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Abstract

High-field magic angle spinning (MAS) dynamic nuclear polarization (DNP) solid-state
nuclear magnetic resonance (SSNMR) is becoming a common technique for improving the
sensitivity in NMR by the hyperpolarization of nuclear spins. Recently, we have shown that
gamma-irradiation is capable of creating long-lived free radicals that are amenable to MAS DNP
in quartz and a variety of organic solids. Here, we demonstrate that mechanochemical ball milling
is able to generate millimolar concentrations of stable radical species in diverse materials, such as
polystyrene, cellulose, borosilicate glass, and fused quartz. High-field electron paramagnetic
resonance (EPR) was used to obtain further insight into the nature of the radicals formed in ball
milled quartz and borosilicate glass. We further show that radicals generated in quartz by ball
milling can be used for solid-effect DNP. We obtained 2°Si DNP enhancements of approximately

114 and 33 at 110 K and room temperature, respectively, from a sample of ball milled quartz.
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Introduction

NMR spectroscopy is one of the most important techniques for probing structural
information in disordered solids such as polymers!? and glasses.>® Unfortunately, NMR
experiments on bulk inorganic solids often suffer from low sensitivity because nuclei such as #Si,
77Se, 119Sn, etc., have low natural isotopic abundance (< 20%) and lengthy longitudinal relaxation
times (71). In organic materials such as polymers cross polarization (CP) from nearby 'H spins is
commonly used to increase NMR sensitivity of 1*C by enhancing the nuclear spin polarization and
exploiting the 71 of the 'H spins to reduce the necessary relaxation delay.” However, in many
inorganic materials there are often no 'H spins present in the bulk to be used for CP.

Magic angle spinning (MAS) dynamic nuclear polarization (DNP) NMR spectroscopy is
an emerging technique to improve the sensitivity of NMR in a variety of inorganic materials.®2°
MAS DNP has found incredible success in the fields of nanoparticle and surface
characterization.?!">> However, DNP requires the presence of a stable unpaired electron, typically
provided by the addition of a nitroxide radical (TEKPOL, TOTAPOL, AMUPOL, bTbk, etc.)
dissolved in a solvent (TCE, water/glycerol). In these situations, hyperpolarization of the protons
in the solvent and at the surface, with subsequent CP or other pulsed NMR techniques to transfer
polarization from 'H spins, leads to enhanced NMR signals for surface species.!®: 22 24, 2628
Recently, Bjorgvinsdottir ef al. have shown that it is possible to transfer magnetization from the
surface to the bulk by incorporating long delays where slow nuclear spin diffusion can transport
DNP-enhanced polarization from the surface into the bulk.!> %2 Using this method, they were
able to hyperpolarize moderately abundant nuclear spins residing in the bulk of tin oxide, lithium

titanate, GaP, CdTe, and quartz. Some authors of the present work have also utilized this method

to polarize '*Cd and 7’Se spins found in the core of CdS and CdSe quantum dots.*% 3! However,



the DNP enhancements using spin diffusion are ultimately limited by the rate of nuclear spin
diffusion in a given material and longitudinal relaxation of the nuclear spins.

In order to efficiently polarize nuclear spins residing in the bulk of a material, it would be
desirable to have a homogeneous distribution of radicals throughout the material. EPR-active metal
dopants (Gd, Mn, Fe, efc.) at low concentrations have been shown to provide moderate DNP
enhancements in glasses, inorganic oxides, and proteins.!> 17> 193236 Some materials, such as
lithium batteries!® or silicon wafers,!* have intrinsic paramagnetic radical defects that have been
used to create hyperpolarization. Recently, our group has shown that ionizing radiation generates
stable radicals that are compatible with MAS DNP in quartz and a variety of organic solids.*’- 38
Room-temperature DNP experiments were accessible for y-irradiated quartz, glucose, malic acid,
and maleic acid.’” *® However, access to y-irradiation is often limited and/or expensive.
Furthermore, the types of radicals created by y-irradiation may not be suitable for high-field DNP.

Ball milling is known to create radicals in polymers at low temperatures and in an inert gas

atmosphere.>® We note that compressive forces have also been shown to create radicals in both

synthetic and natural polymers.***?> Mechanochemical processing of solids has recently found

43-51 t.52
9

numerous applications in organic and inorganic synthesis, particle size adjustment,>* isotopic

56-62 63-66

enrichment,>3-> preparation of multicomponent pharmaceuticals, catalysis and other areas
of solid-state chemistry and materials science.®’-%° The wide variety of possible mechanochemistry
applications and its simplicity make it appealing. Furthermore, since mechanochemistry uses
minimal or no solvents, it is often more environmentally friendly than traditional solution-phase
reactions.

