trends seen experimentally.
To assess the sensitivity of the CSA to the structure of the local tin halide polyhedron, the distortion
parameter (}) for each crystalline phase was determined from their crystal structures.?”-% As shown
in Figure 3.10b, the gradual change from a perfect Sn octahedron, in the cubic crystal lattice of

MASnX; (where X = Cl, Br or I), to the lower-symmetry tetragonal, orthorhombic, monoclinic and
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triclinic phases results in a sizable measured CSA which correlates with the distortion about the Sn

center.
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Figure 3.10. (a) Calculated !'”Sn magnetic shielding for tin halide polyhedron atomic clusters (blue
= MASNCI3, red = MASnBr3, green = MASnI3) using a ZORA/QZAP basis set as implemented in
ADF 2017, and their relationship to experimental ''°Sn chemical shifts. (b) Relationship between
the experimental !'’Sn chemical shift spans for methylammonium tin halide perovskites and their
polyhedron distortion parameter calculated from known crystal structures. Note that all cubic
structures of MASnX3 (X = CI, Br, I) have identical "Sn CSAs and polyhedron distortion

parameters (*).

3.3.7 MASng.5Pby.sl3 — Insight into Mixed B-site Alloyed Hybrid Perovskites

Mixing the B-site between Sn and Pb has shown improved chemical stability for hybrid
Sn(II)-containing perovskites while offering a further dimension to tune optical properties such as
bandgap and emission.”®*? Thus, expanding beyond our past research in mixed halides, we
attempted to synthesize a mixed Sn?":Pb?" analogue. Below we focus our discussion on a 1:1 Sn?*:
Pb?" mole ratio to form the MASng sPbo sI3 perovskite solid solution. XRD shows that the MAPbI;
parent adopts a tetragonal phase, whereas the MASnlI;3 parent adopts a pseudo-cubic phase at room
temperature.!® As shown in Figure 3.11a, the XRD data reveal that the MASngsPbosls solid
solution adopts the same pseudo-cubic structure as for the MASnl; parent. We further performed
room temperature 'H, 13C, ''?Sn and 2°’Pb NMR spectroscopy to gain insight into the atomic-level
changes both from the dynamic A-site cation (‘H and '3C) and B-site cation (!!°Sn and 2°’Pb)
perspectives upon Sn**/Pb?" mixing. MA* contains distinguishable hydrogens from the ammonium
(NH3) and methyl (CH3) groups; the 8iso('H) for the ammonium hydrogens appear to higher
frequency than that for the methyl hydrogens. For example, 8iso('H) = 5.3 and 2.4 ppm for NH3
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and CHz in MASnIs, respectively (Figure 3.12a). Closer examination of 'H NMR spectra
demonstrates a small but definite change in &iso('H) to higher frequency for both for NH3 and CH3
hydrogens as Sn?* is replaced with Pb?" (Figure 3.12¢). The small shoulder present in the "H NMR
spectrum of MASnI; is likely assignable to degradation of the parent phase, as this spectrum was
acquired between the 3™ and 4" hour decomposition points discussed above. The '3C NMR
chemical shift is also shifted to higher frequency and the linewidth narrows as Snis replaced by Pb
(Figures 3.12b and 3.12d). As past 2H NMR experiments on deuterium-labeled MAPbI;
demonstrated ultrafast MA* cation dynamics at room temperature,’!* the progressive changes in
'H and *C NMR chemical shifts and linewidths are most likely due to changes in the unit cell
volumes on going from MASnI; to MAPDI3:!? the larger unit cell volume for MAPDI; implies a
larger cuboctahedron space which allows faster MA* dynamics and hence a narrowing of the peaks

in the 'H and '*C NMR spectra.

In contrast to the MA™ cation, the B-site cations (i.e., Sn*" or Pb*"), are directly coordinated
with six iodides to form [BIs]* octahedra in the perovskite structure. The non-spinning 2*’Pb NMR
spectra for MAPbI; and MASnosPbosls (Figure 3.11) show Gaussian-like line shapes with a
linewidth of ca. 27 and 28 kHz for MAPbI; and MASno sPbo sI3, respectively. Siso(>°’Pb) is shifted
towards higher frequency by ca. 130 ppm when Pb centered in MAPbI3 is 50% replaced by Sn to
form MASnosPboslz. Likewise, the non-spinning !''"Sn NMR spectra for both MASnI; and
MASno.sPboslz also give Gaussian-like broad line shapes with FWHM of ca. 9 and 18 kHz,
respectively. However, 8iso(''°Sn) for MASno sPbosls is shifted to lower frequency by ~70 ppm.
Neither the '"”Sn nor 2’Pb NMR spectra display any discernable spectral changes over several
days (spectra were similar after two weeks in a sealed rotor), further supporting past findings by
other researchers where Pb incorporation offsets degradation.”®? The NMR linewidths have been
previously shown to be impacted by 7>, direct and indirect spin-spin coupling between 2’Pb (or

9Sn) and the six '*I (I = 5/2; 100% abundant) nuclei in [Bls]*~ octahedra.?!2
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Figure 3.11. Experimentally determined room temperature XRD (a) and solid-state ''°Sn (b) and
207Pb (¢) NMR spectra for freshly synthesized MASnlI3, MASng 42Pbg ssIs and MAPbI; materials.
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chemical shifts (blue) and FWHM values (black) (d) for MASn;—«Pbyl; as a function with Pb
concentration (X).
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3.4 Conclusion

In this work, we have discussed a series of hybrid methylammonium tin halide perovskites
and their chemical shift ranges observed using ''”Sn NMR spectroscopy and quantum chemical
calculations. In each parent phase (where the Sn is positioned at a cubic site of symmetry), a distinct
diso 18 determined with a characteristic shift to higher frequency (—404 ppm to —315 ppm to +155
ppm for MASnCls, MASnBr; and MASnI;, respectively) as the halide mass increases. This
correlates with the changes in band gaps (a decrease of 2.5 eV from MASnCl; to MASnl3),
consistent with the fact that the NMR chemical shift is sensitive to changes in the paramagnetic
shielding term and additional contributions from the spin orbit term of the local electronic
environment. The relationship between changes in the local environment and the resulting chemical
shifts is further explored via variable temperature !'°Sn NMR spectroscopy: upon cooling, we see
changes in the ”Sn CSA with phase changes. As MASnI; is unstable, we performed an in-situ
NMR study over a course of 30 hours to track the changes in linewidths and chemical shifts with
respect to time. Within hours, we observed an increase in linewidth and a &cg shift to higher
frequency; after 6 months a broad resonance spanning nearly 2800 ppm, trending towards Sn metal,
appeared. This rapid degradation towards the metal may also help explain the dual semiconducting
and metallic physical characteristics being reported for this system.!%7? With the rapid degradation
of MASnI3, the discrepancies between our observed ''Sn NMR spectra of MASnI; and those
reported recently®! may be due to the synthetic method used (solvent-based synthesis vs
mechanochemical synthesis). In an attempt to improve the chemical stability of MASnl3;, we
synthesized a mixed B-site (Sn?>":Pb?*" = 1:1 mole ratio) analogue and discovered that the
MASn sPbo sl adopts a pseudo-cubic structure like the MASnI3 parent compound, and has 'H, 13C,
9Sn and 2°7Pb NMR spectral features that are distinct from those of the parent compounds,
confirming its solid solution behavior. The incorporation of Pb appears to aid in resisting the
degradation of these perovskites, whereby the mixed sample was easily handled and analyzed using
both XRD and NMR spectroscopy without evidence of degradation over a two-week period. These
findings provide an understanding of atomic-level structural property relationships in
methylammonium tin halide perovskites and greater insight into the phase changes, material
stability and MASnI; decomposition that plague the use of tin(Il) perovskites as a less toxic

alternative to lead-based perovskites. Further research with mixed A, B or X-site analogues is
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required to reduce toxicity as one targets efforts to bridge the gap between efficient solar energy

conversion and chemical stability to produce a new state-of-the-art solar absorbing material.
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Chapter 4

Silicon Nanoparticles: Are They Crystalline from Core to the

Surface?

4.1 Introduction

Semiconductor nanoparticles (i.e., quantum dots; QDs) exhibit exquisitely tunable
optoelectronic properties, that make them useful for a variety of applications including displays,
photovoltaics, and sensors. Unfortunately, many QDs are based upon toxic constituents (e.g., Cd)
that are regulated in many jurisdictions.! In this context, identifying, preparing, and tailoring the
properties of toxic-metal-free (TMF) QDs is of paramount importance. Silicon nanoparticles
(SiNPs) are TMF QDs that are readily prepared using abundant materials;>* they possess tailorable
surface chemistry, exhibit size- and surface chemistry-tunable photoluminescence that spans the
visible and near-infrared spectral regions with absolute quantum yields that compete with their
CdSe-based counterparts,*® possess long-lived (microsecond) excited states,® are biologically
compatible,>’ and reversibly alloy with lithium. As such, SiNPs are being explored as functional

materials in luminescence-based biological imaging,>® medical imaging,>'® light-emitting

12-14 17-19

diodes,!'! photovoltaics, sensors, !> solar concentrators,'® and lithium ion battery anodes.
For many of these applications, SiNP size and surface profoundly impact material performance.?
For example, when employed in lithium ion battery anodes, the SiNP surface has been implicated
in the formation of the solid electrolyte interphase layer that drastically impacts device

performance.!”?! Similarly, the SiNP surface plays an important role in defining their optical
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properties (e.g., luminescent color, brightness, photoluminescence (PL) quantum yield, excited
state lifetime); by defining the surface bonded moiety, the SiNPs PL can be tuned through the
visible range and the excited state lifetime can be defined within the micro- to nano-second
regime.??>2* Furthermore, various ill-defined surfaces (e.g., defects, oxidation, etc.) have been
implicated in low SiNP PL quantum yields.>%°

In light of their key roles in material properties, establishing an understanding of the SiNP
surface and internal structure is of paramount importance. Approaches to probing SiNP surfaces
have been multifaceted. Quantum chemical calculations provide insight into the nature of the
SiNP-oxide interface for oxide-embedded NPs.?6-28 These modeling studies suggest that, when
embedded in oxides, SiNPs possess a strained structure that leads to the formation of species such
as distorted (i.e., elongated or shortened) Si-Si bonds, dangling bonds, coordination defects, and
Si-O-Si bridging species.?62"-% The surfaces of SiNPs have also been interrogated directly using
various spectroscopic methods. Raman spectroscopy provides direct probing of Si-Si bonds;*-32
multiple Si-Si species have been identified for small particles (d ~ 3 nm) and as the particle size is
increased, features associated with surface species disappear.’® Fourier transform infrared
spectroscopy (FTIR) also provides information regarding bonding in SiNP surface species,
including different Si-Hx, Si-O, and Si-R (R=alkyl, aryl, etc.);**% however, due to dipole
considerations, FTIR does not directly probe Si-Si bonding.

Nuclear magnetic resonance (NMR) spectroscopy is a workhorse method for molecular and
materials characterization; 'H NMR spectroscopy has been applied, in combination with other
methods (e.g., Raman, FTIR, etc.) to evaluate SiNP surface derivatization.*3"-%6 It, as well as °F
NMR spectroscopy, have also been used to indirectly probe the speciation of surface functionalities
on hydride-terminated SiNPs (H-SiNPs) via the evaluation of reaction byproducts.* Solid-state
NMR spectroscopy is a powerful analytical method that provides data related to atomic-level short-
and medium-range structural differences within nanomaterials.*’” Despite suffering from a low
natural abundance (4.7%), 2°Si is an NMR-active nucleus with a nuclear spin, 7 = Y4, a moderate
Larmor frequency (19.9% that of 'H), and chemical shift range. These combined properties result
in relatively narrow linewidths and good resolution for solids when using magic-angle spinning
(MAS) and allow for identification of a variety of silicon species. To date, applications of solid-
state NMR spectroscopy for SiNP evaluation have been largely confined to functionalized,?’-43:4548

ammonium/chloride capped,***° doped,’® porous,***! nanoclusters,’> or micron-sized high
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polarization studies,”> while non-doped hydride-terminated studies are less prevalent,*¢ due in
part to their reactivity and limited solution processibility. Previously a combination of cross-
polarization and single-pulse methods with strategic wetting aided in decoding various Si-based
surface species on d ~ 50 nm SiNPs;>* this approach was quickly expanded to assess the impact of
surface functionalization.’® These examples, and others,>’ % demonstrate the wide-ranging utility
of NMR spectroscopy and its applicability to a diverse array of Si-based nanomaterials.

In this regard, size-dependent ?°Si NMR analyses of SiNPs are expected to provide
invaluable insight into their structure that may be used to optimize material performance in far
reaching applications. In this work, we describe a methodical investigation of H-SiNPs with
predefined dimensions ranging from 3 to 64 nm, employing a complementary suite of
characterization methods including X-ray photoelectron spectroscopy (XPS), Fourier transform
infrared (FTIR) spectroscopy, bright-field transmission electron microscopy (TEM), powder X-ray
diffraction (XRD), and *’Si solid-state NMR spectroscopy that reveals the size dependent
order/disorder within the NPs. We further elucidate an intermediate layer, denoted here as the
subsurface, using cross-polarization NMR spectroscopy and SiNP size dependent nuclear spin-

lattice relaxation behavior.

4.2 Experimental Section

4.2.1 Materials
Hydrofluoric (Electronic grade, 48—50%) and sulfuric (reagent grade, 95-98%) acids were

purchased from Fisher Scientific and Caledon Laboratory Chemicals, respectively. Fuming
sulfuric acid (reagent grade, 20% free SOs bases), trichlorosilane (99%) and toluene (HPLC grade)
were purchased from Sigma-Aldrich. Toluene was purified using a Pure-Solv purification system
and collected immediately prior to use. Benzene was purchased from EMD Millapore (now
Millapore Sigma). All reagents and solvents were used as received unless otherwise specified.
Hydrogen silsesquioxane (HSQ) was synthesized following a modified literature
procedure.®® Briefly, dry toluene (45.0 mL) was added to a mixture of concentrated (15.0 mL) and
fuming (7.2 mL) sulfuric acid under inert atmosphere. A second solution of dry toluene (110 mL)
and trichlorosilane (16.0 mL) was prepared and added drop-wise to the sulfuric acid mixture over
a few hours. The toluene layer was isolated and washed with sulfuric acid solution. After drying
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the organic layer over MgSO4 (neutralized with CaCO; overnight), the volume was initially
reduced using a rotary evaporator and then evaporated to dryness in vacuo to yield the desired
product as a white solid that was stored under vacuum until use.

Thermally induced disproportionation of the HSQ was exploited to produce the well-
defined SiNPs used in this study.” Briefly, six grams of HSQ was thermally processed in a standard
tube furnace under flowing 5% H2/95% Ar at 1100, 1200, 1300, 1400, or 1500 °C. This procedure
yielded oxide composites containing SiNPs of predefined sizes (See Table 4.1). The resulting
composites containing SiNPs were ground using an agate mortar and pestle followed by shaking
in a wrist action shaker with high purity glass beads for six hours. The resulting powder was etched
using a 1:1:1 solution of ethanol:deionized water:HF to liberate the H-SiNPs; a typical etching
procedure employed ~1 g and 30 mL of composite and etching solution, respectively. The
composite was exposed to the etching solution for one hour after which, H-SiNPs were extracted
into toluene and isolated by centrifugation. The H-SiNPs were then subjected to two
suspension/centrifugation cycles in toluene followed by dispersion in benzene for freeze-drying.
The benzene suspension was freeze dried to obtain a free-flowing H-SiNP powder. Samples were
packed into ZrO, NMR rotors and sealed with Kel-F drive caps. Identical samples were also
evaluated using FTIR, XPS, and bright-field TEM. All material manipulations were performed in

a nitrogen filled dry box to ensure negligible surface oxidation or reaction with water.

4.2.2 Fourier Transform Spectroscopy (FTIR)

FTIR was performed on a Thermo Nicolet Continuum FT-IR microscope by drop casting

SiNPs onto a silicon wafer from dry toluene suspensions.

4.2.3 X-ray Photoelectron Spectroscopy (XPS)

XPS was measured using a Kratos Axis 165 Ultra X-ray photoelectron spectrometer. A
monochromatic Al Ka source operating at 140 W with an energy hv = 1486.6 eV was used. Survey
spectra were collected with analyzer pass energy of 160 eV and step of 0.3 eV (Figure 4.1). For
high-resolution spectra, the pass energy was 20 eV and the step was 0.1 eV with a dwell time of
200 ms. Samples were prepared by drop-coating a dry toluene dispersion of SiNPs onto a copper

foil. Spectra were calibrated to the aliphatic C component of the C 1s binding energy of adventitious
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carbon (284.8 eV)%%%° and fit to appropriate spin-orbit pairs using CasaXPS (VAMAS) software
taking into account a Shirley-type background. To fit the Si 2p high-resolution spectrum, the spin-
orbit couple doublet area ratio was fixed at 2:1 and the peak-to-peak separation was defined to be
0.62 eV (Figure 4.2). The spectral window was fit using a variant of a literature procedure.”
Briefly, the spectral components (i.e., spin-orbit couple doublet) arising from elemental Si (near
99.4 - 99.5 eV in this work) were fit first using a symmetric Gaussian-Lorentzian line shape for
small-size particles. When splitting was observed in the envelope shape (i.e.,d ~ 9, 21, and 64 nm),
a Lorentzian asymmetric (LA) line shape was applied (LA(1.93, 3.2, n) where n defines the
Gaussian width).”! To account for the decrease structural order with SiNPs arising from decreased
particle size, the full-width at half maximum (FWHM) of the spectral components used to fit the
elemental Si features were constrained as follows (d, FWHM): 3nm, 1.13 eV; 6 nm, 0.93 ¢V; 9 nm,
0.63 eV; 21 nm, 0.6 eV; 64 nm, 0.58 eV. The residual area was always fit using a Gaussian-

Lorentzian line shape with the same doublet relationship noted above.

4.2.4 Transmission Electron Microscopy (TEM)

TEM imaging was performed using a JEOL-2010 electron microscope equipped with a
LaBs source and an accelerating voltage of 200 kV. Specimens were prepared by drop-casting
toluene suspensions of H-SiNPs onto carbon-coated copper grids. The NP size was determined by
averaging the size of 300 particles using ImagelJ software (version 1.51j8), Figure 4.3. Bright field
images of d ~ 3 nm SiNPs showed substantial aggregation making imaging impractical for sizing
the material. To overcome this, d ~ 3 nm H-SiNPs were functionalized with dodecene using

established thermally induced hydrosilylation and subsequently imaged.’>
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Figure 4.1. Survey XPS data for 3 nm (black), 6 nm (red), 9 nm (blue), 21 nm (green) and 64 nm

(purple), tabulated elemental composition and peak composition for C and O% from survey.
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Figure 4.2. Peak fitting for C and Si XPS data for 3, 6, 9, 21, and 64 nm nanoparticles.
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Figure 4.3. Histograms showing size distributions for (a) 3 nm, (b) 6 nm, (¢) 9 nm, (d) 21 nm, and
(e) 64 nm H-SiNPs.

4.2.5 Powder X-ray Diffraction (XRD)

Lyophilized samples were placed on a zero-background Si wafer. XRD data were acquired
using a Rigaku XRD Ultima IV equipped with a Cu Ka radiation source. Data for H-SiNPs with
TEM-determined sizes 64, 21, 9, 6, and 3 nm were analyzed using a series of diffraction line-
broadening methods (i.e., integral breadth, FWHM, and Lorentzian broadening) to determine
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crystallite sizes. Material properties, as well as instrumental factors contribute to diffraction peak
line broadening. Instrumental effects were accounted for by refining a NIST LaBs standard to
ensure instrument alignment and a Si standard was used as an infinitely large crystallite size
reference (Figure 4.4). After subtraction of instrumental contribution, line broadening was
assumed to result only from size/strain effects. The patterns were analyzed and fit using the TOPAS

Academic software package.”
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Figure 4.4. XRD alignment with (a) LaBe (NIST) and (b) Si standards.