Here, we demonstrate that mechanochemical treatment of quartz, borosilicate glass,

cellulose and other materials generates long-lived, air-stable radicals. These radicals are easily



detected and quantified by room-temperature X-band EPR spectroscopy. EPR spectroscopy is used
to compare the radicals generated by mechanochemical methods and y-irradiation for quartz,
cellulose, and borosilicate glasses. Remarkably, the radical species created in the ball milled
borosilicate glass and cellulose differ from those created by y-irradiation, suggesting the ability to
modify the radical species based upon the radical generation technique. The radical defects created

by ball milling enables MAS DNP at both 100 K and room temperature for quartz.

Methods

Samples. GE214 fused quartz tubing (10 x 12 mm ID x OD) was purchased from GM
Associates, Inc. The borosilicate glass was a 20 mL scintillation vial from Fisher Scientific.
Cellulose was purchased from Aldrich. 290 kDa polystyrene was purchased from Alfa Aesar.
Materials and synthesis for the NAPSO glass are described in references 82 and 83. Preparation of
TMDC materials followed the procedures given in reference 75.

lonic Conductivity Measurements. The ionic conductivity of the mixed oxy-sulfide (MOS)
NPSO melt-quench (MQ) and ball milled (BM) glassy solid-state electrolytes (GSEs) were
measured using a Novocontrol 2 Dielectric spectrometer equipped with a cryostat capable of
variable temperature impedance spectroscopy (IS) measurements between —100 °C and 300 °C (+
0.5 °C). Samples were measured using a custom, airtight sample holder to prevent unwanted
reactions with O or H>O during the measurements. The complex impedance of the samples was
measured from 3 MHz to 0.1 Hz at temperatures ranging from —10 °C to 150 °C. The ionic
conductivity was determined by fitting the complex IS plot using the three-component equivalent
circuit model described above. Extracting the temperature dependent resistance from the fitted

circuit model, the temperature dependent ionic conductivity was calculated.



Ball Milling Procedure and Setup. Samples were milled in a shaker mill (SPEX 8000M
Mixer/Mill) or planetary mill (Fritsch, Pulverisette 7). Milling conditions are summarized in Table
S1. About 2 g of sample was added to the milling jars, unless otherwise noted. The borosilicate
glass, cellulose, and polystyrene were milled in a 65 mL stainless steel jar with eight 11.9 mm
diameter steel balls using a shaker mill with 1080 cycles per minute (Figure 1). Some materials
were also milled using a 45 mL zirconia jar with four 15 mm diameter zirconia balls in a planetary
mill at 600 rpm (Figure S1). Within the shaker mill, the borosilicate glass and cellulose were milled
for 1 hour, and polystyrene was milled for 12 hours (Figure 1). Quartz was milled with a planetary
mill and a 45 mL zirconia vial with four 15 mm diameter zirconia balls at 600 rpm with milling
durations of 0.5 to 4 hours (Figure 1 and Table S2). Additional milling experiments on quartz were
performed with a shaker mill using a 65 mL stainless steel jar with eight 11.9 mm diameter steel
balls and a frequency of 1080 cycles per minute (Figure S1). We also tested grinding of the quartz
by hand in a mortar and pestle (Figure S1). The crystalline organic molecules (glucose, histidine
hydrochloride monohydrate, malic acid, and salicylic acid) were milled for 30 minutes at 1080
cycles per minute in a 2.5 mL stainless steel milling jar with one 6.35 mm diameter stainless steel
ball with a SPEX 8000M Mixer/Mill (Figure S2). In these experiments approximately 0.1 g of
each crystalline organic solid was loaded into the milling jar. Additional experiments were
performed where approximately 2 g of glucose was milled for 1 hour using a 45 mL zirconia jar
with four 15 mm diameter zirconia balls in a planetary mill at 600 rpm (Figure S3). To synthesize
MoWSo.5Seo s, stoichiometric amounts of MoS, and WSe; (total mass of approximately 2 g) were
combined in a 45 mL zirconia jar with four 15 mm diameter zirconia balls and ground in a

planetary mill at 600 rpm for 30 hours.



Dynamic Nuclear Polarization NMR. MAS DNP solid-state NMR spectroscopy
experiments were performed on a commercial Bruker 263 GHz/400 MHz DNP system.”® Sample
temperatures of 110 K and room temperature were used for experiments. 2°Si 7t/2 pulses durations
of 4.0 ps and 8.0 ps for 80 W of input power were calibrated an external sample of oxidized silicon
nanocrystals impregnated with a 16 mM TEKPOL/TCE solution under DNP. Continuous wave
263 GHz microwaves with a power of ca. 30 W at the sample was used to saturate the electron
spins for DNP transfer. The MAS frequency was 12500 Hz. ?°Si CPMG experiments were used to
acquire the NMR spectra shown in Figure 5 and 6. Recycle delays between 100 and 20,000 s were
used. Prior to acquisition of any NMR spectra with four “dummy” scans with a 1 second delay and
1 second of acquisition were used to saturate the 2°Si spins. In addition, 32 pre-saturation /2 pulses
separated by delays of 10 ms were applied before the recycle delay. 4200 CPMG loops were
acquired, with each CPMG echo having a duration of 4.96 ms (62 rotor cycles). As discussed
below, different numbers of echoes were used during processing to measure the DNP
enhancements.

Electron Paramagnetic Resonance and Determination of Volumetric Radical
Concentrations. Room temperature CW X-band EPR was performed on a Bruker ELEXSY'S E580
system. Microwave attenuation was optimized on each sample. Radical concentrations were
measured by first calibrating the response of the EPR spectrometer using an external standard
consisting of a series of TEMPO in toluene solutions prepared by successive dilutions.?” This
standard was used to calibrate the equivalent volumetric radical concentration of powdered -
irradiated quartz. The sample of y-irradiated quartz was determined to have a concentration of free
radicals that is equivalent to that of a 0.3 mM frozen TEMPO solution. Considering that the

powdered materials are loosely packed into the EPR rotor, the true volumetric concentration of



free radicals in the solid materials is likely higher. For each sample, the integrated intensity of the
EPR spectrum was compared to that of the y-irradiated quartz to determine the equivalent
volumetric concentration. The W-band measurements were performed using HiPER (High Power
Electron Paramagnetic Spectrometer) located at the National High Magnetic Field Laboratory
(NHMFL) in Tallahassee, Florida using FEP plastic holders with sample volumes of 50 pL where
fine powders of the different materials were placed in.”!"’3 EPR was performed at 263 GHz and

100K at the NHMFL using the homodyne high field spectrometer.’

Results and Discussion

Milling of Samples and Detection of Radicals by EPR Spectroscopy. First, we briefly
describe why we chose to study the various materials included in this paper. For several materials,
we previously studied the formation of radicals induced by y-irradiation (quartz, glucose, cellulose,
borosilicate glasses).’” 3¥ We also previously observed stable free radicals formed in milled
samples of polystyrene.®® Hence, these materials were all logical targets to investigate the creation
of stable radicals by milling. Our interest in milled transition metal dichalcogenides (TMDCs)
arose because Balema and coworkers have shown that ball milling of mixed TMDCs (i.e., MoS:
and WSe») followed by annealing produced alloyed TMDCs which possess a homogeneous mixing
of the transition metals and chalcogens.®- 7> Ball milling of TMDCs and rare earth selenides was
shown to create 3D heterostructure materials consisting of alternating TMDC layers and rare earth
layers. ©- 75 Finally, we were interested in applying NMR to study the structure of the sodium
thiophosphate (NaPSO) glasses as they have potential applications in battery materials as electrode

spacers.”” These materials are amorphous, and hence their structure is often studied by NMR



spectroscopy. One of the samples of NaPSO we studied was synthesized by mechanochemistry,
hence it is interesting to see if we can also observe free radicals in the as-synthesized material.

We begin with a demonstration that milling different materials produces long-lasting and
air-stable radicals, which are observable by continuous-wave, room-temperature X-band (9 GHz)
electron paramagnetic resonance (EPR) spectroscopy. All samples were handled in air and EPR
measurements were also performed in air; hence, in this study we are likely only observing stable,
persistent free radicals. The stable radical concentrations are measured by EPR (see methods
section for further details). The radical concentrations are given in units of mM because the
concentration of radicals in the solid materials was determined by comparing integrated intensities
to a series of TEMPO solutions of known volumetric concentration. Considering that the powdered
materials are loosely packed into the EPR rotor, the true volumetric concentration of free radicals
in the solid materials is likely higher. We note that the EPR spectra dramatically differ in
appearance between the various milled materials confirming that the observed EPR signals do not
arise from metal particles or any other contamination from components of the mill.

Finally, it is important to note that EPR and DNP experiments were often performed days,
weeks and even months after milling, providing evidence for the long-term stability of the radical
species. In the case of quartz, we have performed EPR and DNP experiments several years after
they were initially milled, again suggesting the high stability of some radicals formed by milling.
For several materials we tested different milling conditions where we varied the type of
container/milling media (steel vs. zirconia) and the type of ball mill (shaker vs. planetary). Changes
in the achievable radical concentrations may occur due to ageing or wear of the equipment used,

but this point has not been investigated at this stage, as it is beyond the scope of the present study.



Results from different milling conditions are summarized in Figures S1-S3 and Table S1 and are

referred to below where appropriate.
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Figure 1. Room temperature X-band CW EPR spectra of ball milled (blue) and y-irradiated
(green), (A) fused quartz, (B) sodium borosilicate glass from a scintillation vial, (C) polystyrene,
and (D) cellulose. Approximate concentrations of free radicals are indicated. The vertical dashed
line indicates the position of the E’ radical. Quartz was milled in a planetary mill, while all other
materials were milled in a shaker mill. Milling conditions are summarized in Table S1.