4.2.6 Solid-state Nuclear Magnetic Resonance (NMR) Spectroscopy

Silicon-29 NMR spectra were obtained at 9.39 T (vo (‘H) = 399.95 MHz, vo (*°Si) = 79.46
MHz) on a Bruker Avance III HD 400 NMR spectrometer. All data were acquired using a 4 mm
double-resonance (H-X) MAS Bruker probe. To ensure that samples had not degraded during
analysis, all samples were checked pre- and post-NMR analysis using XPS and FTIR. All NMR
data were acquired under magic-angle spinning conditions at ambient temperature with a spinning
frequency of 10 + 0.002 kHz. The data for all experiments were acquired using TPPM’* 'H
decoupling (yB1/2n = 62.5 kHz). °Si NMR data were referenced to TMS (8 = 0) by setting the
high frequency peak of tetrakistrimethylsilylsilane to —9.8 ppm.”® All spectral deconvolutions were
performed within Origin 2018, 71 data was fit within MATLAB 2017 assuming mono- or bi-
exponential recoveries, and NMR data were processed within TOPSPIN using between 50 and 200
Hz Lorentizan broadening. Unless otherwise noted, data were collected with at least 5 x 7' of the

longest measured 77 time.
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4.2.6.1 Analysis of H-SiNP Surface and Core

Direct excitation 2°Si MAS NMR data were acquired using a Bloch”® pulse with a 4 ps n/2
pulse (yBi/2n = 62.5 kHz), optimized recycle delays (below) between 3.3 minutes and 24 hours,

and between 4 and 2048 co-added transients.

4.2.6.2 Analysis of the H-SiNP Surface

Cross-polarization’” (CP) ?*Si{'H} MAS NMR data were acquired with a 4 us 7/2 pulse
(yB1/2m = 62.5 kHz) on 'H, ramped Hartman-Hahn match on 2°Si, 5 ms contact time, 10 s recycle
delay and between 7776 and 10240 co-added transients.

4.2.6.3 Deconvolution of H-SiNP Surface/Subsurface

The contact time was varied from 0.05 to 8 ms to further elucidate spectral changes in the
CP MAS data, as longer contact times provide time for nuclear spin diffusion to propagate further
into the particle. Two-dimensional ?*Si{'H} HETCOR experiment was obtained on the 64 nm
particle using 1024 co-added transients, 3 ms contact time (conditions identical to CP experiments

above) and 16 #, increments.

4.2.6.4 Nuclear Spin-lattice Relaxation

Spin-lattice 2°Si relaxation data were acquired using the saturation recovery’® experiment
with a pre-saturation train of 16 pulses and a 4 ps /2 pulse (YB1/2n = 62.5 kHz), 1 - 1024 co-added
transients; the relaxation delay was varied from 0.5 to 1000 s (Table 4.1 and Figure 4.5). Note: Due
to the large H-SiNPs (d ~ 21 and 64 nm) exhibiting long nuclear 71, additional data points were
collected (up to 144 hours).
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Figure 4.5. T1 buildup curves for H-SiNPs using a mono-exponential longitudinal magnetization
recovery for smaller H-SiNPs (3 and 6 nm) and a bi-exponential recovery for larger H-SiNPs (9,
21, and 64 nm).

4.3 Results and Discussion

Solid-state NMR spectroscopy is an ensemble technique that probes comparatively large
quantities of material (i.e., 10s to 100s mgs) and provides information regarding local structure and
dynamics. If nanomaterial structural-property relationships are to be elucidated from such
investigations, it is imperative that the NP size, shape, and composition be as uniform as possible
to allow effective differentiation/identification of the nuclear environments that are present. To
achieve this for SiNPs, we have prepared SiNP/SiO; composites that contain nanoscale inclusions
of silicon with pre-defined sizes using a well-established, scalable method involving the thermal
processing of HSQ;%¢"-” high-quality freestanding H-SiNPs are routinely liberated from these
composites via alcoholic HF etching. In most cases, H-SiNPs are rendered solution processable
and resistant toward oxidation upon surface derivatization using various approaches (e.g.,

hydrosilylation).**80-85 The focus of this study is to investigate the internal SiNP structure free
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from the influences of surface functionalities; H-SiNPs provide the nearest approximation to
‘naked’ SiNPs available outside ultrahigh vacuum environments.

X-ray photoelectron spectroscopy is an information rich method that provides data related
to material composition and constituent element chemical environment (e.g., oxidation state,
nearest neighbor bonding environment, etc.). The survey spectra of the present H-SiNPs were
calibrated to the aliphatic Cls signal of adventitious carbon. These data indicate that all specimens
contain only Si, C, O, and F (Figure 4.1). Fluorine impurities arise from the alcoholic HF etching
procedure that liberates H-SiNPs from the composite and cannot be avoided. Close examination of
the Cls high-resolution XP spectra shows evidence of substantial oxygen containing carbon
species (i.e., C-O, C=0, O-C=0, etc.; Figure 4.2). The relative ratios of these carbon-containing
components are consistent for all sizes of H-SiNPs and are correlated with the amount of oxygen
detected in the respective samples (Figure 4.1). From these analyses we conclude that the majority
of the oxygen within the present H-SiNP specimens resides within the adventitious carbon species
and is not associated with H-SiNP oxidation. This conclusion is further supported by FTIR analyses
(Figure 4.6) and the high-resolution Si 2p spectra (Figures 4.7a and 4.2) that are readily
deconvolved into Si 2p 3/2 and Si 2p 1/2 spin-orbit couples. For all H-SiNPs, the energy separation
of these doublets was fixed at 0.62 eV, and the Si 2p 1/2 to Si 2p 3/2 area was fixed at 0.50. For
small H-SiNPs (d ~ 3 and 6 nm), all components (including minor oxide contributions denoted in
green) were fit to a Voigt GL(30) line shape (70% Gaussian; 30% Lorentzian). The rationale for
applying this fitting procedure lies in the nature of the NP sizes investigated. If NPs are small
enough (< 9 nm for the present SiNPs), a considerable number of atoms experience slightly
different (disordered) chemical environments (See NMR discussion below) that lead to a
distribution of binding energies and symmetric broadening that is Lorentzian in nature. As a result,
the overall observed signal is dominated by a symmetric Gaussian/Lorentzian line shape. For the
largest SiNPs (d ~ 21 and 64 nm), that represent bulk silicon (See XRD and NMR below), the
spectral envelope was fit using a Lorentzian asymmetric line shape LA(a,b,n), where a and b define
the asymmetry and n defines the Gaussian width. Similar procedures have been employed when
fitting the Si 2p data of bulk crystalline silicon.”! The d ~ 9 nm H-SiNPs lie within an intermediate
size regime where it is possible to isolate the surface and core Si contributions to the Si 2p emission.
The Si 2p spectrum of these H-SiNPs was effectively fit by first applying the procedure noted for

large NPs (highlighted in red in Figures 4.7a and 4.2) and the remaining residual signal arising
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from surface atoms was fit using a GL (30) line shape (highlighted in blue). Of important note, the
binding energy of the surface silicon species is shifted to higher energy as a result of
electronegativity considerations arising because of bonding interactions with surface hydride
moieties (i.e., SiHx).

v(Si-H) v(Si-0) 5(Si-H)

L

i

|

I

\\_/\/

M

C e == < ==
R > ) D

3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Figure 4.6. FTIR spectra for H-SiNPs annealed at 1500 °C (purple), 1400 °C (green), 1300 °C
(blue), 1200 °C (red), and 1100 °C (black). The spectra show peaks associated with Si-H
(highlighted in gray) and Si-O (highlighted in blue).
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Figure 4.7. (a) High-resolution Si 2p XPS showing the 2p3,2 emission for 64, 9, and 3 nm H-SiNPs
(Si 2pl/2 component was omitted for clarity). The colored traces correspond to : grey =
experimental data, dotted black = complete fit, red = crystalline core Si, blue = surface Si, orange
= disordered Si, and green = Si oxides. (b) Bright-field TEM images of H-SiNPs (d ~ 64 and 9 nm)
and dodecyl-SiNPs (d ~ 3 nm). (c) XRD patterns for d ~ 64 (blue), 21 (red), 9 (green), 6 (cyan),
and 3 (brown) nm H-SiNPs, showing characteristic Si 111, 220, 311, 400, 331, and 422 reflections.

TEM imaging of H-SiNPs can be exceptionally challenging because of their limited
electron contrast and poor solution processability. NP dimensions determined from bright-field
TEM imaging (Figure 4.3) are summarized in Table 4.1. All H-SiNPs were readily imaged with
the exception of d ~ 3 nm H-SiNPs, which were heavily agglomerated. To determine the size of
these NPs, it was necessary to render them solution processable by modifying their surfaces with
dodecyl moieties using standard non-size selective thermally induced hydrosilylation (Figure
4.7b); functionalized NPs obtained from the identical composites used to prepare those evaluated

in our NMR studies showed a TEM-derived diameter of 3.5 + 0.9 nm.
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Table 4.1. Particle Band Gap and Size Analysis from TEM and XRD

Annealing Temp.

Nominal (nm) (oC) Band gap (eV)° TEM (nm) XRD (nm)°
3 1100 1.57 3.5+0.9 1.2+1
6 1200 1.33 55+1.2 25+1
9 1300 1.22 8.7+1.2 47+2
21 1400 1.14 20.7+4.0 1023
64 1500 1.12 64.0 £ 16.9 224 +2
@microcrystalline - 1.12 44 x 10° -

a. Bulk microcrystalline (44 micron) silicon (Aldrich)
b. Band gap determined from Wheeler et al.?>
c. Values determined from powder X-ray diffraction using the integral breadth method®¢

It is well-established that X-ray powder diffraction peak broadening provides an indirect
method for approximating nanocrystal/crystallite size that is complementary to direct TEM
imaging. After instrumental contributions are accounted for, only size and strain factors remain. It
is possible to qualitatively identify these contributions by considering the dependence of peak
broadening on diffraction angle; size-induced broadening follows a 1/cos 0 relationship while
strain-induced broadening follows a tan 6 trend. For the present NPs, the broadening distribution
(i.e., full-width at half maximum, FWHM) shows what is expected for size-induced broadening
(Figure 4.8) with deviations arising from strain contributions being noted for smaller particles (d ~
3 and 6 nm). In this context, the peak fits were refined appropriately considering size-dependent
strain contributions. Diffraction peak geometry was successfully fit using a pseudo-Voight
function. A polynomial background was also included and no over-fitting (absolute correlation)
was found for all polynomial terms. In addition, it was necessary to include a synthetic peak 22°
effectively describe the peak shapes of the 3 nm particle diffraction pattern. Finally, all diffraction
data were analyzed using integral breadth, FWHM, and Lorentzian broadening methods (Table
4.2) that all assume a normal distribution of spherical crystallites.®® A straightforward comparison
of TEM and XRD derived data (Figure 4.7, Table 4.1) shows TEM determined dimensions of H-
SiNPs are consistently larger; this is not surprising, and is consistent with present XPS and NMR
analyses, given XRD peak broadening only gives a volume-average distribution of crystallite sizes
that are routinely smaller than the size of the entire NP (i.e., XRD analyses only probe the
crystalline portion of NPs).
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Figure 4.8. XRD peak broadening distribution for nanocrystalline materials.

Table 4.2. List of common 2°Si chemical shifts for silicon containing materials.

Bonding Environment Chemical Shift (ppm) Ref
Amorphous — SiO> -110
Quartz — SiO2 -107 62,87
Cristobalite — SiO2 -109
SiOs / SiOs -150/-200 62
SiN4 -49 (Msi) / -225 (®Isi) 62,88
SiCs -18 62
OSi-Hx / HO-Si(-OSiHx) x -89 to -109 49,5455
-SiH3/-SiH2/ -SiH -90 to -110 89,90

Molecular — H3Si-SiHs; H2Si(-SiHa3)z;

- - 54,91
HSi(-SiHa)s; Si(-SiHa)a 103t 165

To further evaluate the H-SiNPs, direct excitation (surface and core) and cross polarization
(surface) 2°Si MAS NMR spectroscopy was employed. Figure 4.9 shows the direct 2Si MAS NMR
data revealing a considerable evolution from ultrahigh resolution (I ppm, FWHM) for
microcrystalline silicon to a broad resonance spanning nearly 40 ppm, from —75 to —120 ppm as
the particle size shrinks to 3 nm. Peak positions and linewidths in the Si NMR spectra are
consistent with size-dependent changes in the atomic and/or electronic structure of the NPs. The
center-of-gravity chemical shift (3cgs) of amorphous silicon (a-Si) has been reported to be —41 + 3

ppm (with a Gaussian-like resonance that spans 40 to —130 ppm); crystalline (c-Si) silicon appears
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at lower frequency (isotropic chemical shift, 8isoc = —80.9 + 1 ppm; 1 ppm FWHM).”>™ In this
context, we attribute the sharp resonance appearing at —81 ppm to c-Si (i.e., the material possesses
a highly ordered structure); this feature shifts to lower frequency with decreasing particle
dimensions from 44 pm to 21 nm. As the NP size decreases to below 10 nm a broad resonance
emerges, eventually replacing the sharp c¢-Si resonance that would be associated with highly-
ordered silicon. We attribute this change in peak shape and breadth to an increased influence of
surface states with decreasing NP size. As the surface area of the NP increases (dimensions
decrease), the fraction of silicon atoms residing in disordered atomic positions increases (see
below). These NP structural changes are manifested in the NMR given the sensitivity of the 2°Si
magnetic shielding to local atomic structure (variations in bond angles and lengths, defects caused
by dangling bonds, variations in surface species (e.g., SiH, where n = 1 to 3), and/or combinations
thereof, and consistent with previous Raman?® spectroscopy results). Magnetic shielding can also
be influenced by the local electronic structure, which is discussed further below. These effects are
not unique to SiNPs and have been reported for numerous nanomaterials, including InP, Zn3P»,

ZnSe, Cd, Na, Ag, Pb, etc.47:90-104
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Figure 4.9. Direct (a) and CP (b) 29Si MAS NMR spectra of H-SiNPs with varying particle
diameter.

To further elucidate the origin of the apparent NP size dependent ?°Si chemical shift,
linewidth, and shape, we employed a *Si{'H} CP MAS NMR to selectively interrogate silicon
atoms at the NP surface.””-!% This experiment depends on dipole interactions between 2°Si and 'H

nuclei and enhances signals arising from 2°Si nuclei in close proximity to hydrogen atoms (i.e.,
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directly bonded or through space; ca. <10 A). All CP MAS NMR spectra (Figure 4.9b, Figure 4.10)
are broad (i.e., —80 to —120 ppm) and featureless for the smallest nanoparticles; features emerge as
the NP size increases. Knowing hydride moieties are present on the SiNP surfaces (FTIR; Figure
4.6), we attribute the main broad resonances to surface Si-Hyx species that experience substantial
structural variability (local disorder). It is reasonable to assume that the Si atomic positions at the
NP surfaces are ill-defined (i.e., the structure lacks long-range periodicity) and exist in a
distribution of chemical environments (vide supra); doubtless the number of Si nuclei chemical
environments is compounded by the presence of a distribution, however small it may be, of NP
sizes in every sample (Table 4.1),34-36.106-109

Closer examination of the spectra obtained for the smallest NPs (d ~ 3 and 6 nm) reveals a
broad featureless, slightly asymmetric resonance centered at ca. “96 ppm. While crystalline and
amorphous SiO> could appear within a similar chemical shift range (diso ~ =110 ppm)$2¥7 our
complementary XP analysis confirms oxygen bonded silicon is small (~ 0.7 to 6 atomic %) and
FTIR shows no evidence of Si-bonded hydroxyl groups (e.g., Si-OH). Hence, if present, we
contend that surface oxides contribute negligibly to the NMR spectra (d ~ 6 to 64 nm) and these
features results from SiHy species (Table 4.2 provides a summary of common 2°Si chemical shifts).
One interesting feature worth noting is the slightly different features of the 3 nm particle when
overlaying the direct and CP ?°Si NMR data. An extra signal from the direct 2°Si NMR spectrum
appears between -100 and -120 ppm, that does not have 1H’s nearby. This may be due to a small
amount of the Si surface being oxidized (< 7 %, SiOx) or the electronic structure further impacting
the chemical shift of these high surface area particles which have a bandgap of ~1.6 eV. As a
control illustrating the impact of oxygen on the spectra of H-SiNPs, we purposefully oxidized a
sample over a period of months, revealing the formation of SiO; (Figure 4.11) and would analyze

the SiNPs pre- and post-NMR analysis using XPS and FTIR (Figure 4.12).
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Figure 4.10. Contact time array for 2°Si CP MAS ranging from 0.05 to 8.0 ms for 3, 9, and 64 nm
H-SiNPs.
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Figure 4.11. Silicon-29 NMR spectra for 9 nm H-SiNPs purposefully oxidized over a period of 9
months to indicate contamination of oxygen under ambient storage. Presence of Si-O species at diso
of ~—110 ppm 4 and 9 months post-synthesis.
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Figure 4.12. Sample of the post-NMR analysis of the H-SiNPs (6 nm) using (a) Si 2p high
resolution XPS data (with only the 2p3/» shown for clarity) and (b) FTIR spectra of 6 nm H-SiNPs.

Turning our attention to the largest NPs considered here (d ~ 21 and 64 nm), they too exhibit
a broad resonance with two superimposed sharp features. These features emerge in the 2D 2°Si{'H}
HETCOR spectrum (Figure 4.13a) and in the CP MAS NMR data (Figures 4.13b and 4.10) with
longer contact times. Closer examination of the Si MAS NMR data (Figures 4.13b and 4.9a) also
confirms two new features in low intensity. Their appearance and increased intensity with longer
mixing times suggests the presence of an intermediate or sub-surface of quasi-ordered Si atoms.
The 2°Si MAS NMR spectra of intermediate dimension of H-SiNPs (d ~ 9 nm) show evidence of
these two extremes (Figure 4.9a) consistent with the presence of three structural regimes within the
NPs: a crystalline core, quasi-crystalline sub-surface, and disordered surface (Figure 4.13c).
Similar effects have been reported in other NPs including CeO> and noble metal

nanomaterials.!04110
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Figure 4.13. (a) Two-dimensional ?°Si{'H} HETCOR MAS NMR spectra of 64 nm H-SiNPs with
a mixing time of 3.0 ms. (b) Overlay of direct excitation 2?Si MAS NMR and ?°Si{'H} CP MAS
NMR with variable mixing times for 64 nm H-SiNP to illustrate NMR features corresponding to
H-SiNP surface (yellow), subsurface (red), and core (blue) signatures. Red arrows indicate sharper
subsurface NMR features present in the direct excitation 2Si MAS NMR as seen with 2°Si{!H} CP
MAS NMR with a mixing time of 3.0 ms. Direct excitation *Si MAS NMR with a recycle delay
of 200 s was used to artificially inflate the surface resonance still present at shorter recycle delays.
(c) Artistic schematic of a H-SiNP indicating the silicon surface, subsurface, and core with a model
of the first ten atomic layers of H-SiNPs.