Milling of Quartz and Sodium Borosilicate Glass. Milling was able to create significant
concentrations of stable radicals in fused quartz glass, and a sodium borosilicate glass (Figure 1).
For amorphous quartz, we found that milling in a planetary mill with zirconia media gave the best
results; milling in a shaker mill with steel media gave no observable radicals and resulted in
significant contamination with steel (Figure S1 and Table S1). Both ball milling and y-irradiation

produce the silicon-centered oxygen vacancy (E’) in quartz glass which is well studied in the



literature (indicated by the dashed vertical line, Figure 1A and 1B).”® An additional feature can be
observed to the left (lower field) of the E’ signal in the ball milled samples, which becomes more
apparent when compared to y-irradiated quartz (Figure S4). Attributing this site to any of the
previously proposed stable radicals in quartz is difficult due to the inhomogeneous nature of fused
quartz. There is a slight increase in the concentration of radicals created by ball milling as opposed
to y-irradiation. The concentration of radicals formed in samples ball milled for 0.5, 1, and 4 hours
was approximately between 0.5 mM and 1.5 mM (Table S2).

For the borosilicate glass the highest concentration of radicals were obtained when it was
milled in a shaker mill with steel media. Akin to cellulose, ball milling of a sodium borosilicate
glass results in drastically different EPR spectra as compared to the y-irradiated borosilicate glass
sample (Figure 1B and Figure S5). Based on the similarity of the EPR spectra between ball milled
borosilicate glass and ball milled or y-irradiated quartz, we conclude that ball milling of the
borosilicate glass forms a silicon-centered E’ radical. On the other hand, the y-irradiated
borosilicate glass forms a non-bridging oxygen hole centered radical (NBOHC).?”-7 In fact, boron-
containing glasses are so sensitive to y-rays that even minute amounts of boron in the sample lead
to large concentrations of NBOHC radicals.” The broadening and splittings observed in the EPR
spectrum of the y-irradiated borosilicate glass arise because the NBOHC radicals exhibit
significant hyperfine couplings to '’B (NA = 19.9%) and !'B (NA = 80.1%).

W-band EPR Spectroscopy of Quartz and Sodium Borosilicate Glass. We measured the W-
band (94 GHz) EPR spectra and the electron relaxation properties (71e and Tse, see Table S3) to
determine if these factors could explain the large differences in DNP enhancements realized for
these materials (vide infra). W-band EPR spectra were recorded at 100 K (Figure 2) and room

temperature (Figure S6). The W-band EPR spectra confirm that similar concentrations and types



of radicals were formed in ball milled and y-irradiated quartz. Both ball milled and y-irradiated
quartz were found to have an electron longitudinal relaxation time (71¢) of more than 1 ms at 100
K, consistent with the values reported in a prior X-band EPR study of y-irradiated quartz.”® Note
that the W-band spectra are direct absorption type spectra while the X-band spectra are shown in
derivative mode due to the nature of the measurement via field modulation. For y-irradiated sodium
borosilicate glass the W-band EPR spectrum shows an overall broad line with fewer features as
compared to the X-band EPR spectrum (Figure 2C). This result is expected as the g-anisotropy is
likely larger than the °B and !'B hyperfine splittings at the higher magnetic field. Lastly, the W-
band spectrum of the ball milled borosilicate glass shows similar features as were seen the quartz
samples (Figure 2D). The visibly higher noise is indicative of lower radical concentration (0.6
mM) as compared to the other materials that possessed higher radical concentrations. Interestingly,
the milled quartz and milled borosilicate glass had similar EPR spectra (vide supra) and showed
similar 7. values, but the electron transverse relaxation time (72) of the borosilicate glass was
about one order of magnitude smaller than the ball milled quartz. The short 73 for the borosilicate
glass likely occurs due to the presence of abundant boron and sodium spins in the glass (Table S3).
EPR was also performed at 263 GHz and 100 K (Figure S7), the same field as 400 MHz DNP.

Similar features are observed in the EPR spectra collected at W-band (94 GHz) and 263 GHz.
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Figure 2. 100 K W-band EPR spectroscopy experiments on A) y-irradiated quartz, B) ball milled
quartz, C) y-irradiated sodium borosilicate glass, and D) ball milled sodium borosilicate glass.
(left) Echo detected EPR spectra, (middle) saturation recovery plots to measure electron 77, and
(right) spin echo signal amplitudes to measure the electron 7>. Note the differences in the x-axis
range on the saturation recovery and transverse relaxation curves.