Building on our understanding of the underlying structure of the presented H-SiNPs, we
turn our attention to the NP size-dependence of the 2°Si chemical shift. A disturbance of the local
nuclear electronic environment about a given nucleus typically manifests itself in a change of the
observed chemical shift. The magnetic shielding interaction!'!!~!13 (chemical and/or Knight shift)
could be responsible for the observed effect, depending upon the nanomaterial studied. Knight
shifts dominate in metallic systems while SiNP semiconductors are impacted by diamagnetic and
paramagnetic chemical shielding contributions.*”-!!> Changes in the paramagnetic contributions
can be rationalized by the size-dependence of the electronic excitation energy (AE),!%:!13 whereby
decreasing NP size causes an increase in band gap (as the case for the SiNPs considered here). An
increase in AE causes greater magnetic shielding and the #°Si chemical shifts appearing at lower
frequencies (Figure 4.14a).47-100.103.113-115 Thig general reasoning is often invoked when considering
the NMR spectra of nanomaterials; originating from molecular systems that have appropriate
molecular orbital symmetries.!!!!!2 Therefore, the changes in 8¢5 observed for the samples studied
here appear to be related to size-dependent electronic properties of SiNPs, and are expected to be

continuous until the band gap reaches its bulk value of 1.12 eV (iso of d ~ 64 nm = bulk ¢-Si).
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Another notable feature of the presented 2°Si NMR spectra is the broad underlying feature
whose intensity is inversely related to NP size for dimensions <21 nm (Table 4.3). With decreasing
NP diameter, the relative contribution from surface nuclei increases such that the contribution from
the ordered core becomes minor (even negligible) for the smallest NPs - long-range order simply
is not possible within the confines of such small NPs. Nevertheless, the factors discussed previously
are still expected to play a role and give rise to a range of chemical shifts for nuclei at or near the
surface. These observations are consistent with the XRD data (Figure 4.7¢): reflections broaden
with decreasing size, as expected with a reduction in the number of repeating units in the NP, which

results in structural strain and poorer coherence in the diffraction of the material.!'®
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Figure 4.14. (a) Relationship of Ocs as a function of inverse bandgap of SiNPs. (b)
Surface/subsurface area % for NMR experiments (black) and model (red) and 2°Si full-width at
half maximum (FWHM, blue) with increasing H-SiNP size. As the H-SiNPs move from a
disordered to ordered system, the corresponding surface area % and linewidth decreases as NP size
increases.

To investigate the impact of local structure on linewidth, we modeled and estimated (from
the 2°Si MAS NMR data) the surface/subsurface volume as a function of particle size (Figure 4.14b
and Table 4.3). The number of surface Si atoms on the H-SiNPs was calculated as a function of
size based on an assumed icosahedral shape for all sizes except the 64 nm (where a spherical shape
was invoked).!!”-!18 This allowed us to estimate the number of surface/sub-surface atoms (assuming
four layers; 5 layers total including the surface) by removing one layer at a time from the surface;

the values determined from this analysis are summarized in Table 4.4. Combining these estimates

with the XRD data allows an assessment of the reduction in the size of the ordered bulk lattice with
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the formation of a disordered surface. With increasing surface area (decreasing NP size), the
relative contribution of the ordered core atoms to the NMR spectra at ca. -81 ppm is reduced and
no longer resolved for 3 and 6 nm NPs. These observations are consistent with the XRD and TEM
particle size determination. Considering the unit cell length for crystalline silicon is 5.4 A and the
smallest particle investigated here has a diameter of 35 A, only ~ 6 unit cell lengths would be
needed for the particle cross section. This reinforces the complementary nature of both XRD (long-
range) and NMR (short-range) for materials that exhibit both structural order and local disorder.
While we cannot discount the influence of quantum confinement, computational studies show that
oxide-embedded 3 nm SiNPs have significant strain throughout the particle.?’ It would follow that
this strain would manifest itself as defects including distorted Si-Si bonds, dangling bonds, and
coordination defects that are delocalized around the surface of the SiNP, as outlined by Lee et al.?
These defects limit long-range order in the nanoparticle as is evidenced by the extreme broadening
of the XRD reflections and NMR spectra. Scherrer analysis of the XRD reveals an average
crystallite size of 1.7 nm for 3 nm SiNPs, which correlates to just over three Si unit cell lengths!!'®,

lacking long-range structure.

Table 4.3. Experimental 2°Si MAS NMR FWHM, nuclear spin-lattice relaxation times (77) and
surface fraction deconvolutions of the H-SiNPs with varying particle diameters.

_ FWHM H-SiNC, T4 29Sj Surface Fraction
F’gf_“C'e (£ 10%)* /min 1%
ize
NMR? Model°
/nm kHz Surface Core (+ 10%)
64 0.3 0.9+0.1 158.2+15.0 15 7
21 0.5 38+04 102.1 £ 10.1 25 23
9 1.2 1.3+20.1 6.9+0.7 60 51
6 2.1 5.8 +0.6* 9 71
3 2.8 14+£0.1* 96 93

+ FWHM reported for the most intense resonances

* Experimental data were best represented using a single exponential (i.e., only a single 77 to describe the 3 and 6 nm
H-SiNPs).

*NMR surface fraction estimates were based on fitting of direct NMR data

"Model surface fraction estimates using geometric calculations based on the SiNP structure described by Zhao et al.
and Avramov et al. and informed by Si lattice parameters.!!7-!18
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Table 4.4. Calculated fraction of surface, sub-surface and core Si species based on the model by
Zhao et al. and Avramov et al. 17113

Estimated % Fraction of Atoms in Each Structural Component

Particle Size /nm

Surface Subsurface Core
64 1 4 95
21 5 17 78
9 11 37 52
6 17 50 33
3 27 62 11

Further exemplifying the combined benefits of preparing well-defined H-SiNPs and
evaluating them using NMR spectroscopy, the determination of the nuclear spin lattice relaxation
yields an intriguing size dependence (Table 4.3). As expected, smaller NPs (d ~ 3 and 6 nm) exhibit

94833 with a mono-exponential longitudinal magnetization recovery; larger H-

shorter 77 values
SiNPs (d ~ 9, 21, and 64 nm) show bi-exponential recovery (Figure 4.5). We assign the rapid (i.e.,
minutes) and slow (i.e., hours) 7; components of the large NPs to surface and core *°Si species,
respectively. To further elucidate the surface of the larger particles, one may select a relaxation
time (~ 200 s) which enhances the signal from the surface/subsurface nuclei that have a much
shorter 7; relaxation time (on the order of minutes) than the core nuclei. The differences in regard
to surface vs. core arise due to the two chemically distinct environments whereby the surface being
disordered allows for the ability of more motion and larger distribution of Si environments
improving the efficiency in relaxation, while the core aligns itself into a diamond-like structure
with a rigid lattice, impeding relaxation as the particle size increases. The presence of unpaired
electrons on the surface (i.e., dangling bonds) would cause a reduction in ?’Si spin-lattice

relaxation, therefore as the size of the NP increases, the core nuclei become increasingly distant

from the surface, resulting in an increase in the experimentally determined nuclear 7.

4.4 Conclusions

In this work, we present a state-of-the-art multi-faceted approach to characterizing and

understanding the atomic-level structure of H-SiNPs. Using a combination of XPS, bright field
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TEM, XRD, FTIR and ?°Si MAS NMR spectroscopy, we probe the complex surface and core
structure of H-SiNPs. Solid-state NMR methods allowed us to further interrogate a series of H-
SiNPs with dimensions in the range of 3 to 64 nm where three unique structural environments
(surface, subsurface and core) were identified. The surface silicon atoms are found between —80 to
—120 ppm, while core Si exhibit chemical shifts similar to bulk silicon that become observable in
H-SiNPs > 6 nm. Based upon the present experimental data, strain in the long-range periodicity
emerges below 9 nm particles, suggesting a critical size-junction; however, the NMR chemical
shifts are dominated by changes to the electronic structure of H-SiNPs. Are SiNPs crystalline to
the core? Generally yes, but below 3 nm the definition of order vs. disorder becomes unclear since
the number of repeating unit cells becomes limited, further straining the surface structure which
makes up the bulk of the particle. The structural insight provided by this investigation provides
invaluable information key to the rational design and development of SiNP-based applications

including, but not limited to, sensors, battery electrodes, optical materials, and contrast agents.
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Chapter 5

Endogenous Dynamic Nuclear Polarization NMR of Hydride-

Terminated Silicon Nanoparticles

5.1 Introduction

Scientific instrumentation and spectroscopic methods have advanced rapidly, making it
possible to overcome barriers that have previously limited the characterization, and by extension,
the community’s understanding of challenging complex biological and energy materials that could
revolutionize their respective fields. Solid-state nuclear magnetic resonance (NMR) spectroscopy
is among the most powerful non-destructive methods available for characterizing dynamics and
atomic-level structure in ordered and disordered solids. Unfortunately, studying nuclear spins often
leads to complications related to poor sensitivity, arising from the low Boltzmann polarization, and
long acquisition times ranging from hours to days. To circumvent these issues, various approaches,
or combinations thereof, have been implemented to improve detection limits and push beyond the
status quo. Gains in sensitivity can be achieved via isotopic enrichment or the study of high-y and
highly abundant nuclei (e.g., 'H or °F) in combination with cross-polarization techniques', magic
angle spinning (MAS) 23, and ultrahigh magnetic fields.*

High-field dynamic nuclear polarization (DNP) has revolutionized NMR spectroscopy; it is a
highly sensitive analytical method that is impacting nearly all fields of chemical research by
dramatically and significantly reducing experimental acquisition times and increasing detection
limits. These game-changing advancements have been made possible by the large thermal electron

spin polarization of a paramagnetic species, achieved by irradiating the sample with high-frequency
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microwaves, that can then be transferred to surrounding nuclei.>” The gain in sensitivity is often
quantified as the DNP enhancement factor (¢) which is the comparison of the signal-to-noise ratio
of the microwave-on and -off NMR spectra acquired under identical conditions; the corresponding
reduction in experimental time is thus determined by a factor of €2.8 Often, large gains in sensitivity
are achieved using indirect DNP polarization, which is typically accomplished using nitroxide-
based biradicals as the electron polarizing agent; examples include TOTAPOL’, SPIROPOL',
AMUPol!'!, or TEKPOL!%13, among others.!*!” Upon microwave irradiation, the polarization of
unpaired electrons is transferred to the 'H nuclei in the sample of interest, theoretically reaching an
enhancement factor of 658 (ye/y1r). The polarization from 'H can then be transferred to other lower-
v nuclei via cross-polarization; this process facilitates the study of a wide scope of biological and
inorganic chemical problems.®2%22 Alternatively, electron polarization can be transferred directly
to the NMR-active nucleus of interest (direct DNP). In these cases, it is necessary to employ
exogenous radicals displaying more effective match conditions; for example, trityl radicals are
ideal for polarizing H (ye/y2u = 4291)?3, 170 (ye/y170 = 4857)%4, or 13C (ye/y13¢ = 2616)° nuclei with
enhancement factors ranging from 100 to greater than 600 (i.e., > 10,000 reduction in the time
required to obtain comparable NMR spectra).?® Regardless of the polarization transfer mechanism,
DNP NMR is a powerful emerging spectroscopic method for both liquids and solids.

To achieve bulk polarization transfer for insulating solids, solid effect (SE) and cross effect
(CE) mechanisms are often considered.?’3? For example, wide-line nitroxide radicals are optimal
for CE, while narrow-line radicals such as BDPA are more suited for 'H SE. The CE mechanism
is often favoured due to its large enhancement factors, the diverse array of commercially available
wide-line radicals, less detrimental scaling efficiency with increasing magnetic field strength, and
stringent microwave power requirements associated with SE (i.e., forbidden transition).*3

The study of certain solids may be hampered when using organic biradicals if the radical reacts
with the solid of interest (e.g., inducing polymerization or deactivation of the radical) or changes
the chemically relevant environment (e.g., binding to a catalytic metal site>*). To circumvent the
need to add an exogenous radical and associated glassing agent(s), various groups have attempted
to introduce a paramagnetic center into their chemical system, with the hope of polarizing the nuclei
of interest in their solid sample. For example, Mn?" dopants have been successfully used as an
endogenous polarizing agent in hammerhead riboyzyme complexes®, as well as in battery anode

materials®®, Griffin and colleagues have successfully polarized 'H, '*C and >*Co using Cr(IIT)*’,
101



while Shumacher and Slicther used the paramagnetic susceptibility of conduction electron spins
for 'Li enhancements in metallic lithium.’® Along similar lines, Ramanathan et al. utilized the
unique feature of dangling bonds within Si microparticles (> 0.3 um) to polarize 2°Si directly®,
and more recently to investigate the SiOx/H,O interface through 'H DNP NMR.* In 2008,
Ramanathan and colleagues obtained excellent Si DNP enhancements and tunable long nuclear
spin-lattice relaxation times (71) for a series of silicon microparticles ranging in size from ~0.3 to
a few um. Using a combination of low-field DNP NMR (Bo < 3 T) and ultra-low temperatures (<
30 K), they made use of the endogenous unpaired electrons from dangling bonds within the Si/SiOx
amorphous interface surrounding the crystalline bulk core as the polarizing source.*! The authors
demonstrated the 71s were sensitive to particle size and that the amorphous SiOx region made up
approximately 20% of the total mass.

While most DNP studies have focused on micron-sized silicon particles, there is much interest
in analyzing and understanding nanometer-scale particles that lie within the size regime where non-
bulk properties emerge. Silicon nanoparticles (SiNPs) with dimensions of 1 to 100 nm hold promise
of impacting a wide range of applications including, but not limited to, photovoltaics,
thermoelectrics, batteries, and nanomedicine.*>*} In this context, we build upon previous DNP
studies of Si microparticles and explore the effectiveness of exogenous and endogenous radicals
for indirect and direct DNP NMR of well-defined non-doped hydride-terminated SiNPs (H-SiNPs;
d < 70 nm) prepared using a well-established procedure. The dimensions of the particles studied
here are approximately one to two orders of magnitude smaller than those previously reported and
do not bear any passivating amorphous “SiOx” surface layer. We demonstrate that dangling bonds
at the Si-H terminated surface are present, although in very low concentrations, and that they enable
modest direct 2Si DNP enhancements of the particles using high-field DNP NMR spectroscopy at
400 MHz / 263 GHz and 600 MHz / 395 GHz, at sample temperatures of approximately 100 K.

5.2 Experimental Section
5.2.1 H-SiNP Synthesis

Hydride-terminated SiNPs were prepared using a well-established procedure as outlined by
Hessel et al.** and characterized via Fourier transform infrared spectroscopy, powder X-ray
diffraction, X-ray photoelectron spectroscopy and transmission electron microscopy, to verify

purity and size distribution as reported in Thiessen et al..*®
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5.2.2 Electron Paramagnetic Resonance (EPR) Spectroscopy of H-SiNPs

EPR experiments were performed directly on DNP samples using a 9.4 GHz X-band Bruker
EMXnano spectrometer equipped with a 5 mm sample holder. DNP samples were packed in 3.2
mm sapphire rotors, which were directly inserted into the 5 mm EPR tube and centered in the cavity
using a guide. Continuous-wave X-band EPR spectra were acquired with a center field of 3430 G,
sweep width of 400 G, modulation amplitude of 4.0 G, and sweep time of 60 s. Spectra were
processed in the Bruker Xenon software using a digital filter width of 10 pts. For radical
concentration measurements by EPR, the SpinCount module of the Xenon software was used: EPR
spectra were baseline corrected using only a zero-order (DC) correction, then double integrated for
spin counting. Radical concentrations were calculated accounting for cavity Q, experimental

parameters, and sample dimensions.

5.2.3 Dynamic Nuclear Polarization Nuclear Magnetic Resonance (DNP NMR) Spectroscopy
of H-SiNPs

DNP NMR samples were packed under an inert atmosphere in 3.2 mm sapphire rotors with
zirconia top caps; for the exogenous radical samples, a silicone rubber plug was placed between
the sample and the zirconia top cap. Silicon-29 DNP NMR spectra were recorded using low-
temperature 3.2 mm double resonance (HX) and triple resonance (HXY) MAS DNP probes at 14.1
and 9.4 T, respectively, doubly tuned to 'H (v. = 600.301 MHz and 400.049 MHz) and *°Si (v. =
119.262 MHz and 79.471 MHz). All DNP NMR data were acquired at temperatures between 95
and 104 K, with magic angle spinning at a frequency of 8 kHz, 1.3 x Tz recycle delays and between
4 and 128 co-added transients. Spectra were referenced with respect to the '3C signals of DSS
(40.48 ppm).*® The DNP field profile was performed by sweeping the main magnetic field of the
NMR magnet (equipped with a sweep coil) between 9.374 and 9.398 T (399.1 and 400.1 MHz, 'H
nuclear Larmor frequency). The NMR magnetic field position was adjusted to the maximum of the
'H (nitroxide biradical) and ?°Si (endogenous radical) DNP NMR enhancements determined from
their respective field profiles. A low-power klystron source (Communications and Power Industries
(CPI), Georgetown, Canada)*’*® was used to generate microwaves with a fixed frequency of
263.58 GHz and an output power of 5.6 W (>5 W at the sample), as verified using a PM5-
VDI/Erickson Power Meter (Virginia Diodes Inc., Charlottesville, VA).
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5.2.3.1 Indirect DNP NMR of An Exogenous Radical

Indirect DNP NMR experiments were performed using a 14.1 T (600 MHz, 'H) Bruker
Avance III HD DNP NMR spectrometer equipped with a 395 GHz gyrotron microwave source
delivering high-power microwaves (~16 W) to the sample. Cross-polarization (CP)* 2°Si{'H} DNP
MAS NMR experiments were performed using a mixing time of 8.0 ms and an optimized
Hartmann-Hahn match condition with a 20% tangential ramp on 'H. The H-SiNP samples were
placed into sapphire rotors with the addition of 20 mM biradical / toluene solution (90% toluene-
ds, 10% toluene) added, followed by slight agitation to ensure wetting of the complete sample; the
biradical used was either AMUPol or bCTbK. Toluene was used to suspend hydride-terminated
SiNPs and protect the particles from oxidizing as it demonstrates good glassing ability*® and is an
appropriate solvent to dissolve hydrophobic (e.g., bCTbK) nitroxide-based radicals, as well more

hydrophilic biradicals (e.g., AMUPol) at high-mM concentrations.

5.2.3.2 Direct DNP NMR of Endogenous Radical

Direct DNP NMR experiments were performed on a 9.4 T (400 MHz, 'H) Bruker Avance
IIT HD DNP NMR spectrometer with a 263 GHz EIK microwave source using either a flip-back
Bloch®%>! or Hahn-echo®? pulse sequence on #Si (yB1/21 = 71 kHz) using CW proton decoupling
(YyB1/2n =71 kHz).

5.2.3.3 DNP Buildup Times

Silicon-29 nuclear buildup times were determined using a saturation recovery>? experiment
with 16 pre-saturation pulses (both 'H and ?°Si) and two co-added transients per data point with
varying relaxation delays from 1.0 x 1073 to 600 s for the 3 nm H-SiNP and 3.0 x 1075 to 2.8 hours
for 6, 9, 21, and 64 nm H-SiNPs.