Milling of Polystyrene. Mechanically degraded polystyrene was previously shown to yield
stable free radicals, although limited details were provided on their mechanical degradation
procedure.?® Previously, some of the co-authors of this paper have shown that ball milling of

polystyrene leads to the formation of stable radicals and also causes depolymerization to styrene.®¢

It was shown that it was crucial to use metallic milling media in order to obtain the highest



concentration of free radicals.®® Hence, we chose to use stainless steel milling media for
polystyrene and we obtained a significant concentration of radicals (Figure 1C). Consistent with
prior results, we also found that use of zirconia milling media with a planetary mill gave a low
concentration of free radicals (Figure S1). The radical species produced during milling of
polystyrene are primarily thought to arise from carbon-centered radicals that reside on the carbon
atoms of the polymer backbone.®® The relatively narrow EPR signals observed here are consistent
with assignment to carbon-centered radicals. We previously observed EPR spectra of milled
polystyrene that showed narrow signals from carbon-centered radicals and broader signals with
peak widths on the order of 1500 G that were attributed to peroxide radicals.®® The broader
peroxide radicals were not observed here likely due to the smaller sweep width used to record the
EPR spectrum.

Milling of Microcrystalline Cellulose. Microcrystalline cellulose is a polymer of glucose
which has uses in sustainable materials, biofuels, and pharmaceutics because it is readily obtained
from plant biomass. It has previously been shown that ball milling of microcrystalline cellulose
resulted in intense EPR signals.®* 8! Here, we observe that ball milling of cellulose in a shaker mill
with steel media leads to a significant free radical concentration. Interestingly, the concentration
of radicals obtained by milling is about three orders of magnitude higher than was obtained with a
ca. 30 kGy dose of y-irradiation (Figure 1D and Figure S8).3” The breadth of the EPR spectrum
varies significantly for ball milled cellulose (blue) and y-irradiated cellulose (green), indicating
that different radical species are present in the two separate samples. Thus, the technique used for
creating radicals can be chosen to control the concentration and types of radicals that are formed.
The EPR signals of the milled cellulose are much broader than those of polystyrene, consistent

with literature assignments that milled cellulose primarily contains oxygen-centered radicals.®!



Milling of NaPSO Glass. A sodium thiophosphate (“NaPSO”) glass which has potential
applications as a solid-state electrolyte was prepared by two different methods: heating of the
components to ca. 700°C followed by rapid quenching,®? and by ball milling the compounds
together for 20 hr in a Fritsch planetary mill.> We note that mechanochemistry is commonly used
in the synthesis of inorganic glasses or for post-synthetic processing of glass materials. While the
materials prepared by the two synthetic routes appeared structurally identical by Raman
Spectroscopy, FT-IR, and NMR, there was a drastic difference in the value of the conductivity
measurement between the two samples, with the mechanochemically prepared sample having
better conductivity by a factor of five. EPR spectroscopy of the two samples indicated that the ball
milled sample had an order of magnitude more radicals than did the sample prepared using the
standard melt-quench procedure (Figure 3). We propose that the radicals formed in the NaPSO
glass during milling are sulfur- or oxygen-centered radicals because there is no clear hyperfine
coupling (as would be in the case for radicals located near Na or P) and there is a large linewidth

indicative of g-anisotropy.

A) 15k B) Temperature (°C)
' , 200 150 _ 100 50 25 0
T e Ball Milled
~ o5k Ball Milled = %o, ~m- Melt Quench
3 Melt-quenched £ n e, 1
& & Ve
2 4300 2, e
& o°r ¥ w %
= 2 L
= o .
r - 5 n e
‘w0
1.5} uy ..
6+ .
2k O
Magnetic Field (gauss) 20 25 1000/31;0(1/K) 33 4.0

Figure 3. (A) X-band EPR spectra performed of NaPSO glass formed from ball milling (red) and
melt-quench (grey) procedures. (B) Conductivity measurements on ball milled (red) and melt-
quench (grey) NaPSO glass.