5.3 Results and Discussion

Hydride-terminated SiNPs prepared through the thermal disproportionation of hydrogen
silsesquioxane (HSQ) demonstrate a core-shell type structure, as shown in Figure 5.1b.* The
surface is comprised of a mixture of Si-H, Si-H> and Si-H3 species which together lead to a
disordered surface structure. In contrast, the nanoparticle core is typically comprised of well-

ordered crystalline silicon (diameters > 6 nm). In between the inner and surface layers is a semi-
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ordered subsurface, which is comprised of a disordered array of silicon atoms that are more ordered
than the surface, but less ordered than the crystalline core. The subsurface structure is attributed to
the influence of the mismatch between the crystalline Si and the SiO»-like matrix in which the
nanoparticles nucleate and grow.’*>

Following the proposed structure, it is reasonable that most of the unpaired electrons should be
localized within the nanoparticle surface and subsurface layers, where there is less order and
dangling bonds are more likely to be present. As outlined previously by Cassidy et al., there should
be very few unpaired electrons in the crystalline core.’® They suggested unpaired electrons lie at
the interface between the Si/SiO: passivating layer. Despite having a hydride-terminated surface,
we expect that a similar argument applies in the present system, suggesting the unpaired electrons
are located on (or in close proximity to) the surface of the particles. This proposal is further
supported by previous work showing that oxidation of the Si-H particles passivates surface defects,
decreasing the number of dangling bonds in the system as studied by EPR.7 In this context, while
we cannot discount the presence of unpaired electrons in the nanoparticle core, their contribution
will be minimal relative to the concentration of unpaired electrons localized on the surface.

An alternative potential source of unpaired electrons in the SiNP core may come from nitrogen
incorporation, much as with nitrogen vacancies in diamond.’® However, it is well established that
even trace nitrogen impurities in the SiNPs will result in a dramatic change in their
photoluminescence and manifest as a shift from characteristic red (or near-IR) to blue emission®’;
no such spectral change is observed for the materials investigated. Furthermore, nitrogen and other
impurities were not detected in the XPS and EDX analyses of our samples at the detection limit of
the methods.

Two DNP NMR protocols were examined here to determine the most effective approach to
study a series of hydride-terminated SiNPs. The first method employed nitroxide biradicals
incorporated into a glassing agent (e.g., glycerol/water, DMSO/water, TCE, toluene, etc.). This
approach is optimized for polarizing 'Hs and indirectly enhancing the 2°Si nuclei through CP. The
second approach was to determine whether one can effectively enhance the silicon directly without
adding an exogenous radical; that is, to utilize the intrinsic endogenous radical present on the SiNPs

as a direct 2°Si polarizing agent.
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5.3.1 Exogenous Organic Biradical Using an Indirect DNP Transfer (e — 'H — 2°Si)

Using the conventional approach, a 20 mM biradical solution was prepared in toluene-ds and
added to the H-SiNPs, protecting the surface of the particle from oxidation. It is well-established
that silicon particle surfaces readily react with radicals®®®!; the latter were studied using EPR
spectroscopy at room temperature. In Table 5.1, we can identify the rapid change within the initial
radical concentration (20 mM) and subsequent slower radical quenching via time series
measurements. The 9.4 GHz EPR spectrum reveals radical decomposition occurring immediately,
with only a small fraction (i.e., 13 mM) of the original radical concentration remaining after a few
minutes at room temperature (i.e., the time required for the transfer from the glove box to the EPR).
In under 30 minutes, the radical concentration is nearly an order of magnitude lower and within
one day, there is no evidence of the biradical even when stored at cryogenic temperatures. The
resulting EPR signal that remains arises as a result of the dangling bonds on SiNPs, with no
detectable signal from a nitroxide containing mono- or biradical. Although this test was completed
using 20 mM AMUPol/toluene-ds, similar effects were observed on the more structurally rigid
bCTDbK biradical. To work within this short time can be challenging, but, as shown in Figure 5.1c,
a DNP-enhanced ?°Si{'H} CP MAS NMR spectrum of 64 nm H-SiNP was obtained at 600 MHz /
395 GHz using bCTbK, achieving an enhancement of 3 for the broad resonance (-80 to -120 ppm).
As assigned in a previous study by Thiessen et al.*, this broad resonance corresponds to Si-Hx
species on the NP surfaces. Since the polarization transfer goes from the unpaired electrons to 'H
to 2%Si, it is not surprising that only the surface and some sub-surface regions of the SINP show an
enhancement. After 12 hours at cryogenic temperatures, no further enhancement was observed;
this can be readily understood by considering the absence of nitroxide radical within the prepared

sample and later confirmed using X-band EPR spectroscopy.
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Table 5.1. Total radical concentrations (endogenous and exogenous) measured using X-band EPR
of 64 nm H-SiNP after quenching with 20 mM AMUPol in toluene-ds.

Time after [Radical] (mM)
e’ (mM)
Quench (x0.1)
DNP Solution 20 40

H-SiNP 0.6 0.6

1 min 13.1 25.6
30 min 3.9 7.3
1.5 days 0.6 0.6

pW OFF

-50 75 100 125 150
298j chemical shift / ppm

Figure 5.1. (a) TEM image of the 64 nm H-SiNP, (b) schematic of a particle identifying the three
regions of a SiNP, namely core (black), sub-surface (red) and surface (blue) and (c) DNP-enhanced
(WWon) and non-DNP-enhanced (uWosr) 2°Si{!'H} CP MAS NMR spectra of 64 nm hydride-
terminated SiNP using 20 mM bCTbk in toluene-ds. The spectrum in (c) was recorded within 15
minutes of the addition of exogenous radical. Typically, during the course of these experiments,
glove-box sample preparation and rotor insertion into a DNP probe would require ~ 3-5 minutes;
establishing stable spinning and reaching a set point temperature would take another approximately
3-5 minutes.

As a result of the reactive dangling bonds as well as the hydride-terminated SiNP surfaces, the
exogenous biradicals are effectively deactivated. The influence of dangling bonds has been
demonstrated in studies where the monoradical TEMPO reacts with Si dangling bonds and
becomes coordinated to the Si surface.%®! Of particular concern in this study is the complete
elimination of both radicals from the added biradical / toluene solution after only one day. Based
upon what has been reported as a radical coupling reaction between the Si (nanoparticle) and O
(biradical) atoms, in principle one would expect the secondary O radical present should still be
detected after the initial radical coupling reaction and thus should contribute to the overall radical

concentration (i.e., forming a monoradical attached to the nanoparticle surface). However, as
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shown in Table 5.1, the net radical concentration after 1.5 days is ~ 0, suggesting that both radicals
on the organic polarizing agent have been deactivated. Although, the mechanism in which this
occurs is not presently known, radical reactions on hydride-terminated silicon surface are known
(e.g., radical-initiated hydrosilylation).®! A possible explanation is that the biradical is quenched
via a mechanism similar to radical initiated hydrosilylation, where the NO radical abstracts an H-
from the surface to form HNO; leaving a Si- on the surface stabilized by the particle. This Si- can
further react with another NO radical, quenching the biradical species, while leaving the dangling
bond on SiNPs active. Further insight into the reaction between the NO radical and the H-SiNP is

the subject of ongoing investigations.

5.3.2 Endogenous Radical Using Direct DNP Transfer (- — 2°Si)

Shifting to smaller particles at higher magnetic fields and temperatures creates a variety of
challenges. In earlier microparticle work, Dementyev et al. and Aptekar ef al. showed a decrease
in 71 with decreasing particle size.’? As T decreases, less time is available to effectively allow
28i-2%Si spin-diffusion across the sample, leading to a reduction in the ability to build up
polarization (i.e., lower enhancements). While going to higher magnetic fields (9.4 /14.1 vs. 2.35
T) increases the nuclear spin-lattice relation time for 'H and 2°Si, both the CE and SE polarization

mechanisms scale inversely (i.e., ~ 1/Bo and 1/Bo?, respectively) with magnetic field strength,

which can impact the DNP NMR enhancements. One also needs to consider the number of dangling
bonds due to the onset of paramagnetic relaxation and signal quenching. This will have a greater
impact on smaller particles (d < 10 nm) where the surface comprises a significant portion of the

> as well as effective

solid, impacting both spin-lattice relaxation times and NMR lineshapes,*
electron-nuclear polarization transfer.

To assess the feasibility of these pristine H-SiNPs for direct 2Si DNP NMR at high fields, a
range of particle sizes were characterized using EPR measurements to determine the radical
concentration present on/in the surface/subsurface of the nanoparticles. Table 5.2 shows the range
of radical concentrations associated with SiNPs studied here; in all cases (i.e., d ~ 3 to 64 nm)

concentrations are less than 1 mM, consistent with the unpaired electrons arising from dangling

bonds residing on the surface layers. The chemical treatment or doping of these particles is a
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promising avenue worth exploring in efforts to assess the impact surface modification may play in

achieving further gains in DNP enhancements.

Table 5.2. Endogenous radical concentrations, enhancement factors (€), and buildup times (7s) for
a series of H-SiNPs.

Particle Annealing Radical
Buildup Time (Ts) ¢
Diameter (TEM)  Temperature Concentration Enhancement (&) s
/nm / °C /mM
1100 0.69 1.5 193
1200 0.16/0.10° 0.92-0.94° 270
1300 0.47/0.10° 1.0 1733
21 1400 0.22 1.23 3961
64 1500 0.70/0.422 1.5-6.0° 4733

Two batches of H-SiNPs were synthesized to compare endogenous radical concentrations
b. Ranges correspond to different H-SiNP batches studied, as well as variations in surface/sub-surface vs. core

enhancements (0.7 mM is responsible for € of 6)

c. Buildup times for larger particles (21 and 64 nm) are underestimated due to experimental time constraints to

fully extrapolate the long Tg values.

Figure 5.2 shows a partial field profile obtained for H-SiNPs of average diameter 64 nm (TEM)
that reveals the maximum positive and negative enhancement regions at 9.4 T. Under the conditions
investigated here with higher magnetic field strengths and cryogenic liquid nitrogen temperatures,
two dominant mechanisms can be considered to effectively enable electron—nuclear polarization
transfer: cross-effect (CE) and solid-effect (SE). Although both mechanisms can occur, each has a
different set of criteria that must be satisfied if DNP enhancement is to occur. Broadly, the CE
mechanism involves a three-spin process involving two electrons and a nuclear spin that are dipolar
coupled, whereby the difference in the Larmor frequencies (wos1,2) of the two electron spins should
approximate the nuclear Larmor frequency (wor), where wor = | @osi - ®osii|. CE is the dominant
mechanism for exogenous nitroxide-containing mono- and biradicals, as their inhomogeneous
linewidth of their EPR spectrum is larger than the nuclear Larmor frequency (i.e., 9.4 T —400 MHz
(H) or 79.5 MHz (*°Si)), while the homogeneous component is smaller. Conversely, the two-spin
SE mechanism can occur when microwave irradiation is applied at the electron-nuclear zero- or

double-quantum frequency, where ®uw = ®or + wos. The SE mechanism is typically dominant when
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the EPR spectrum is narrow (i.e., when inhomogeneous and homogeneous linewidths are less than
the nuclear Larmor frequency).’-30:32:33.63-67

The appearance of the EPR resonance and measured field profile (Figure 5.2a) exhibits a full-
width-at-half-maximum of ~45 MHz and a full-width-at-the-base of ~96 MHz. The narrow EPR
lineshape of 45 MHz (which is less than the 2°Si nuclear Larmor frequency of 79.5 MHz), low
radical concentration (< 1 mM, low probability of e --- e dipole coupling), and nearly symmetric
positions of the positive and negative maxima, would appear to be consistent with a SE DNP
mechanism. However, some finer features appear to be lacking, bringing into question whether a
contribution from cross-effect can be completely excluded. For example, no plateau is noted
between the positive and negative maxima of the symmetric featureless field profile, as is often the
case for CE but not SE. The separation between positive and negative enhancement is larger than
the expected, 2mwor = 159 MHz, and the EPR spectrum, at its base, is larger than the 2°Si nuclear
Larmor frequency (96 MHz > 79.5 MHz). Lastly, the enhancement does not appear to increase
with microwave power (i.e., appears saturated) at only ~5 W of output power; while this is not
uncommon for the CE, SE typically requires significantly more power to saturate. Therefore,
further studies are needed to assess the dominant DNP mechanism between solid- and cross-effect
including higher endogenous radical concentration and higher microwave power (i.e., gyrotron vs.
klystron). Increasing the 2°Si enhancement and multiple field studies may provide assessment and
refinement of the finer nuances within the DNP field profile to determine which mechanism is
dominant; studies are ongoing. The overall field profile resembles that observed in a *Si DNP
NMR study of microparticles that were recorded at lower temperatures and magnetic fields and
contained higher radical concentrations; in this case the authors attributed the behavior to a thermal

mixing process.>’
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Figure 5.2. (a) X-band EPR spectra of 64 nm H-SiNP and indicated nitroxide biradicals and (b)
particle field-profile for 2°Si direct DNP of 64 nm hydride-terminated SiNPs at 95 K with MAS
frequency of 8 kHz.

Table 5.2 summarizes the enhancements observed for the series of H-SiNPs investigated here.
The ?°Si DNP NMR spectrum for the 64 nm H-SiNP is shown in Figure 5.3, along with an NMR
(microwave off) spectrum. An enhancement of 6 was obtained for the sharp resonance at diso = -
85 ppm at 100 K (3iso = -81 ppm at 300 K) corresponding to the highly ordered (diamond lattice)
crystalline SiNP core.* The observed change in the 2°Si chemical shift of the core is consistent
with our previous study of the interplay between the band gap and >°Si chemical shift, as the 64 nm
particles band gap increases to 1.16 eV at 100 K vs. 1.12 eV at 300 K.®*%° Furthermore, a low
intensity resonance that is sharper than the surface 2°Si shown in Figure 5.1 but broader than the
sharp core resonance is observed at lower frequency (diso = -93 ppm) and attributed to the
intermittent subsurface layer.*> Although the enhancement is quite small, it was obtained from an
endogenous radical concentration of 0.70 mM. We believe that if this radical concentration could
be increased by an order of magnitude, the samples would more easily satisfy the three-spin
condition for CE, leading to increased DNP enhancements. Nevertheless, the current enhancement,
providing a 36-fold reduction in experimental time, demonstrates the practicality of studying SiNP
via direct ?°Si DNP from the dangling bonds residing near the surface of the H-SiNPs.
Unfortunately, marginal enhancements were obtained for particles smaller than 64 nm. This may
arise from lower concentrations of endogenous radicals (< 0.5 mM for 6, 9, and 21 nm H-SiNPs),
as well as shorter polarization buildup times (0.05 h for 3 nm vs. > 1.3 h for 64 nm H-SiNPs). The
primary interactions responsible for the relaxation behavior of these rigid materials are a balance

between 2°Si-*’Si homonuclear dipolar coupling and paramagnetic relaxation, whereby the smaller
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particles with larger surface areas are more greatly impacted by the unpaired electrons from
dangling bonds. As the particle increases in size, further ordering in the diamond-lattice crystalline
core causes the dangling bonds to be isolated on the surface, thereby increasing overall 2Si spin-
lattice relaxation. Additionally, though the positive trend of increasing buildup times with respect
to particle size mirrors that seen at room temperature* and for microparticles®, further studies are
needed to understand how the chemical environment around the surface dangling bonds affects the
buildup times. Subsequently, adjustment of the overall radical concentration and tailoring of the

particle surface can be used to boost the enhancement.

/\ uW OFF
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Figure 5.3. Silicon-29 DNP NMR spectrum of hydride-terminated SiNPs (64 nm) with an
endogenous radical acquired at a MAS frequency of 8 kHz (WWon). The corresponding spectrum
acquired without microwave irradiation (WWor). Inset is the puWon spectrum vertically scaled by 6
to illustrate the surface (blue) of the H-SiNP. The *’Si resonance at -85 ppm is signal from the
crystalline core and the small shoulder to lower frequency (red) is subsurface.*

As the DNP process requires the ability to transfer electron polarization (radical source) to its
surrounding nuclear environment, the subsequent process of nuclear — nuclear spin diffusion is also
a vital component, in particular when dealing with inhomogeneous radical distributions; this is
often the case when dealing with crystalline solids. Recently, Wittman et al. described a detailed
study looking at endohedral fullerene, N@Cso sparsely diluted in Ceo to understand the spin-
diffusion barrier under MAS DNP conditions.”® Thus, they determined electron driven spin-
diffusion strongly polarizes the nuclei near the radical (< 15 A), however, this region of the sample
does not contribute to the NMR signal due to impacts on the chemical shifts (paramagnetic
interaction) and rapid relaxation. The nuclei near the radical (~ 10 A) polarize more efficiently at
slower spinning frequencies while faster MAS improves the polarization transfer of nuclei further

28,70,71

away (> 15 A). This serves as evidence of a long-hypothesized spin diffusion barrier over
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which polarization must somehow cross in order to achieve long-range diffusion and thereby
achieve overall polarization of the sample nuclei. Another important point they discussed through
spin-diffusion simulation work is that direct DNP without relay transfer through the nuclear spin
network (i.e., inhibiting homonuclear spin diffusion) resulted in no bulk enhancement, as one
would expect. Therefore, an efficient crossing of the diffusion barrier will lead to the ability in
obtaining a larger polarization of the bulk material, although, if the spin diffusion is hampered by
a low concentration of NMR active nuclear spins (e.g., '*C or 2Si as in our case), this will cause a
slower build-up in DNP polarization. In the same year, Bjorgvinsdottir et al. discussed an
expression for non-spinning samples whereby high polarization of micrometer-sized solids may be
achieved through homonuclear spin-diffusion between low-y nuclei.’” As they pointed out,
homonuclear spin diffusion is often neglected for low-y nuclei due to weak dipolar interaction (e.g.,
28i-2Si in SiNPs is 366 Hz, diamond structure, Fd-3m space group). Therefore, even under
moderate spinning frequencies one can remove these weak couplings and mitigate spin diffusion.”
However, only at infinite spinning frequency does the diffusion coefficient go to zero, while under
MAS the authors note that one can estimate a decrease of an order or two in magnitude.

How this may impact our results is difficult to directly assess due to the range of endogenous
radicals (~100 to 700 ppm), distribution in the sizes of the particles (e.g., 3 + 1 nm vs. 64 = 18 nm)
and definitive knowledge of the dangling bond locations (i.e. surface/subsurface region).
Nonetheless, the three smallest SiNPs (3, 6 and 9 nm) satisty the regime where the dangling bonds
will influence a large portion of the >’Si nuclear spins with particle radii of 15+ 5 A, 30+ 5 A and
45 + 5 A; considering paramagnetic centers will have direct spherical influence up to ~ 25 A7074
and the surface/subsurface layers will comprise ~ the first 10 A. Therefore, we can hypothesize an
effective electron-nuclear polarization relay to dominate with a minor nuclear spin-diffusion role.
As predicted by Wittman et al., the resulting polarization enhancement for these small particles
using direct 2°Si DNP is poor.”® These smaller particles may be best enhanced via indirect DNP
through the introduction of exogenous organic radicals if one could circumvent their highly
reactive surfaces. The larger 64 nm particle (r = 320 A) however, demonstrates a long build-up
time with a reasonable DNP enhancement of 6 (36 factor savings in time) of the sharp resonance
assigned to the core, the minor resonance to lower frequency from the sub-surface, and the broader
component nearly hidden for the surface. Therefore, with the radicals isolated to the surface/sub-

surface, the region likely to directly receive polarization from unpaired electrons is within 30 to 40
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A of the surface. Transiting the last ~ 280 A towards the core would require some type of 2Si->°Si
homonuclear spin-diffusion; based on the long build-up times observed for these materials, the
latter process must be fairly efficient in these samples, with minimal relaxation. Although the spin
diffusion will be small and slow (4.7 % natural abundance, low-Y), the long relaxation times assist
in relaying this polarization inward. Using the approach described by Bjorgvinsdottir et al.”, the
estimated 2°Si spin diffusion coefficient for SINPs is 12 nm?/s (i.e., non-spinning conditions). If we
assume MAS will decrease the diffusion coefficient by 102, a potential bulk polarization gain of 90
is calculated. In sum, our results are consistent with those of the aforementioned reports on model
systems, however, further studies are essential to untangle the complex contributions related to the

DNP mechanism, radical location and radical concentration in SiNPs.