Milling of Transition Metal Dichalcogenides. Significant concentrations of paramagnetic
centers were also observed in ball milled TMDCs. We first noticed the formation of radicals in
milled TMDCs because we were attempting to perform MAS DNP experiments on Moo.sWo.5SSe
by impregnating it with a nitroxide biradical tetrachloroethane solution.?® However, we observed
negligible 'H DNP enhancements and very long 'H T of ca. 100 s for the frozen tetrachloroethane.
These observations led us to conclude that in the milled TMDC samples impregnated with
nitroxide radicals, the nitroxides were likely destroyed by a reaction with paramagnetic species
that were associated with the TMDC. Here, we prepared fresh mixed TMDC samples that were
obtained by milling MoS, and WSe: in a planetary-type mill. Indeed, the X-band EPR spectrum
of Moo.sWo.5sSSe prepared by ball milling shows an intense set of signals (Figure 4A). We estimate
the total radical concentration present in the sample of Moo.sWo.5SSe prepared by milling was 70
mM. One of the signals is very broad and likely corresponds to paramagnetic coordinatively
unsaturated transition metal centers that reside at the edges of the TMDC sheets. The sharper signal
is assigned to sulfur- or selenium-centered radicals. Unsaturated chalcogen and transition metal
atoms associated with defects or edge sites are known to be present in TMDC materials.?*% Nearly
all of the broad EPR signal is removed upon annealing in sealed quartz tube at 1000 °C for 16
hours. The quartz tube was back filled with a 0.75 bar helium atmosphere prior to sealing.”® After
annealing, the narrower EPR signals remain, with an estimated radical concentration of 9 mM
(Figure 4B). This observation suggests that many of coordinatively unsaturated transition metal or
chalcogens formed during milling likely recombine during the annealing process, although a
significant fraction of the sulfur- or selenium-centered radicals survived the annealing process. We
performed EPR on the as-received WSe: prior to ball-milling and observed a free radical

concentration of only 16 uM (Figure 4C).
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Figure 4. X-band EPR spectra of A) MoosWosSSe by ball milling of WSe> and MoS;, B)
Moo.sWo.5SSe ball milled and annealed, and C) as-received WSe: (not subjected to ball-milling).
Note the different magnetic field x-axis scales for the spectra (see Figure S9 for EPR spectra plotted
on the same x-axis scale).

Milling of Molecular Organic Solids. As a control experiment, ball milling of four
microcrystalline organic solids (glucose, histidine hydrochloride monohydrate, malic acid, and
salicylic acid) was performed. X-band EPR spectroscopy suggests there are insignificant
concentrations of stable radicals in all of these samples (Figures S2 and S3). We also applied
solution 'H and '*C NMR to confirm that milling does not lead to changes in the molecular
structure or formation of impurities when glucose is subjected to milling (Figure S10). The
observation of low radical concentrations in the molecular solids was anticipated because
intermolecular forces between organic molecules are much weaker than covalent bonds. Hence,
milling will likely cause disorder and promote slippage of small molecules as opposed to the

breakage of covalent chemical bonds that is observed when polymers or network materials are

milled. Note, that grinding and milling are well-known to reduce the 'H 71 of molecular organic



solids.?”° The reduction in 'H 7} has been hypothesized to arise from a reduction in the particle
size or creation of amorphous domains.®”-%°

MAS DNP Experiments on Milled Materials. Previously, we have shown that radicals
formed during y-irradiation of quartz and a variety of organic solids are amenable to MAS DNP.3"-
38 Here, we evaluated the suitability of the radicals generated through mechanochemical methods
for MAS DNP. We performed MAS DNP NMR experiments on ball milled polystyrene, cellulose,
borosilicate glass, and quartz glass (Figures 5, S11-S16). However, only ball milled quartz gave
observable DNP enhancements. Note, DNP field sweeps were performed for all solids. For further
discussion on the negative results, see below.

The optimal position of the magnetic field for solid effect DNP transfer for ball milled
quartz was similar to that reported for y-irradiated quartz (Figure 5A).2” The 2°Si refocused
transverse relaxation time (72’) of quartz is so long that Carr-Purcell Meiboom-Gill (CPMG)
echoes were able to be acquired for more than 20 seconds (Figure S17); acquisition of the FID was
only limited by the memory capacity of the spectrometer. While the #Si T} of the amorphous
quartz is greater than 19 hours at 110 K,>” CPMG provides a significant boost in sensitivity
enabling observation of the 2°Si NMR signal with acquisition of only a single scan. DNP
experiments were performed on quartz that was ball milled for three different lengths of time: 0.5,
1, and 4 hours. The quartz subjected to 1 hour of milling provided the best DNP enhancement of
114, but significant enhancements of 78 and 23 were obtained for the 0.5 and 4 hour milled
samples, respectively (Figure S11). These enhancements were all measured with 10,000 s recycle
delays. The measured enhancement depends upon the recycle delay that is chosen (Figure S11).
Comparison of enhancements for the different samples shows that the duration of milling should

be optimized so that milling generates enough radicals for DNP while at the same time avoiding



excessive milling that leads to agglomeration of the small particles, as is well known to happen
during the milling process.’!

There is one note of caution for the measurement of Si DNP enhancements for quartz.
The measured DNP enhancements strongly depend upon the number of CPMG echoes used in
processing. The enhancements indicated on Figures 5 and 6 were measured by Fourier transform
of the echoes in the first 160 ms of the CPMG echo train (33 echoes). If instead, echoes in the first
5 s of the CPMG echo train (1008 echoes) are included in the Fourier transform, then there is a
significant drop in the DNP enhancement from 114 to 55 (Figure S18). Using the full CPMG echo
train (4200 echoes, 20.832 s) in the Fourier transform results in a DNP enhancement of 32. The
drop in enhancement with increasing CPMG FID likely occurs because that 2°Si spins that are
closest to the radicals will have larger DNP enhancements, but these same spins will also have
shorter 2°Si 7>°. On the other hand, the spectrum recorded without DNP gives higher relative

weighting to 2°Si spins that are further on average from the radicals, which will have a longer 7>’.
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Figure 5. (A) Comparison of DNP field sweep profiles for ball milled (red crosses) and y-irradiated
(blue circles) quartz. DNP enhancements of the field sweeps are normalized to better compare
offset. (B) 2°Si CPMG MAS solid-state NMR spectra obtained without and with microwaves. The
main magnetic field was set maximize DNP. A single scan was acquired. The first 160 ms of the
CPMG echo train was used in the Fourier transform. The sample temperature was ca. 110 K for
all of these experiments. The quartz was milled for 1 hour in a planetary mill.



DNP is typically limited to low temperatures of 110 K or less due to the 71 of the radical.
However, MAS at low temperatures poses several challenges, along with the added cost of
cryogens. In addition, samples may change phase or crystal structures by going from 300 K to 100
K. For all of these reasons, there are many potential advantages to performing DNP at room
temperature. Due to the prior success of room temperature DNP experiments on y-irradiated
quartz, we attempted DNP experiments on the ball milled quartz at room temperature (Figure 6).
DNP enhancements were ca. 33, about a quarter of the enhancement realized at 110 K. If the full
CPMG echo train is used for the Fourier transform then an enhancement of 4 was obtained. Sizable
DNP enhancements are obtained at room due to the abnormally long 2°Si T; and electron T of the
E’ center of quartz. Prior X-band EPR experiments indicated the Ti. of y-irradiated quartz was
approximately 300 ps at 220 K.”® Room temperature W-band EPR measurements for ball milled
quartz at room temperature gave 7. and 7> values of 223 s and 4 ps, respectively (Table S3 and
Figure S6). Note, that the room temperature 7' of ball milled or y-irradiated quartz is longer than

the T of standard nitroxide radicals at 100 K (ca. 50 ps). ¥%%3
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Figure 6. Room temperature MAS DNP NMR #Si CPMG NMR spectra of quartz that was ground
in a planetary mill for 1 hour. 1 scan and 4 scans were used to acquire the NMR spectra with and
without microwaves, respectively. The recycle delay was 10,000 seconds.



We note that while the concentration of radicals is higher in ball milled quartz than in y-
irradiated quartz, lower DNP enhancements were achieved with the ball milled material. It is well
known that y-rays can easily penetrate most materials; hence, radical defects created by y-
irradiation should be homogeneously distributed throughout the material. However, we
hypothesize that the radicals produced by milling are most likely concentrated near the edges of
grain boundaries where covalent bonds have been cleaved during the milling process. Hence, in
the ball milled samples the radicals are likely heterogeneously distributed, with an increased
concentration towards the surface or edges of the particles. This hypothesis could explain why low
or no DNP enhancement was obtained for several samples despite the sizable concentration of
radicals created by milling.

Radical clustering might explain the lack of DNP enhancements in ball milled cellulose
and polystyrene. From the EPR spectrum alone, both cellulose and polystyrene appear to be ideal
for DNP because they have intense and narrow EPR signals and a sizeable concentration of free
radicals. However, DNP was ultimately unsuccessful, either due to an inhomogeneous distribution
of radicals, or unfavorable electronic or nuclear relaxation properties. We note that for polystyrene
a short 'H T on the order of 8 s was observed, even after degassing (to remove dissolved O,). The
'H T of 8 s would prevent accumulation of 'H spin polarization and could also explain why DNP
failed here. It would be interesting to perform DNP experiments at liquid helium sample
temperatures to see if the '"H 77 could be prolonged and if that would allow DNP to work. No DNP
enhancements could be realized for the ball milled borosilicate glass, despite its EPR spectrum
being very similar to that of quartz. In addition, DNP experiments on the borosilicate glass will be
hindered by the abundant quadrupolar spins in the material (!B, 2*Na, 2’Al, e.g.). The quadrupolar

spins will likely act as polarization sinks because of their high abundance and short 77 relaxation



times. When the field position is optimized to polarize #°Si, there would still be significant
polarization transfer to the quadrupolar spins which are close in Larmor frequency to 2°Si. We note
that the radicals in the borosilicate glass also showed reduced T>. as compared to quartz (Table

S3), and a shorter 7> will also be detrimental to DNP.