5.4 Conclusion

In this work, we discuss two DNP NMR protocols to study a series of H-SiNPs. Using EPR, it was
observed that, with the conventional DNP NMR approach, the exogenous biradical concentration
was reduced significantly within minutes, hampering effectiveness in bulk materials. Thus, the
reactive nature of the hydride surfaces renders the use of exogenous radicals for indirect DNP
transfer impractical for the study of H-SiNPs. Building upon DNP studies on silicon microparticles
using direct 2Si DNP from intrinsic dangling bonds on the Si surface/sub-surface, we demonstrated
the ability to obtain good ?°Si DNP enhancements (¢ = 6 for 64 nm H-SiNPs) from the low
endogenous radical concentrations of < 1 mM at high magnetic fields. These promising preliminary
results demonstrate the potential for direct DNP polarization transfer using endogenous radicals,
followed by #Si homonuclear spin-diffusion into the core of the particle assisted by long spin-
lattice relaxation values. Future developments in surface modification to control dangling bond
formation as well as size control may lead to further gains in sensitivity and the interplay between

radical-nuclear polarization transfer and low-y homonuclear spin diffusion.

5.5 References

(1)  Pines, A.; Gibby, M. G.; Waugh, J. S. Proton-Enhanced Nuclear Induction Spectroscopy. A
Method for High Resolution NMR of Dilute Spins in Solids. J. Chem. Phys. 1972, 56 (4),
1776-1777.

114



)

3)

4

)

(6)

(7

®)

©)

(10)

(1)

(12)

(13)

Andrew, E. R.; Bradeuey, A.; Eades, R. G. Nuclear Magnetic Resonance Spectra from a
Crystal Rotated at High Speed. Nature 1958, 182 (4650), 1659—-1659.

Lowe, I. J. Free Induction Decays of Rotating Solids. Phys. Rev. Lett. 1959, 2 (7), 285-287.
Keeler, E. G.; Michaelis, V. K.; Colvin, M. T.; Hung, L.; Gor’kov, P. L.; Cross, T. A.; Gan,
Z.; Griffin, R. G. 70 MAS NMR Correlation Spectroscopy at High Magnetic Fields. J. Am.
Chem. Soc. 2017, 139 (49), 17953-17963.

Overhauser, A. W. Polarization of Nuclei in Metals. Phys. Rev. 1953, 92 (2), 411-415.
Carver, T. R.; Slichter, C. P. Polarization of Nuclear Spins in Metals. Phys. Rev. 1953, 92
(1),212-213.

Maly, T.; Debelouchina, G. T.; Bajaj, V. S.; Hu, K.-N.; Joo, C.-G.; Mak—Jurkauskas, M. L.;
Sirigiri, J. R.; van der Wel, P. C. A.; Herzfeld, J.; Temkin, R. J.; Griffin, R. G. Dynamic
Nuclear Polarization at High Magnetic Fields. J. Chem. Phys. 2008, 128 (5), 052211.

Ha, M.; Michaelis, V. K. High-Frequency Dynamic Nuclear Polarization NMR for Solids:
Part 2 — Development and Applications. In Modern Magnetic Resonance; Springer
International Publishing: Cham, 2017; pp 1-18.

Song, C.; Hu, K.-N.; Joo, C.-G.; Swager, T. M.; Griffin, R. G. TOTAPOL: A Biradical
Polarizing Agent for Dynamic Nuclear Polarization Experiments in Aqueous Media. J. Am.
Chem. Soc. 2006, 128 (35), 11385-11390.

Kiesewetter, M. K.; Corzilius, B.; Smith, A. A.; Griffin, R. G.; Swager, T. M. Dynamic
Nuclear Polarization with a Water-Soluble Rigid Biradical. J. Am. Chem. Soc. 2012, 134
(10), 4537-4540.

Sauvée, C.; Rosay, M.; Casano, G.; Aussenac, F.; Weber, R. T.; Ouari, O.; Tordo, P. Highly
Efficient, Water-Soluble Polarizing Agents for Dynamic Nuclear Polarization at High
Frequency. Angew. Chem. Int. Ed. 2013, 52 (41), 10858—10861.

Zagdoun, A.; Casano, G.; Ouari, O.; Schwarzwélder, M.; Rossini, A. J.; Aussenac, F.;
Yulikov, M.; Jeschke, G.; Copéret, C.; Lesage, A.; Tordo, P.; Emsley, L. Large Molecular
Weight Nitroxide Biradicals Providing Efficient Dynamic Nuclear Polarization at
Temperatures up to 200 K. J. Am. Chem. Soc. 2013, 135 (34), 12790-12797.

Kubicki, D. J.; Casano, G.; Schwarzwélder, M.; Abel, S.; Sauvée, C.; Ganesan, K.; Yulikov,
M.; Rossini, A. J.; Jeschke, G.; Copéret, C.; Lesage, A.; Tordo, P.; Ouari, O.; Emsley, L.

115



(14)

(15)

(16)

(17)

(18)

(19)

(20)

Rational Design of Dinitroxide Biradicals for Efficient Cross-Effect Dynamic Nuclear
Polarization. Chem. Sci. 2016, 7 (1), 550-558.

Ong, T.-C.; Mak-Jurkauskas, M. L.; Walish, J. J.; Michaelis, V. K.; Corzilius, B.; Smith, A.
A.; Clausen, A. M.; Cheetham, J. C.; Swager, T. M.; Griffin, R. G. Solvent-Free Dynamic
Nuclear Polarization of Amorphous and Crystalline Ortho -Terphenyl. J. Phys. Chem. B
2013, 717 (10), 3040-3046.

Sauvée, C.; Casano, G.; Abel, S.; Rockenbauer, A.; Akhmetzyanov, D.; Karoui, H.; Siri, D.;
Aussenac, F.; Maas, W.; Weber, R. T.; Prisner, T.; Rosay, M.; Tordo, P.; Ouari, O. Tailoring
of Polarizing Agents in the BTurea Series for Cross-Effect Dynamic Nuclear Polarization in
Aqueous Media. Chem. Eur. J. 2016, 22 (16), 5598-5606.

Matsuki, Y.; Maly, T.; Ouari, O.; Karoui, H.; Le Moigne, F.; Rizzato, E.; Lyubenova, S.;
Herzfeld, J.; Prisner, T.; Tordo, P.; Griffin, R. G. Dynamic Nuclear Polarization with a Rigid
Biradical. Angew. Chem. Int. Ed. 2009, 48 (27), 4996—-5000.

Zagdoun, A.; Casano, G.; Ouari, O.; Lapadula, G.; Rossini, A. J.; Lelli, M.; Baffert, M.;
Gajan, D.; Veyre, L.; Maas, W. E.; Rosay, M.; Weber, R. T.; Thieuleux, C.; Coperet, C.;
Lesage, A.; Tordo, P.; Emsley, L. A Slowly Relaxing Rigid Biradical for Efficient Dynamic
Nuclear Polarization Surface-Enhanced NMR Spectroscopy: Expeditious Characterization
of Functional Group Manipulation in Hybrid Materials. J. Am. Chem. Soc. 2012, 134 (4),
2284-2291.

Mathies, G.; Caporini, M. A.; Michaelis, V. K.; Liu, Y.; Hu, K.-N.; Mance, D.; Zweier, J.
L.; Rosay, M.; Baldus, M.; Griffin, R. G. Efficient Dynamic Nuclear Polarization at 800
MHz/527 GHz with Trityl-Nitroxide Biradicals. Angew. Chem. Int. Ed. 2015, 54 (40),
11770-11774.

Mentink-Vigier, F.; Mathies, G.; Liu, Y.; Barra, A.-L.; Caporini, M. A.; Lee, D.; Hediger,
S.; G. Griffin, R.; De Paépe, G. Efficient Cross-Effect Dynamic Nuclear Polarization
without Depolarization in High-Resolution MAS NMR. Chem. Sci. 2017, 8 (12), 8150—
8163.

Lee, D.; Hediger, S.; Paépe, G. De. High-Field Solid-State NMR with Dynamic Nuclear
Polarization. In Modern Magnetic Resonance; Springer International Publishing: Cham,

2017; pp 1-17.

116



1)

(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

(1)

(32)

Ni, Q. Z.; Daviso, E.; Can, T. V.; Markhasin, E.; Jawla, S. K.; Swager, T. M.; Temkin, R.
J.; Herzfeld, J.; Griffin, R. G. High Frequency Dynamic Nuclear Polarization. Acc. Chem.
Res. 2013, 46 (9), 1933—1941.

Rossini, A. J.; Zagdoun, A.; Lelli, M.; Lesage, A.; Copéret, C.; Emsley, L. Dynamic Nuclear
Polarization Surface Enhanced NMR Spectroscopy. Acc. Chem. Res. 2013, 46 (9), 1942—
1951.

Maly, T.; Andreas, L. B.; Smith, A. A.; Griffin, R. G. 2H-DNP-Enhanced ?H-'3C Solid-State
NMR Correlation Spectroscopy. Phys. Chem. Chem. Phys. 2010, 12 (22), 5872.

Michaelis, V. K.; Corzilius, B.; Smith, A. A.; Griffin, R. G. Dynamic Nuclear Polarization
of 170: Direct Polarization. J. Phys. Chem. B 2013, 117 (48), 14894—14906.

Michaelis, V. K.; Smith, A. A.; Corzilius, B.; Haze, O.; Swager, T. M.; Griffin, R. G. High-
Field *C Dynamic Nuclear Polarization with a Radical Mixture. J. Am. Chem. Soc. 2013,
135 (8),2935-2938.

Michaelis, V. K.; Ong, T.-C.; Kiesewetter, M. K.; Frantz, D. K.; Walish, J. J.; Ravera, E.;
Luchinat, C.; Swager, T. M.; Griffin, R. G. Topical Developments in High-Field Dynamic
Nuclear Polarization. Isr. J. Chem. 2014, 54 (1-2), 207-221.

Corzilius, B.; Smith, A. A.; Griffin, R. G. Solid Effect in Magic Angle Spinning Dynamic
Nuclear Polarization. J. Chem. Phys. 2012, 137 (5), 054201.

Smith, A. A.; Corzilius, B.; Barnes, A. B.; Maly, T.; Griffin, R. G. Solid Effect Dynamic
Nuclear Polarization and Polarization Pathways. J. Chem. Phys. 2012, 136 (1), 015101.
Abragam, A.; Proctor, W. G. Une Nouvelle Methode De Polarisation Dynamique Des
Noyaux Atomiques Dans Les Solides. Cr. Hebd. Acad. Sci. 1958, 246, 2253-2256.
Hwang, C. F.; Hill, D. A. New Effect in Dynamic Polarization. Phys. Rev. Lett. 1967, 18
(4), 110-112.

Hovav, Y.; Feintuch, A.; Vega, S. Theoretical Aspects of Dynamic Nuclear Polarization in
the Solid State — The Cross Effect. J. Magn. Reson. 2012, 214, 29-41.

Ha, M.; Michaelis, V. K. High-Frequency Dynamic Nuclear Polarization NMR for Solids:
Part 1 — An Introduction. In Modern Magnetic Resonance; Springer International

Publishing: Cham, 2017; pp 1-24.

117



(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)

(41)

(42)

(43)

Hu, K.-N.; Bajaj, V. S.; Rosay, M.; Griffin, R. G. High-Frequency Dynamic Nuclear
Polarization Using Mixtures of TEMPO and Trityl Radicals. J. Chem. Phys. 2007, 126 (4),
044512.

Gunther, W. R.; Michaelis, V. K.; Caporini, M. A.; Griffin, R. G.; Romén-Leshkov, Y.
Dynamic Nuclear Polarization NMR Enables the Analysis of Sn-Beta Zeolite Prepared with
Natural Abundance ''°Sn Precursors. J. Am. Chem. Soc. 2014, 136 (17), 6219-6222.
Wenk, P.; Kaushik, M.; Richter, D.; Vogel, M.; Suess, B.; Corzilius, B. Dynamic Nuclear
Polarization of Nucleic Acid with Endogenously Bound Manganese. J. Biomol. NMR 2015,
63 (1), 97-109.

Wolf, T.; Kumar, S.; Singh, H.; Chakrabarty, T.; Aussenac, F.; Frenkel, A. I.; Major, D. T.;
Leskes, M. Endogenous Dynamic Nuclear Polarization for Natural Abundance 'O and
Lithium NMR in the Bulk of Inorganic Solids. J. Am. Chem. Soc. 2019, 141 (1), 451-462.
Corzilius, B.; Michaelis, V. K.; Penzel, S. A.; Ravera, E.; Smith, A. A.; Luchinat, C.; Griffin,
R. G. Dynamic Nuclear Polarization of 'H, "C, and *Co in a
Tris(Ethylenediamine)Cobalt(III) Crystalline Lattice Doped with Cr(III). J. Am. Chem. Soc.
2014, 736 (33), 11716-11727.

Schumacher, R. T.; Slichter, C. P. Electron Spin Paramagnetism of Lithium and Sodium.
Phys. Rev. 1956, 101 (1), 58-65.

Dementyev, A. E.; Cory, D. G.; Ramanathan, C. Dynamic Nuclear Polarization in Silicon
Microparticles. Phys. Rev. Lett. 2008, 100 (12), 127601.

Guy, M. L.; van Schooten, K. J.; Zhu, L.; Ramanathan, C. Chemisorption of Water on the
Surface of Silicon Microparticles Measured by Dynamic Nuclear Polarization Enhanced
NMR. J. Phys. Chem. C 2017, 121 (5), 2748-2754.

Brodsky, M. H.; Title, R. S. Electron Spin Resonance in Amorphous Silicon, Germanium,
and Silicon Carbide. Phys. Rev. Lett. 1969, 23 (11), 581-585.

Veinot, J. G. C. Synthesis, Surface Functionalization, and Properties of Freestanding Silicon
Nanocrystals. Chem. Comm. 2006, No. 40, 4160.

Santos, H. A.; Mikild, E.; Airaksinen, A. J.; Bimbo, L. M.; Hirvonen, J. Porous Silicon
Nanoparticles for Nanomedicine: Preparation and Biomedical Applications. Nanomedicine

2014, 9 (4), 535-554.

118



(44)

(45)

(46)

(47)

(48)

(49)
(50)
(1)

(52)
(33)

(54)

(35)

(56)

Hessel, C. M.; Henderson, E. J.; Veinot, J. G. C. Hydrogen Silsesquioxane: A Molecular
Precursor for Nanocrystalline Si—SiO, Composites and Freestanding Hydride-Surface-
Terminated Silicon Nanoparticles. Chem. Mater. 2006, 18 (26), 6139-6146.

Thiessen, A. N.; Ha, M.; Hooper, R. W.; Yu, H.; Oliynyk, A. O.; Veinot, J. G. C.; Michaelis,
V. K. Silicon Nanoparticles: Are They Crystalline from the Core to the Surface? Chem.
Mater. 2019, 31 (3), 678—688.

Morcombe, C. R.; Zilm, K. W. Chemical Shift Referencing in MAS Solid State NMR. J.
Magn. Reson. 2003, 162 (2), 479-486.

Rosay, M.; Scrgeyev, L.; Tometich, L.; Hickey, C.; Roitman, A.; Yake, D.; Berry, D.
Opportunities and Challenges for EIK’s in DNP NMR Applications. In 2018 43"
International Conference on Infrared, Millimeter, and Terahertz Waves (IRMMW-THz);
IEEE, 2018; pp 1-2.

Roitman, A.; Hyttinen, M.; Deng, H.; Berry, D.; MacHattie, R. Progress in Power
Enhancement of Sub-Millimeter Compact EIKs. In 2017 42"¢ International Conference on
Infrared, Millimeter, and Terahertz Waves (IRMMW-THz); IEEE, 2017; pp 1-2.

Meyer, B. Low Temperature Spectroscopy; American Elsevier: New York, 1971.

Bloch, F. Nuclear Induction. Phys. Rev. 1946, 70 (7-8), 460—474.

Bjorgvinsdoéttir, S.; Walder, B. J.; Pinon, A. C.; Yarava, J. R.; Emsley, L. DNP Enhanced
NMR with Flip-Back Recovery. J. Magn. Reson. 2018, 288, 69—75.

Hahn, E. L. Spin Echoes. Phys. Rev. 1950, 80 (4), 580-594.

Freeman, R.; Hill, H. D. W. Fourier Transform Study of NMR Spin—Lattice Relaxation by
“Progressive Saturation.” J. Chem. Phys. 1971, 54 (8), 3367-3377.

Lee, B. G.; Hiller, D.; Luo, J.-W.; Semonin, O. E.; Beard, M. C.; Zacharias, M.; Stradins, P.
Strained Interface Defects in Silicon Nanocrystals. Adv. Funct. Mater. 2012, 22 (15), 3223—
3232.

Kleovoulou, K.; Kelires, P. C. Stress State of Embedded Si Nanocrystals. Phys. Rev. B 2013,
88 (8), 085424.

Cassidy, M. C.; Chan, H. R.; Ross, B. D.; Bhattacharya, P. K.; Marcus, C. M. In Vivo
Magnetic Resonance Imaging of Hyperpolarized Silicon Particles. Nat. Nanotechnol. 2013,
8 (5), 363-368.

119



(57)

(58)

(39)

(60)

(61)

(62)

(63)

(64)

(65)

(66)

(67)
(68)

Lockwood, R.; Yang, Z.; Sammynaiken, R.; Veinot, J. G. C.; Meldrum, A. Light-Induced
Evolution of Silicon Quantum Dot Surface Chemistry—Implications for
Photoluminescence, Sensing, and Reactivity. Chem. Mater. 2014, 26 (19), 5467-5474.
King, J. P.; Jeong, K.; Vassiliou, C. C.; Shin, C. S.; Page, R. H.; Avalos, C. E.; Wang, H.-
J.; Pines, A. Room-Temperature in Situ Nuclear Spin Hyperpolarization from Optically
Pumped Nitrogen Vacancy Centres in Diamond. Nat. Comm. 20185, 6 (1), 8965.

Dasog, M.; Yang, Z.; Regli, S.; Atkins, T. M.; Faramus, A.; Singh, M. P.; Muthuswamy, E.;
Kauzlarich, S. M.; Tilley, R. D.; Veinot, J. G. C. Chemical Insight into the Origin of Red
and Blue Photoluminescence Arising from Freestanding Silicon Nanocrystals. ACS Nano
2013, 7 (3), 2676-2685.

Pitters, J. L.; Piva, P. G.; Tong, X.; Wolkov, R. A. Reversible Passivation of Silicon
Dangling Bonds with the Stable Radical TEMPO. Nano Lett. 2003, 3, 1431-1435.

Yang, Z.; Gonzalez, C. M.; Purkait, T. K.; Igbal, M.; Meldrum, A.; Veinot, J. G. C. Radical
Initiated Hydrosilylation on Silicon Nanocrystal Surfaces: An Evaluation of Functional
Group Tolerance and Mechanistic Study. Langmuir 2015, 31 (38), 10540-10548.

Aptekar, J. W.; Cassidy, M. C.; Johnson, A. C.; Barton, R. A.; Lee, M.; Ogier, A. C.; Vo,
C.; Anahtar, M. N.; Ren, Y.; Bhatia, S. N.; Ramanathan, C.; Cory, D. G.; Hill, A. L.; Mair,
R. W.; Rosen, M. S.; Walsworth, R. L.; Marcus, C. M. Silicon Nanoparticles as
Hyperpolarized Magnetic Resonance Imaging Agents. ACS Nano 2009, 3 (12), 4003—4008.
Kessenikh, A. V.; Lushchikov, V. I.; Manenkov, A. A.; Taran, Y. V. Proton Polarization in
Irradiated Polyethylenes. Sov. Phys. Solid State 1963, 5, 321-329.

Wollan, D. S. Dynamic Nuclear Polarization with an Inhomogeneously Broadened ESR
Line. I. Theory. Phys. Rev. B 1976, 13 (9), 3671-3685.

Wollan, D. S. Dynamic Nuclear Polarization with an Inhomogeneously Broadened ESR
Line. II. Experiment. Phys. Rev. B 1976, 13 (9), 3686—3696.

Abragam, A. Principles of Nuclear Magnetic Resonance; Oxford University Press: New
York, 1961.

Slichter, C. P. Principles of Magnetic Resonance; Harper & Row: New York, 1963.
Varshni, Y. P. Temperature Dependence of the Energy Gap in Semiconductors. Physica

1967, 34 (1), 149-154.

120



(69)

(70)

(71)

(72)

(73)

(74)

Sinelnikov, R.; Dasog, M.; Beamish, J.; Meldrum, A.; Veinot, J. G. C. Revisiting an
Ongoing Debate: What Role Do Surface Groups Play in Silicon Nanocrystal
Photoluminescence? ACS Photonics 2017, 4 (8), 1920—1929.

Wittmann, J. J.; Eckardt, M.; Harneit, W.; Corzilius, B. Electron-Driven Spin Diffusion
Supports Crossing the Diffusion Barrier in MAS DNP. Phys. Chem. Chem. Phys. 2018, 20
(16), 11418-11429.

Pinon, A. C.; Schlagnitweit, J.; Berruyer, P.; Rossini, A. J.; Lelli, M.; Socie, E.; Tang, M.;
Pham, T.; Lesage, A.; Schantz, S.; Emsley, L. Measuring Nano- to Microstructures from
Relayed Dynamic Nuclear Polarization NMR. J. Phys. Chem. C 2017, 121 (29), 15993—
16005.

Bjorgvinsdéttir, S.; Walder, B. J.; Pinon, A. C.; Emsley, L. Bulk Nuclear Hyperpolarization
of Inorganic Solids by Relay from the Surface. J. Am. Chem. Soc. 2018, 140 (25), 7946—
7951.

Maricq, M. M.; Waugh, J. S. NMR in Rotating Solids. J. Chem. Phys. 1979, 70 (7), 3300—
3316.

Rogawski, R.; Sergeyev, I. V.; Zhang, Y.; Tran, T. H.; Li, Y.; Tong, L.; McDermott, A. E.
NMR Signal Quenching from Bound Biradical Affinity Reagents in DNP Samples. J. Phys.
Chem. B 2017, 121 (48), 10770-10781.

121



Chapter 6

Racing Toward Fast and Effective 'O Isotopic Labelling and
NMR Spectroscopy of N-formyl-MLF-OH and Associated
Building Blocks

6.1 Introduction

The field of solid-state nuclear magnetic resonance (NMR) spectroscopy of biomolecules has
flourished over the last few decades.! With the advancements in higher magnetic field strengths
and development of new NMR techniques, the use of NMR spectroscopy to characterize and study
the structure and dynamics of small biomolecules, peptides, and proteins has become routine. To
date, NMR studies of amino acids, peptides and biomolecules have relied on *C and >N nuclei as
they form the backbone to all biomolecules.! With the recent advancement of ultrafast magic-angle
spinning (MAS) probe hardware, 'H-detected NMR studies have now become feasible.2-7 Oxygen-
17 NMR studies, however, remains elusive, despite being an ideal nucleus to study since oxygen
is directly involved in hydrogen bonding and dictates how secondary and tertiary protein structures
will form. Not only does it provide important structural information, the corresponding functions
of peptides and proteins are fine-tuned by their hydrogen bonding abilities. Use of oxygen-17 (170)
NMR to study the structure of biomolecules is rare due to a range of issues and only recently gained
traction due to advances in ultrahigh-field magnets.8-12 However, with a chemical shift range of
over 1000 ppm, it is highly sensitive to chemical environments. The struggle occurs due to a

combination of unfavourable 7O NMR properties including a low gyromagnetic ratio (y = —5.774
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MHz T1), resulting in low NMR receptivity and sensitivity observed in the corresponding spectra.
Also, 70 is a quadrupolar nucleus (I = 5/2), with a sizable quadrupole moment!3-15 that causes
broad NMR resonances and distinct lineshapes brought upon by the residual second-order
quadrupolar broadening. Finally, 1’0 has a low natural abundance (0.037 %), which means that
costly isotopic enrichment is needed to perform NMR experiments. While overcoming the first two
issues is aided by performing 'O NMR experiments at ultrahigh magnetic fields (Bo > 21.1 T) as
the second-order quadrupolar broadening scales inversely with magnetic field strength, the issue
of low natural abundance continues to plague spectroscopists. This has spurred interest in finding
effective and cost-efficient ways to isotopically enrich samples of focus.

Traditionally, an acid-catalyzed exchange reaction is used to !’O enrich amino acids by
heating the sample of interest in the presence of a strong acid and an excess of H>!70.16 While yield
efficiencies ranged from 50 — 85 % of maximum enrichment, the reaction conditions were quite
harsh (elevated temperatures and strong acids), costly (need for an excess of H'’0), time
consuming (reaction times upward to days), and ineffective for protected amino acids or proteins.
An alternative procedure that was first introduced for '*O-enrichment of protected-amino acids in
2010 and then implemented for !7O-enrichment was a multiple-turnover reaction.817-19 This one-
pot reaction was performed under mild conditions using a carbodiimide to selectively activate and
hydrolyze the carboxylic acid of interest, resulting in '7O/'*O enrichment efficiencies of > 95 %.
Despite the high % enrichment and ideal reaction conditions in comparison to the traditional acid-
catalyzed reaction, the procedure is time consuming, needing upward of 24 hrs in-between each
carbodiimide addition and thus multiple day reactions. A fast and environmentally friendly
mechanochemical enrichment procedure was introduced in 201729, using ball milling (BM) and
small amounts of solvent to enrich both organic and inorganic compounds. Not only did each
synthesis take < 2 hrs to perform but small amounts of 41 % H>!'’O were needed to enrich their
samples, thus making the BM approach very advantageous. However, a caveat to this method is
that the % enrichment was lower compared to the traditional acid-catalyzed or multiple-turnover
reaction techniques (10 % for BM vs. 80 and 100 % for acid-catalyzed and multiple-turnover
reaction techniques, respectively). While in cases of inorganic materials where smaller quadrupolar
coupling constants (< 7 MHz) are found and a have surplus of oxygen sites, low % enrichment
does not pose as serious of an issue. For biomolecules where interest lies at specific positions, such

as terminal carboxylic acid sites and hydroxyl residues on tyrosine or amide positions along the
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protein backbone, a higher % enrichment is critical. Recent advances in NMR hardware also help
address issues of low % enrichment. This includes dynamic nuclear polarization (DNP) to boost
overall sensitivity and ultrahigh fields (1500 MHz, 'H / 35 T) to slowly remove limitations faced
by 70O NMR spectroscopy.1114.15.21-28

Stemming from the issues that plague the accessibility of 7O NMR spectroscopy for
biomolecules, we set our focus on identifying an ideal !’O enrichment scheme that would decrease
the reaction times needed and would, importantly, maintain the highest enrichment efficiencies.
Using an optimized, cost-effective procedure, three fluorenylmethyloxycarbonyl (Fmoc)-protected
amino acid precursors, Fmoc-methionine-OH (Fmoc-Met-OH), Fmoc-leucine-OH (Fmoc-Leu-
OH), and Fmoc-phenylalanine-OH (Fmoc-Phe-OH) were investigated using 'O NMR
spectroscopy and then used to prepare site-specific labelled N-acetyl-MLF-OH and its sister form,
N-formyl-MLF-OH, a well-studied chemotactic tripeptide. Also, we discuss advantages and
considerations for the use of population transfer techniques, DNP, and cross-polarization magic-

angle spinning (CPMAS) cryoprobe instrumentation to boost NMR sensitivity.

6.2 Experimental Section

6.2.1 Materials and Methods

Fmoc-amino acids (Fmoc-methionine, Fmoc-Met-OH; Fmoc-leucine, Fmoc-Leu-OH;
Fmoc-phenylalanine, and Fmoc-Phe-OH), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC+HCl) and acetonitrile (ACN) were purchased from Sigma-Aldrich and used
without any further purification. Pyridine hydrobromide (pyridine HBr) was purchased from Alfa
Aesar and used without any further purification. All solvents were reagent grade and used as

received. Oxygen-17 labelled water (40 % H>!'"0) was sourced from CortecNet.

6.2.2 Preparation of 1’O-labelled Building Blocks

Oxygen-17 labelled Fmoc-amino acids were prepared using a modified multiple-turnover
procedure.817 First 1 equiv. of Fmoc-amino acid and 20 equiv. of pyridine HBr were suspended in
minimal dimethylformamide (DMF, ~ 5 mL). The reaction mixture was stirred and purged with N»
gas for 10 minutes. Afterward, 10 equiv. of EDC*HCI, along with 30 equiv. 40 % H»!’O was added
to the reaction mixture and was stirred under a N2> atmosphere at room temperature for 2 hours.

The reaction mixture was then supplemented with 10 equiv. EDC*HCI and stirred for an additional
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2 hours. This was repeated once more and was left for 2 hours (note that the reaction can be left
overnight and worked up the following day) for the reaction to reach completion. The reaction
mixture was quenched with ~ 25 mL of ethyl acetate and dried with MgSOs, before being washed
three times with 0.1 M citric acid (~ 15 mL) and once with 0.1 M citric acid in brine (~ 15 mL). A
liquid-liquid extraction with ethyl acetate was then used to purify the '’O-labelled Fmoc-amino
acids, and the excess solvent was removed by slow evaporation. The '7O-labelled Fmoc-Met-OH,
-Leu-OH, and -Phe-OH were recrystallized using ACN/water, ethanol, and DCM/water,

respectively.

6.2.3 Peptide Synthesis of N-formyl-MLF-OH & N-acetyl-MLF-OH

Peptides were synthesized manually according to previously published solid-phase
synthesis protocols?? using Fmoc-protected L-amino acids purchased from Aapptec and the
corresponding !"O-labelled Fmoc-amino acid. Peptides were elongated by sequential Fmoc
deprotection on Wang resin. Synthesis was carried out using 3 equiv. of Fmoc-protected amino
acids and coupling was performed with HBTU/HOBt and DIPEA in DMF. Fmoc cleavage was
performed using 20 % piperidine in DMF. A capping step was carried out after the ligation of the
first amino acid using acetic anhydride and pyridine in DMF. When required, peptide amino-
terminal functions were acetylated through a final acetylation step using acetic anhydride and
DIPEA in DMF. Peptides were cleaved from the resin after incubation with a TFA solution
containing 2.5 % triisopropylsilane and 2.5 % water. The peptides were precipitated in a cold
diethyl ether and petroleum ether mixture (70:30 v/v), and then recovered by centrifugation. The
remaining ether traces were evaporated under vacuum. All reagents used were purchased from

Sigma-Aldrich unless otherwise stated.

6.2.4 High-performance Liquid Chromatography (HPLC)

Analytical reverse-phase high-performance liquid chromatography (HPLC) was used to
determine the multiple turnover-reaction time by monitoring the EDC+*HCI concentration profile,
and to determine the concentration of N-acylurea based on variations on pyridine HBr and water
concentrations. The reaction conditions and concentrations for determining the multiple turnover-
reaction time were adapted from Keeler et al.8: 10 mM Fmoc-Phe-OH (1 equiv.), 100 mM
EDC-HCI (10 equiv.), 200 mM pyridine HBr (20 equiv.), and 450 mM water (45 equiv.). The

concentrations of Fmoc-Phe-OH and EDC<HCI for determining the formation of N-acylurea with
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change in pyridine HBr and water concentrations were 10 mM (1 equiv.) and 100 mM (10 equiv.),

respectively.

6.2.5 Reverse-phase High-performance Liquid Chromatography and Mass Spectrometry
(HPLC-UV-MS)

The 70 labelling of each Fmoc-amino acid and labelled N-formyl-MLF-OH was verified
by mass spectrometry. RP-HPLC-MS was performed using an Agilent 1200 SL HPLC System with
a Phenomenex Polar C18 reverse-phase analytical column (2.1 x 50 mm, 1.7 pm particle size, 100
A) (Phenomenex, Torrance, CA, USA) and thermostated at 50 °C followed by mass spectrometric
detection.

An aliquot was loaded onto a column at a flow rate of 0.50 mL min'! and an initial buffer
composition of 99 % mobile phase A (0.1 % formic acid in H20) and 1 % mobile phase B (0.1 %
formic acid in ACN) and held for 30 seconds to wash away salts. Analytes were eluted using a
linear gradient from 1 to 95 % mobile phase B over a period of 5 minutes and held at 95 % mobile
phase B for 1 minute to remove all analytes from the column and 95 to 1 % mobile phase B over a
period of 30 seconds.

Mass spectra were acquired in negative mode of ionization using an Agilent 6220 Accurate-
Mass TOF HPLC/MS system (Santa Clara, CA, USA) equipped with a dual sprayer electrospray
ionization source with the second sprayer providing a reference mass solution. Mass spectrometric
conditions were drying gas 10 L/min at 325 °C, nebulizer 30 psi, mass range 100-1100 Da,
acquisition rate of ~ 1.03 spectra/s, fragmentor 140 V, skimmer 65 V, capillary 3200 V, and
instrument state 4 GHz high resolution. Mass correction was performed for every individual
spectrum using peaks at m/z 112.9856 and 1033.9881 from the reference solution. Data acquisition
was performed using the Mass Hunter software package (ver. B.04.00.). Analysis of the HPLC-
UV-MS data was done using the Agilent Mass Hunter Qualitative Analysis software (ver. B.07.00
SP2).

6.2.6 Solid-state Nuclear Magnetic Resonance (NMR) Spectroscopy
Oxygen-17 NMR spectra were acquired at a magnetic field strength of 14.1 T (600 MHz,
'H) with a Bruker Avance NEO spectrometer and a 3.2 mm triple resonance ('"H/X/Y) NMR probe,
where X was tuned to "0 (wo/2m = 81.3 MHz). All 17O experiments were performed under a MAS
frequency of 23.5 kHz using the Hahn-echo pulse sequence (yBi/2r (solid) = 158 kHz) and a
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recycle delay of 1.0 s. Non-spinning '"O NMR experiments were preformed using a Hahn-echo
pulse sequence with TPPM 'H decoupling3? (yB1/2xn = 50.0 kHz) and a recycle delay time of 1.0 s.
A double-frequency sweep (DFS)31 over 1750 to 300 kHz was used for the population transfer
techniques. 70 NMR spectra were acquired between 4k to 393k co-added transients. All 7O NMR

spectra were referenced at 0 ppm with respect to liquid water.32

6.2.7 Dynamic Nuclear Polarization Nuclear Magnetic Resonance (DNP NMR) Spectroscopy
of 40 % O-enriched Fmoc-Leu-OH

The '7O-labelled Fmoc-Leu-OH sample was packed into a 3.2 mm zirconia rotor with the
addition of 10 mM TEKPol biradical / 1,1,2,2-tetrachloroethane (TCE) solution. The sample was
stirred with a wire to encourage radical dispersion before being capped with a silicone rubber plug
and zirconia top cap. Cross-polarization (CP)33 7O {'H} DNP MAS NMR spectra were recorded
using a low-temperature 3.2 mm double resonance (HX) MAS DNP probe doubly tuned to 'H
(wo/2m = 600.5 MHz) and '"O (wo/2n = 81.4 MHz) with a 14.1 T Bruker Avance III HD DNP
NMR spectrometer equipped with a 395 GHz gyrotron microwave source delivering high-power
microwaves to the sample. DNP NMR data were acquired at 108 K, with magic-angle spinning at
a spinning frequency of 12 kHz, a contact time of 1.0 ms, a recycle delay of 20 s, and 2048 co-
added transients. Spectra were referenced with respect to the 17O signal of liquid water (0 ppm).32
The NMR magnetic field position was adjusted to the maximum of the 'H (nitroxide biradical,

TEKPol) DNP NMR enhancements.

6.2.8 Cross-polarization Magic-angle Spinning (CPMAS) Cryoprobe Nuclear Magnetic
Resonance Spectroscopy of 40 % "O-enriched Fmoc-Leu-OH

Oxygen-17 NMR spectra of '7O-labelled Fmoc-Leu-OH were acquired using a 3.2 mm
CPMAS cryoprobe at 18.8 T (800 MHz, 'H). All data were acquired under magic-angle spinning
with a spinning frequency of 15 kHz. The 1D 7O Hahn-echo experiment was performed with a
vB1/2w (solid) = 192 kHz pulse, frequency-swept TPPM 'H decoupling3* (yB1/2n = 70.0 kHz),
4096 co-added transients and a recycle delay of 1 s. A two-dimensional '"O{'H} HETCOR
experiment was undertaken using a 'H recycle delay of 4 s, contact time of 1.5 ms, 128 co-added

transients, and 120 t; increments.

127



6.3 Results and Discussion

6.3.1 Kinetics

Selectively labelled amino acids are known to be notoriously difficult to prepare and are
very costly. In 2010, a mild and selective reaction for 30 isotopically labelling amino acids was
developed, namely, the non-equilibrium multiple-turnover reaction (Scheme 6.1), which is
performed at room temperature under less acidic conditions.” This method allowed for the
exchange of '80 water with the carboxylic acid due to the hydrolysis of the O-acylisourea
intermediate formed when a carboxylic acid reacts with a carbodiimide. While this one-pot reaction
results in high *O enrichments for both oxygen sites of the carboxylic acid aiding vibrational and
mass spectrometry studies, an excess of the coupling reagent (carbodiimide such as EDC) and
H»!'80, as well as long reaction times are needed to allow for high enrichments. We set out to
determine whether we can optimize the more costly ($120 USD/g H>'%0 (98 %) vs. $2500 USD/g
H>'70 (90 %)) 70 labelling process needed for NMR studies by targeting a reduction in labelled

material (40 % H>!70) and minimizing the turnover reaction time.
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Scheme 6.1. Reaction scheme of the carbodiimide-driven chemical multiple-turnover reaction
cycle, where Fmoc = fluoroenylmethyloxycarbonyl and R = amino acid side chain.

Our first task was to determine the reaction time needed for the exchange to occur.
Previously®17, the labelling protocol was a multi-day process where ~ 10 equiv. of EDC was added
after every 18 - 24 hours until a total of 45 equiv. of the coupling reagent was reached. This led to
reaction times of ~ 4 days without including the time needed for product isolation and
recrystallization. To test the amount of time needed between each coupling reagent addition, we
used analytical reverse-phase HPLC to monitor the rate of EDC consumption. Since the
carbodiimide reacts more rapidly with the carboxylic acid than with water, we know that the rate

of reaction is based on the rate of consumption to form the O-acylisourea, which then rapidly reacts
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with the water to form the labelled amino acid of choice. Following the standard reaction
concentrations® (10 mM amino acid, 20 mM pyridine HCI, 30 mM EDC, and 45 mM H»0), we
determined that all EDC was consumed within 20 minutes of addition, and it had a half-life (¢12)
of 4.4 min (Figure 6.1a). Thus, we were able to decrease the reaction time from ~ 98 to < 8 hrs
(where 2 hrs was needed in between each addition of the coupling reagent). While we were able to
decrease the reaction time by a factor of ~ 10, we further assessed if we could reduce overall costs
of the labelling by using minimal amounts of isotopically labelled water to obtain high enrichments.
Typically, an excess of Hx!"'30 (three to five-fold) is needed to allow for effective labelling.
However, we have determined that a 1:1 ratio of EDC to H,'”'30 (40 % H,'’0) can be used for
effective labelling before high amounts of unwanted byproduct (N-acylurea) are formed (Figure
6.1b). This new finding significantly reduces cost from ~ $110 USD/100 mg of amino acid to ~
$25 USD/100 mg, leading to a quick and inexpensive labelling method for !"O-labelled Fmoc-

amino acids.

a) b)
70 1 e Reaction w/ AA —~ 81
s EControl (No AA) % ° 30 mM Pyr. HBr
€ 60 4 = m100 mM Pyr, HBr
g 50 4 é 6 1 4200 mM Pyr. HBr
= . ) £
S 40 T,,: 4.4 min g ] o
8 30 g 4 L
g e
3 204 e, R ]
Q =4 ]
0 10 N [&] A [ ]
L (ZP A A
04 T L J 0 T ¥ T * T T T 1
0 20 40 60 80 0 100 200 300 400 500
Time (min)

Water Concentration (mM)

Figure 6.1. Kinetic testing of the enrichment of 7O in 10 mM Fmoc-Phe-OH by a multiple-
turnover reaction cycle. (a) Consumption of EDC as a function of time. Markers represent
measured data (black circles, full reaction scheme with amino acid (AA) and blue squares, control
with no AA added) and the solid line represents data predicted by our kinetic model. (b) Maximum
yield of the N-acylurea side product as a function of the amount of pyridine HBr added.

6.3.2 Fmoc-Met-OH, Fmoc-Leu-OH & Fmoc-Phe-OH Building Blocks

As a proof of concept, using the modified labelling scheme, vide supra, Fmoc-Met-OH,
Fmoc-Leu-OH and Fmoc-Phe-OH were '"O-enriched (both sites at 40-42 %) and verified using
reverse-phase HPLC and mass spectrometry (Figure 6.2). During the labelling process, we noted

that the 40 % H,'’O water had high levels of H>'30 (~ 44.6 %). This resulted in fragment patterns
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that strayed from the typical pattern seen for the 40 % 7O-labelled product (the resulting fragment
patterns suggest > 40 % !0 labelling). However, after taking into consideration 'O incorporation
in the amino acids, the labelling efficiency of the modified multiple-turnover reaction was
determined to be 100 % (i.e., 40 % '7O labels at both oxygen sites).

The chemical shift interactions are described by the isotropic chemical shift (3is0), span (€2),
and the skew (x).32:3536 The quadrupolar lineshape is defined by the quadrupolar coupling constant,
Cq, and quadrupole asymmetry parameter, 779. The corresponding 'O MAS and non-spinning
NMR spectra of the Fmoc-amino acid precursors and resulting NMR parameters are featured in

Figures 6.3 and Table 6.1, respectively.
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Figure 6.2. Experimental mass spectra of 17O labelled (a) Fmoc-Met-OH, (b) Fmoc-Leu-OH, (c)
Fmoc-Phe-OH, and (d) '7O-enriched Leu of N-formyl-ML*F-OH.
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Figure 6.3. Experimental (black) and simulated (blue) 'O MAS (left) and non-spinning (right)
NMR spectra of Fmoc-Met-OH (a), Fmoc-Leu-OH (b), and Fmoc-Phe-OH (c) at 14.1 T (wou/27 =
600 MHz) with the corresponding chemical structures (inset) highlighted with the oxygen-enriched
site of interest (yellow: CO and purple: COH). The simulations of each oxygen environment are
shown below the spectra (short yellow dashes: CO, long purple dashes: COH, grey dots: CO").
Spectra on the left were acquired under magic-angle spinning (MAS, o./2n = 23.5 kHz), with
spinning sidebands noted by asterisks (*). Spectra on the right were acquired under non-spinning
conditions with 'H decoupling.

At a high magnetic field strength (14.1 T, won/2n = 600 MHz), resolution between the CO and
COH groups was obtained. The 70O MAS NMR spectrum of Fmoc-Met-OH is shown in Figure
6.3a. The Cq values of the CO and COH groups for Fmoc-Met-OH were 8.6 and 7.6 MHz,
respectively with 7= 0.0 and 0.25. The diso values were 330 and 164 ppm, with Q = 510 and 235
ppm and x = 0.6 and - 1.0 for the CO and COH groups, respectively. These values are consistent
with previous reports of other Fmoc- and Boc-protected amino acids.®19.20 The recrystallization of
Fmoc-Met-OH proved to be challenging when working with small amounts of starting material.
Despite purification with preparatory HPLC and further recrystallization, the corresponding 70
NMR spectra resulted in poor resolution between the CO and COH group (Figure 6.4). Thus, we
advise that larger amounts of starting material may be needed to effectively recrystallize labelled
small molecules into their ideal crystal structure. This is not an issue when using these building

blocks to form peptides (below). Since the multiple-turnover reaction mechanism described above

131



allows for requirements for 40 % H>'’O needed and higher reaction turnover rates, we can label

larger yields of challenging amino acids more efficiently and economically.

Recrystallized

600 500 400 300 200 100 0 100 200
5(70) / ppm

Figure 6.4. Experimental (black) and simulated (blue) "0 NMR spectra of Fmoc-Met-OH (top)
and the above Fmoc-Met-OH sample recrystallized at 14.1 T (won/2n = 600 MHz) with the
corresponding chemical structure (inset) highlighted with the oxygen-enriched site of interested.
Spectra were acquired under magic-angle spinning (MAS, o./2n = 23.5 kHz), with spinning
sidebands noted by asterisks (*). T indicates the signal coming from the ZrO, rotor.

The 70 MAS NMR spectrum of Fmoc-Leu-OH are shown in Figure 6.3b. The NMR
parameters for the CO and COH groups were found to be Cq = 8.3 and 7.5 MHz, o= 0.0 and 0.2,
x = 0.7 and - 1.0, and diso = 338 and 162 ppm, respectively, and are consistent with the previous
reports.8 We note a small discrepancy for their reported spans of CO and COH groups that were
385 and 320 ppm, respectively, whereas the Q values determined in this study are 460 and 230
ppm, respectively. This revised value agrees well with our recent examination of computed 'O
NMR parameters in a series of Fmoc-amino acids.!?

The corresponding "0 NMR spectrum for Fmoc-Phe-OH is shown in Figure 6.3c.
Resolution between CO and COH groups (diso = 341 and 169 ppm, Q = 520 and 250 ppm, and « =
0.7 and 0.8) are maintained and are similar to those for both Fmoc-Met-OH and Fmoc-Leu-OH,
and the Cq values of the CO and COH groups were 7.7 and 6.0 MHz, and #q = 0.1 and 0.1,
respectively, are slightly reduced. A previous 7O NMR study on related amino acid, N-(tert-
butoxycarbonyl)-Phe-OH, BOC-Phe-OH) showed similar parameters for CO and COH groups as
those reported here for both Fmoc-Met-OH and Fmoc-Leu-OH.20 Differences between reported
values could be associated with the crystallinity of the sample or molecular dynamics. While Fmoc-
Met-OH and Fmoc-Leu-OH both recrystallized into solid white powders, Fmoc-Phe-OH was a
white semi-solid, with a gel-like appearance. This suggests that the Fmoc-Phe-OH sample may be

experiencing changes in the local environment (H-bonding) and local dynamics about the COOH.37
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For example, the 70O NMR line shapes drastically change for 4-aminobutane-1-sulfonic acid,
resulting in narrowing of line shape and a decrease in the magnitude of the quadrupolar coupling
interactions. This is due to the rotational dynamics of the sulfonate groups at higher temperatures.38
Changes in quadrupolar couplings due to dynamics have also been shown in 2H systems where the
vibrational motion of water molecules leads to averaging of quadrupolar couplings.3949 In 2016, a
reduction in the 'O quadrupole coupling constant of the bound water in barium chlorate
monohydrate (Ba(ClO3)2-H20) was reported.#! With decreasing temperature, the observed Cq was
shown to increase and the appearance of 'H-170O dipole couplings emerged due to a reduction in
two-fold H20O hopping dynamics. Nonetheless the hydroxyl and carbonyl carbons observed in the
Fmoc-Phe-OH sample are in the appropriate chemical shift range, providing the ability to assemble

longer peptides, vide infra.

Table 6.1. Fmoc-amino acids and N-formyl-MLF-OH tripeptide NMR parameters.

Siso Ca nNa Q K a B Y
Sample 70 site
(ppm, £ 3) (MHz, £ 0.1) (x0.1) (£ 50) (£0.1) (10°) (x10°) (£10°)
coO 330 8.6 0 510 0.6 0 86 50
Fmoc-Met-OH
COH 164 7.6 0.25 235 -1.0 0 21 25
coO 338 8.3 0 460 0.7 0 88 50
Fmoc-Leu-OH
COH 162 7.5 0.2 230 -1.0 0 22 25
coO 341 7.7 0.1 530 0.7 0 82 50
Fmoc-Phe-
OH COH 169 6.0 0.1 250 -0.8 0 22 25
COO- 265 7.7 0.2 125 -1.0 0 10 50
N-CO
275 8.0 0.15 460 0.8 0 90 45
N-acetyl- (Met)
M*LF-OH amorphous
258 7.0 0.55 330 -0.7 0 15 60
N-CO f
N-formyl- N-CO
283 7.7 0.2 520 0.7 0 89 78
ML*F-OH (Leu)
coO 330 8.4 0.25 700 0.55 0 82 50
N-formyl-
COH 180 6.8 0.3 300 -0.7 0 22 25
MLF*-OH
COO~ 260 7.7 0.2 200 -0.8 0 10 50
N-CO
290 7.7 0.2 520 0.6 0 89 78
(Leu)
N-formyl-
coO 330 8.4 0.25 730 0.45 0 82 50
ML*F*-OH
COH 180 6.8 0.3 300 -0.8 0 22 25
COO~ 265 7.7 0.2 200 -0.8 0 10 50

T Due to the limited sample amount of N-acetyl-M*LF-OH (~ 10 mg), the sample was not recrystallized. This resulted in a mixture of
crystalline and amorphous N-acetyl-M*LF-OH
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6.3.3 Selectively Labelling N-formyl-MLF-OH and N-acetyl-MLF-OH Tripeptides

Building from the single Fmoc-protected amino acid results, we set out to determine the
effects of the 'O NMR features on a chemotactic tripeptide, N-formyl-MLF-OH, and its sister
form, N-acetyl-MLF-OH. First, we synthesized each peptide using either non-labelled or "O-
labelled Fmoc-protected amino acids using solid-phase peptide synthesis to yield selectively
labelled single amino acid sites (N-acetyl-M*LF-OH, N-formyl-ML*F-OH, and N-formyl-MLF*-
OH, where * indicates the '’O position within the peptide) to compare with the single Fmoc-
protected amino acids. When Met is incorporated into N-acetyl-M*LF-OH, a single 'O site
corresponding to the NCOwet (8iso = 275 ppm, Q = 460 ppm, x = 0.8, Cq = 8.0 MHz, and 770=0.15)
was observed (Figure 6.5a). The NCO site appears at a lower frequency when compared to the free
amino acid (diso = 275 ppm Vs diso = 330 ppm). This is expected as the NCOwme no longer loses
electron density due to the neighboring OH site in the free amino acid. Due to the limited amount
of the tripeptide (~ 10 mg), the labelled sample was not recrystallized, which resulted in a mixture
of crystalline and amorphous tripeptides (Table 6.1). Hence, a small secondary site (diso = 258 ppm,
Q=330 ppm, x =-0.7, Cqo = 7.0 MHz, and 7o = 0.55) corresponds to residual amorphous N-acetyl-
M*LF-OH. A single 7O site (3iso = 283 ppm, Q = 520 ppm, x = 0.7, Cq = 7.7 MHz, and 59 = 0.2)
was observed for N-formyl-ML*F-OH (Figure 6.5b). Similar to the NCOwe: site in N-acetyl-
M*LF-OH, the NCOLcu in N-formyl-ML*F-OH appears at a lower frequency compared to the free
amino acid (diso = 283 ppm vs. diso = 338 ppm). This is expected as only the single NCO site of the
Leu in the tripeptide is labelled. The 70O MAS NMR spectrum of N-formyl-MLF*-OH is shown
in Figure 6.5c. The Cq values of the CO and COH groups were found to be 8.4 and 8.6 MHz, with
no=0.25 and 0.25, respectively. The 6is, values of the CO and COH groups were found to be 330
and 175 ppm, with Q = 700 and 300 ppm, and x = 0.55 and -0.7, respectively. A third minor site
(< 5 %) at diso = 230 ppm was observed between the CO and COH sites and corresponds to a
deprotonated COO™ at the c-terminus.!® The variation in chemical shift and quadrupolar coupling
between amino acids and peptides observed here reinforce the sensitivity of 7O NMR to the
functional group and structure.

A natural extension beyond site-specific labels in peptides provides the ability to place
multiple labels. Thus, we synthesized N-formyl-ML*F*-OH using ’O-enriched Fmoc-Leu-OH
and Fmoc-Phe-OH resulting in both the Leu and Phe sites being '’O-enriched to 40 % (Figure 6.5d).

Four distinct oxygen environments were found for the N-formyl-ML*F*-OH tripeptide, one on
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leucine (NCO) and three on phenylalanine (CO, COO-, and COH). The resulting NMR parameters
(0iso, 2, x, Cq, and #q) for each distinct oxygen site were within the error to those observed in the
selectively labelled tripeptide (Table 6.1). As expected, the multiple-labelled oxygen sites within
the peptide structure do not change (within error) the NMR parameters. This adaptable labelling
approach developed here enables researchers to take on multiple labelling strategies for further

biomolecular NMR experimentation by maximizing structural model constraints.

MAS Non-spinning
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Figure 6.5. Experimental (black) and simulated (blue) 'O MAS (left) and non-spinning (right)
NMR spectra of (a) !"O-enriched Met of N-acetyl-M*LF-OH, (b) '"O-enriched Leu of N-formy]-
ML*F-OH, (c¢) '"O-enriched Phe of N-formyl-MLF*-OH, and (d) '’O-enriched Leu and Phe of N-
formyl-ML*F*-OH at 14.1 T (won/2®r = 600 MHz). The simulations of the individual oxygen
environments are shown below the full spectra with the chemical structures (inset) highlighted with
the oxygen-enriched site of interest (orange: CO of Met, brown: amorphous Met, green: CO of Leu,
yellow: CO of Phe, and purple: COH of Phe). Spectra on the left were acquired under magic-angle
spinning (MAS, o/2n = 23.5 kHz) conditions, with spinning sidebands denoted by asterisks (*).
Spectra on the right were acquired under non-spinning conditions with 'H decoupling. The N-
acetyl-M*LF-OH sample was acquired using a DFS population transfer with ~ 10 mg of sample;
all N-formyl-MLF-OH samples utilized the Hahn-echo pulse sequence. { indicates the signal
coming from the ZrO2 rotor.
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6.3.4 Maximizing NMR Sensitivity

Above, we have developed a fast, inexpensive, and effective labelling approach for
studying increasingly complex peptides. To further extend sensitivity gains, which will be essential
in establishing 7O as a viable biomolecular probe nucleus, we assess emerging NMR sensitivity
methods and consider a few advantages and disadvantages observed for 40 % !’O-labelled Fmoc-

Leu-OH (Table 6.2) as a model system.

Table 6.2. Sensitivity enhancements in 40 % !"O-labelled Fmoc-Leu-OH using various NMR
techniques.

Field Sample S/N/ mg
Number of Experimental
Method Strength Amount S/IN . . \/scans / Bo
Scans Time (min)
(MHz) (mg) (x 1079)
Hahn-echo
600 21 12.85 4096 68.3 0.68
NMR
DFS NMR 600 21 43.67 4096 68.3 2.30
CPMAS
Cryoprobe 800 18.8 62.3 4096 68.3 2.76
Hahn-echo
DNP CP
600 13 31.0 2048 682.7 3.74
MAS

One way to maximize sensitivity is to use population transfer techniques to improve the
S/N of half-integer quadrupolar nuclei. To perform the population transfer, simultaneous saturation
of the satellite transitions is needed to transfer the Boltzmann population of these energy levels
onto the central transition (CT). This is followed up with a selective n/2 pulse to perturb the CT
and to acquire the spectrum.?? An example of a population transfer technique is the use of double-
frequency sweeps (DFS).31 This technique uses adiabatic frequency sweeps across the satellite
transitions in order to enhance the CT. Using DFS, enhancements (eprs) of 1.7 and 2.0 were
obtained for the CO and COH NMR features, respectively, in Fmoc-Leu-OH (Figure 6.6a). This
resulted in a reduction in experimental time by a factor of 4. Therefore, a non-DFS 70O experiment
of 40 % labelled Fmoc-Leu-OH that requires 1 hr of continuous acquisition can be completed in
15 min. While the decrease in experimental time is beneficial and accessible on all modern

instruments, the experimental setup requires attention. First, a DFS must be generated in the correct
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frequency range corresponding to the saturation of the sample’s satellite transitions but does not
perturb the central transition. This is challenging, as frequency ranges change depending on the
sample of interest and the nuclear spin number, 7. With higher 7 (such as 7= 5/2 for ’O), multiple
satellite transitions overlap, thus creating additional complications.?? In addition to multiple
satellite transition overlaps in higher spin numbers, sample systems are in a powder form. This
results in a range of angular-dependent quadrupole frequencies for all crystallites and non-ideal
adiabatic single-quantum and multiple-quantum transitions that would decrease the maximum
theoretical enhancement (eprs = 5) that could be achieved.??

Dynamic nuclear polarization has been game-changing in the advancement of high-field
NMR spectroscopy, allowing for the study of challenging and previously improbable chemical
systems.#? Taking advantage of the large thermal electron spin polarization of paramagnetic
radicals irradiated with high-frequency microwaves, this transfer of polarization to neighboring
nuclei can allow for a significant reduction in experimental time.#3-4> The gain in NMR sensitivity
is quantified by the enhancement factor, epnp, which results in a reduction in experimental time by
a factor of €2. Using 10 mM TEKPol/TCE solution, a DNP-enhanced 7O {'H} CP MAS NMR
spectrum of 1’O-enriched Fmoc-Leu-OH was obtained at 600 MHz / 395 GHz, resulting in an epxp
= 6 (Figure 6.6b). This corresponds to a 36-fold reduction in experimental time, under otherwise
identical conditions using conventional CP MAS methods at 100 K. Although indirect DNP and
direct DNP have been successful in ice and inorganic hydroxides?64146, we were unable to obtain
an enhancement using a direct approach and thus refrain from comparing to the Hahn-echo results
discussed above. The inability to enhance "O via direct polarization is attributed to low oxygen
density, short nuclear spin-lattice relaxation times and low-gamma properties, limiting the ability
to build-up bulk nuclear spin polarization.4’-50 Another important consideration in comparing the
Hahn-echo results discussed above is the drastically different NMR lineshape obtained using
indirect DNP. When CP is used to study quadrupolar nuclei, typically distorted lineshapes result
due to poor spin-locking and the fast decay of the quadrupolar spins, which is needed to build up
the CP signal.>! Not only does it become difficult to analyze the resulting spectra, but the signal-
to-noise gains are lower in comparison to direct approaches.>253 Although the indirect DNP method
used here showed good DNP enhancements, we refrain from directly comparing the Hahn-echo
results due to the distorted lineshapes. Additionally, there was preferential enhancement of the

COH over the CO site due to the proximity of the 'H to 'O nuclei. One technique that has been
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used to overcome the poor spin dynamics associated with CP of quadrupolar nuclei is Phase-shifted
Recoupling Effects a Smooth Transfer of Order (PRESTOQ).>4-5¢ This polarization transfer
technique uses a selective Hahn-echo pulse on the single central transition of the quadrupolar nuclei,
coupled with symmetry-based recoupling sequences on the protons, resulting in improvements in
sensitivity and lineshape. Beyond these distortion issues, the 7O spectral lineshape is further
influenced by cryogenic temperatures (< 110 K), which requires additional considerations, such as
spinning frequency, dynamics, relaxation time, etc. The cryogenic temperatures used here
restricted the spinning frequencies obtainable for a conventional 3.2 mm rotor (i.e., a smaller rotor
is required to reach 23.5 kHz at cryogenic temperatures); thus our ability to resolve two signals at
12 kHz at 14.1 T is hampered in this model system, although it could easily be improved with a
1.9 mm probe or strategic labelling. Cryogenic sample temperatures increase the nuclear spin-
lattice relaxation time and are particularly harsh for small crystalline molecules. Using CP, where
relaxation is dependent on 'H, the '7O-labelled Fmoc-Leu-OH required a delay of 20 s for the DNP
experiment (vs. 1.0 s delays for direct detection as quadrupolar relaxation dominates). Again, these
issues are sample and nucleus dependent ('H relaxation is typically a few seconds for larger
peptides and proteins) but should be considered when striving to optimize the sensitivity and
experimental approach. Despite these issues, the sensitivity was quite remarkable using DNP to
perform challenging '"O {'H} CP MAS DNP NMR experiments as shown in Table 6.2.

While DNP can provide tremendous sensitivity gains, it does require specialized hardware
(DNP spectrometer, cryogenic probe, microwave source, polarizing agents, etc.). Cryoprobes in
solution NMR applications are now routinely used for biomolecular systems. Due to the sample
coil and electronics being cooled to cryogenic temperatures, the background thermal noise is
significantly reduced and results in sensitivity gains over conventional room-temperature NMR
probes. Recently, a cryogenic MAS probe was commercially introduced, allowing for the study of
complex biological solids. In 2020, a three-to-four-fold sensitivity enhancements for 1D NMR
experiments on large, non-crystalline biological assemblies were reported when using a CPMAS
cryoprobe.>” This sensitivity enhancement provided the ability to perform multidimensional
experiments on 13C, '"N-labelled protein fibrils, and !°N-labelled samples with natural abundance
carbon sites, a feat that would be unimaginable with a conventional room-temperature probe. Using
a CPMAS cryoprobe at 18.8 T (won/2m = 800 MHz), a 'O Hahn-echo spectrum of 40 % !"O-

labelled Fmoc-Leu-OH was acquired (Figure 6.6a). While we were able to obtain better resolution
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between the CO and OH sites due to a decrease in second-order quadrupolar broadening (18.8 vs.
14.1 T), spinning sidebands are not resolved from the CT, due to the associated hardware
limitations and magnetic shielding anisotropy present for !’O (similar issues arise at 35 T, as this
interaction scales with magnetic field strength). Regardless, the advantages in the sensitivity of the
CPMAS cryoprobe are clear with the overall sensitivity being 4.0 times larger than those obtained
using an identical approach on a standard MAS probe (Table 6.2).

Building upon impressive sensitivity gains and resolution obtained in the 1D CPMAS
cryoprobe NMR experiments, we performed a 2D O {'H} HETCOR experiment of isotopically
labelled (40 %, ~ 19 mg) Fmoc-Leu-OH (Figure 6.6¢), with resolution between the various 'H
features in the fully protonated amino acid. The 2D NMR spectrum clearly reveals a series of
intramolecular correlations including the resolved cross-peak between the hydroxyl hydrogen and
the 170 hydroxyl site (C!’O-H, purple). Implementing a longer contact time proved to be successful
in observing additional intra-molecular and inter-molecular correlations. One particularly
distinguishable intermolecular correlation is observed between the amide hydrogen (N-'H) with
the carbonyl oxygen (C='70) of the neighboring molecule (blue oval, Figure 6.6¢). This is a critical
hydrogen bond (C'70---HN, bond distance = 2.23 A) that guides the molecular packing and long-
range crystal structure. Additionally, given the alternating packing of the Fmoc-Leu-OH within the
unit cell, the correlations between Fmoc 'H’s and the two oxygen sites are also due to
intermolecular interactions (bond distances ranging from 2.94 — 3.92 A). The ability to combine
high-quality multidimensional NMR with CPMAS cryoprobe technology in conjunction with low
sample quantities demonstrates rising potential for studying large biomolecular systems and

challenging NMR-active nuclei.
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Figure 6.6. (a) Experimental 70 NMR spectra of 40 % "O-enriched Fmoc-Leu-OH acquired over
a period of 1.1 hrs with a Hahn-echo pulse sequence using a CPMAS cryoprobe at 18.8 T (won/2n
= 800 MHz) and a DFS pulse and Hahn-echo pulse sequence at 14.1 T (won/2® = 600 MHz). The
corresponding natural abundance 70 NMR spectrum of Fmoc-Leu-OH (magnified by 40) shown
at the bottom was signal averaged over 3.8 days (91 hours of continuous acquisition). The CPMAS
cryoprobe and room temperature spectra were acquired under magic-angle spinning (MAS)
conditions of ®/2n = 15 and 23.5 kHz, respectively. The chemical structure of Fmoc-Leu-OH
(inset) highlighted with the oxygen-enriched site of interest (yellow: CO and purple: COH) is
shown. (b) DNP-enhanced (uWon) and non-DNP-enhanced (uWosr) '"O{'H} CP MAS NMR
spectra of 40 % 70O-enriched Fmoc-Leu-OH using 10 mM TEKPol in TCE; an organic solvent was
used to maintain crystallinity. Spectra were acquired under magic-angle spinning conditions (MAS,
o/2n = 12 kHz), recycle delays of 20 s, and 2048 co-added transients. (c) Two-dimensional
70 {'H} HETCOR MAS NMR spectrum of 40 % !’O-labelled Fmoc-Leu-OH at 18.8 T using a
CPMAS cryoprobe and a spinning frequency of 15 kHz. The "O-'H correlation spectrum was
acquired with a contact time of 1.5 ms, 128 co-added transients, 120 t> increments, and recycle
delay of 4 s. The structure of Fmoc-Leu-OH is in the inset with the corresponding 'H sites (pink:
R-group, orange: a-carbon, green: Fmoc-protecting group, blue: NH, and purple: OH) labelled
accordingly. A blue oval is used to highlight the intermolecular correlation between the 70
carbonyl oxygen of one molecule and the neighboring amide hydrogen (CO---NH). * indicates
spinning sidebands and 1 indicates the signal coming from the ZrO> rotor.
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6.4 Conclusions

A modified fast one-pot, highly efficient '”'%0 labelling procedure using minimal amounts
of 40 % H,'7'80 was developed. With this approach, one can decrease the reaction time by a factor
of 10 and a cost reduction by a factor of 4; resulting in the ability to label Fmoc-protected amino
acids to maximum enrichment (i.e., 40 % 7O AA using 40 % !"O-enriched water) in less than 8
hours. Using the optimized enrichment scheme, Fmoc-Met-OH, Fmoc-Leu-OH, and Fmoc-Phe-
OH were isotopically labelled for $0.25 USD/mg. Importantly, this is a breakthrough in
inexpensive 70 labelling. At high magnetic fields (14.1 T), we obtained excellent sensitivity and
resolution between the CO and OH sites and 'O NMR parameters that add to the limited 7O NMR
parameters in the literature for protected amino acids.®1920 We also demonstrate the ability to
strategically label peptides using these Fmoc-amino acid building blocks, preparing site-specific
labelled N-acetyl-MLF-OH and N-formyl-MLF-OH tripeptides. This efficient process allows for
obtaining high-quality '’O NMR spectra from small sample sizes (10-15 mg) of 40 % '"O-labelled
tripeptides providing a path to determine unique 'O NMR parameters for carbonyl, carboxylic
acid, and deprotonated oxygen chemical environments in peptides. This approach opens new
capabilities to use 'O NMR as a powerful analytical tool in structural model constraints extending
beyond conventional *C and "N NMR studies. This labelling strategy can be extended further
when coupled to sensitivity enhancing methods such as population transfer, DNP, or CPMAS
cryoprobes. All three approaches, for example, provided substantial time saving over conventional
NMR experiments that will maximize our understanding of complex biomolecular solids. Utilizing
our optimized labelling protocol and emerging NMR instrumentation, 1D and 2D 'O NMR
experiments can now be performed in minutes to hours utilizing what is a substantial cost-saving

approach by minimizing isotopically labelled water, synthesis, and spectrometer time.
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Chapter 7

Conclusion and Future Outlook

7.1 Conclusion

In this thesis, we explored the versatility of solid-state NMR spectroscopy as a powerful
characterization technique for hard and soft materials. First, we analyzed a series of toxic-metal-
free hybrid methylammonium tin halide perovskites and their corresponding chemical shift
ranges using NMR spectroscopy and quantum chemical calculations. With the exchange in
halides for each parent phase, unique chemical shifts are determined which show a linear
relationship with the optical bandgaps. These results demonstrate the sensitivity of the NMR
chemical shift to the changes in the local electronic environment (i.e., when the halide mass
increases and the band gap decreases, the magnetic shielding decreases demonstrating an inverse
halogen dependence). Using variable temperature !'*Sn NMR spectroscopy, changes to the CSA
with phase changes were explored. Not only was a !""Sn chemical shift range for
methylammonium tin halide perovskites established, an in-situ NMR study was performed to
track the decomposition of MASnI; based on the changes in linewidths and chemical shifts with
respect to time. Using ?Sn NMR spectroscopy and quantum chemical calculations, a greater
understanding of the atomic-level structural-property relationships in methylammonium tin
halide perovskites was obtained.

Moving on from the application of future solar absorbing semiconducting materials, we

focused our attention of toxic-metal-free silicon nanoparticle quantum dots in Chapter 4. Using a
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combination of XPS, TEM, XRD, FTIR and ?Si NMR spectroscopy, the complex structure
arrangement of H-SiNPS was probed. In our series of H-SiNPs ranging from 3 to 64 nm in size,
three unique structural environments corresponding to the surface, subsurface, and core layers of
the H-SiNPs was discussed. For all H-SiNPs < 3 nm, the amorphous surface structure made up
the bulk of the particle, resulting in a broad lineshape between -80 to -120 ppm. As the H-SiNPs
increase to 9 nm, the appearance of a semi-ordered subsurface emerged suggesting a critical size-
junction for the first time. For particles > 9 nm, the crystalline Si core exhibits a sharp resonance
similar to bulk silicon.

While important structural insight was observed using 2°Si NMR spectroscopy on these
toxic-metal-free quantum dots, the poor sensitivity, arising from the inherently low Boltzmann
polarization and long acquisition times (i.e., hours to days of acquisition for a single NMR
spectrum), hindered our ability to do in-depth studies on these game-changing applied functional
materials. Therefore, in Chapter 5 two DNP NMR protocols were implemented to increase 2°Si
sensitivity in H-SiNPs. Dynamic nuclear polarization has revolutionized NMR spectroscopy by
significantly reducing experimental acquisition times and increasing the detection limits for
previously improbably NMR studies. Using the intrinsic dangling bonds on the Si
surface/subsurface, 2°Si DNP enhancements of ¢ = 6 for 64 nm H-SiNPs were obtained. This
translates to time savings of a factor of 36 (i.e., a 2?Si NMR spectrum that would require 1.5 days
can now be acquired within 1 hour using DNP) with < 1 mM of endogenous radical
concentrations at high magnetic fields. From these promising preliminary results, the potential
endogenous radicals for direct DNP polarization transfers are explored and demonstrate the
future of structural characterization using magnetic resonance.

Thus far, the realms for boosting sensitivity for semiconducting materials such as
temperature, cross-polarization, and DNP (Chapters 3-5) were explored. To push the boundaries
on these techniques, we explored the most challenging biomolecular element ’O. In Chapter 6, a
series of Fmoc-amino acids and tripeptides were studied using a tailored cost-effective 70
labelling coupled with sensitivity enhancing methods including population transfer, DNP, and
CPMAS cryoprobe. Oxygen-17 NMR has plagued the field of biomolecular NMR due to its low
gyromagnetic ratio, sizable quadrupole moment, and extremely low natural abundance (0.037 %).
Thus, ultrahigh magnetic fields and !’O isotopic enrichment are needed to overcome these issues.

Using minimal amounts of 40 % H!”'30, a modified one-pot '"'80 labelling protocol was
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developed resulting in a cost reduction by a factor of 4 and a decrease in reaction time by a factor
of 10. This allowed for the isotopic labelling of Fmoc-amino acids for $ 0.25 USD/mg of sample
and opening the doors for 'O NMR studies for protected amino acids and strategically labelled
peptides. Using the ability to effectively label Fmoc-amino acids, site-specific labelled tripeptides
(N-acetyl-MLF-OH and N-formyl-MLF-OH) were prepared, and high-quality 'O NMR spectra
resulted in unique 'O NMR parameters for the carbonyl, carboxylic acid, and deprotonated
oxygen chemical environments. To further illustrate the advancements in the field of NMR, we
utilized population transfer techniques, DNP, and CPMAS cryoprobes to boost NMR sensitivity.
All three approaches provided substantial signal-to-noise enhancements by a factor of 3-5 over
conventional NMR experiments; demonstrating the potential to study challenging and complex

biomolecular solids within a reasonable timeframe.

7.2 Future Outlook

As previewed in this thesis, I demonstrated the modern approaches in NMR spectroscopy
to maximize sensitivity in extracting structural information for hard and soft materials.
Advancements in NMR spectroscopy in the form of sensitivity enhancement pulse programs,
CPMAS cryoprobe instrumentation, and DNP NMR spectroscopy are pushing the envelope for
materials characterization. This allows for the study of experimentally challenging materials that
were once unattainable. Coupled with these techniques, there is a lot of potential for further
research on the projects discussed here. For example, the field of perovskite research has
exponentially increased within the last decade. Recently, an environmentally friendly tin
perovskite solar cell was developed using a tin triple-halide amorphous layer and cesium
formamidinium tin iodide (CsFASnlIs) polycrystals, resulting in efficiencies over 10%.! Using
19Sn NMR spectroscopy, the Sn centre can be probed to gain further insight on the stability of
the solar cells (i.e., tracking the oxidation from Sn?" to Sn** and thus, optimizing the Sn centre to
prevent the oxidation). Additionally, the junction between the amorphous and crystalline layers
can be examined using solid-state NMR, whereby the amorphous layer would be “invisible”
using diffraction-based methods. In the 2020 study by Liu and coworkers, they determined that
the Sn-3X-based cells (CsFASnl; — 10 mol%, SnF>-20 mol%, SnCl,; F-, CI', and I') performed
the best overall compared to the other Sn-X films.! Not only did the polycrystalline film for Sn-
3X show the highest crystallization, the addition of SnCl. drove the formation of the amorphous-
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polycrystalline layer, allowing for better moisture and oxygen stability. Unfortunately, little is
known about the layering structure and composition of the tin triple-halide amorphous layer,
which appears to allow for higher device performance. Thus, solid-state NMR can be used to
investigate the balance of the two phases and determine how the SnCl, incorporation into the
amorphous layer affects the resulting solar energy conversion efficiency.

Silicon nanoparticles have far-reaching applications for sensors, optical materials, and
biomedical imaging agents. Building upon the surface, subsurface, and core structural study of
“naked” SiNPs discussed above, further research on surface modification of SiNPs can be done.
For example, SiNPs biocompatibility as therapeutic agents depends on their size, hydrophobicity,
and surface properties.>® By altering the particle surface, solid-state NMR can be used to
investigate the structural changes within the particle, as well as the relationship between the
particle modification and the corresponding biocompatibility. The use of SiNPs as medical
imaging agents is of great interest in the field of nanomedicine. As alluded to in Chapter 5, the
endogenous radicals within the surface/subsurface of the SiNPs can be examined further to
improve not only sensitivity gains, but as suitable particles for in vivo MRI. In 2018, researchers
have successfully incorporated exogenous radicals to silicon nanoparticles to improve DNP
enhancements, as well as generate in vivo hyperpolarized °Si MRI signals.* In addition to
endogenous radicals, surface functionalization of SiNPs can be done to attach MRI active ligands
that can generate hyperpolarized MRI signals. For example, 'F is an ideal candidate for MRI as
it has similar NMR characteristics to 'H, is 100% naturally abundant and naturally absent from
the body.> Fluorine-19 also has shorter 71 relaxation behaviour than #Si which improves overall
sensitivity and could provide two-dimensional techniques within a reasonable time frame. Further
investigations on increasing the concentrations of endogenous radicals, as well as surface
functionalization of SiNPs could be of great interest to create duo-action imaging and therapeutic
agents for 2°Si or '°F MRI and drug delivery, respectively.

Throughout this thesis and much of my PhD, a common obstacle that arose is low
sensitivity of NMR. Whether it is due to long acquisition times or low natural abundances,
researchers are constantly battling to reach large sensitivity gains. Oxygen-17 NMR in particular
has plagued spectroscopists due to its costly isotopic labelling. Using the modified, one-pot
labelling protocol discussed in Chapter 6, protected amino acids and peptides can be labelled and

synthesized for < $1 USD /mg. This protocol allows the study of complex biomolecules for
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biomedicine and proteins to be feasible as labelling costs have diminished. A dipeptide that has
been of interest in the field of biomedicine is Fmoc-diphenylalanine (Fmoc-FF).%” This dipeptide
moiety has been shown to spontaneously self-assemble to form nanofibrils and hydrogels. Since
it is known that the self-assembly of fibrils is due to hydrogen bonding and n-m interactions of the
Fmoc-protecting group, these interactions have not been examined using solid-state NMR
spectroscopy. Multi-dimensional techniques such as Rotational-Echo Double Resonance
(REDOR)? and Transferred-Echo Double Resonance (TEDOR)”!? experiments can be utilized to
determine the heteronuclear distances (such as '’N-170, 3C-170, or 'H-'"0O distances) between the
helix structure and provide additional structural constraints for examining this self-assembly
phenomenon. During the self-assembly, the Fmoc-FF can encapsulate and release drug
molecules, making it an excellent candidate for drug delivery. Recently, it has been shown that
the hydrophobic drug molecule indomethacin (IDM), a nonsteroidal anti-inflammatory drug
which is used to treat rheumatoid arthritis, can be incorporated into Fmoc-FF hydrogels.!! As
IDM contains a carboxylic acid group, the 7O labelling approach discussed in Chapter 6 could be
implemented to isotopically label it prior to examining the dipolar interactions between the drug
molecule and hydrogel network.

Furthermore, advancements in NMR instrumentation in the form of CPMAS cryoprobes
for solids applications are opening the door for studies of inorganic materials and biological
systems with low level of labelling and/or natural abundances. Though this thesis has illustrated a
snippet of the versatility of solid-state NMR spectroscopy and the advancements of NMR
technology within the last decade, the ever-growing field of NMR spectroscopy will continue to
advance and push the limits of sensitivity gains for studying the next generation of materials that
are currently unimaginable. This is very apparent as magnetic field strengths push towards 1.5-

2.0 GHz and advances in high sensitivity methods continue at a rapid pace.
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