Conclusions

Mechanochemical processing of inorganic and organic network solids generates persistent
radicals. We did not observe the formation of significant concentrations of stable radicals when
microcrystalline molecules were milled. For cellulose and borosilicate glass the radical that is
formed by milling is of a different chemical structure than that formed by y-irradiation, indicating
that milling should be complementary to y-irradiation because it can create different types of free
radicals in some cases. There was a significant concentration of radicals produced in ball milled
polystyrene, cellulose, borosilicate glass, and fused quartz. However, only the radicals in ball
milled quartz were able to be used for MAS DNP. We suspect that unfavorable nuclear relaxation
times prevented DNP enhancements from being observed in many of these other systems. The
DNP enhancement of ball milled quartz was 114 at 110 K, which reduces the measurement times
of NMR experiments on quartz by about four orders of magnitude. Further, room temperature DNP
experiments of ball milled quartz resulted in DNP enhancements of ca. 33. It is possible that
ionizing radiation methods in combination with ball milling could create some interesting and
useful radicals for MAS DNP. More research into the paramagnetic centers and free radicals
created by ball milling is needed. EPR spectroscopy should be used to obtain insights into the
properties of the radicals formed and to probe the underlying DNP mechanisms. We anticipate that

future pulsed MAS DNP methods could be utilized to realize DNP enhancements in some of these



materials, especially the ball milled borosilicate glass. Lower temperature DNP experiments using
helium cooled samples could also be beneficial as lower temperatures generally prolong nuclear

and electronic relaxation time constants.

Supplementary Information

Additional X-band, W-band, and 263 GHz EPR spectra and concentrations, MAS DNP

data, and solution NMR data are provided in the SI.
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Figure S1. X-band EPR spectra of quartz milled in steel in a shaker mill (top left), quartz hand-
ground (bottom left), sodium borosilicate glass milled in a planetary mill (top right), and
polystyrene milled in a planetary mill with zirconia media (bottom right). Radical concentrations
obtained under different milling conditions are summarized in Table S1. The amorphous quartz
material obtained from the shaker mill with a steel jar and balls was visibly discolored due to
contamination with metal particles. This observation likely explains why there are broad signals

detected in the baseline of the EPR spectrum.
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Figure S2. X-band cw-EPR spectra of ball milled A) histidine hydrochloride monohydrate, B)
salicylic acid, C) malic acid, and D) glucose. EPR signals are absent from microcrystalline
compounds. Approximately 0.2 g of each material were ground for 30 minutes in a 2.5 mL
stainless steel milling jar with one 6.35 mm stainless steel ball a SPEX shaker mill. The mill was
operated at 1080 cycles per minute. The signals in the EPR spectrum correspond to a peroxide
radical (g ~ 2.7, 3100 G) and signals from the quartz EPR tube (g =2.0004, ~3350 G).
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Figure S3. X-band EPR spectrum of glucose milled in a 45 mL zirconia jar with four 15 mm
zirconia balls in a planetary mill for 1 hour. The milling frequency was 600 rpm. There was no
detectable EPR signal.
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Table S1. Comparison of radical concentrations obtained with different milling conditions for

sodium borosilicate glass, polystyrene and amorphous quartz.

using a shaker mill operating
with 1080 cycles per minute

Milling Conditions . Manuscript
Sample = Radical Figures and
Technique Ime Concentration Tables
(hours)
45 mL zirconia vial with four S1
15 mm diameter zirconia 1 1.4 mM
: balls at 600 rpm using a
Sodium : 1
borosilicate planctary-type mi
. 65 mL stainless steel jar with Figure 1
glass vial .
eight 11.9 mm steel balls
- . . 1 0.6 mM
using a shaker mill operating
with 1080 cycles per minute
45 mL zirconia vial with four S1
15 mm zirconia balls at 600 1 0.6 UM
rpm using a planetary mill
Polvstvrene 65 mL stainless steel jar with Figure 1
IR approximately eight 11.9 mm
steel balls using a shaker mill 12 3 mM
operating with 1080 cycles
per minute
65 mL stainless steel jar with S1
elght 11.9 mm st§el balls . 1 Not detected*
using a shaker mill operating
with 1080 cycles per minute
A h S4, S5, S6, S7,
rn;)trp ous 45 mL zirconia vial with four S11, Figure 1,
quartz 15 mm diameter zirconia 05 1 or4 0.5mMto 1.5 Figure 2,
balls at 600 rpm using a 7 mM Figure 5,
planetary mill Figure 6,
Table S2
Hand ground 0.25 52 uM S1
65 mL stainless steel jar with Figure 1
Cellulose eight 11.9 mm steel balls 1 0.4 mM

*The sample was visibly contaminated with steel/metal particles. The quartz sample after milling
had a dark grey color.
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Figure S4. Expanded views of the room temperature continuous-wave X-band EPR spectra of 4
hour ball milled (blue) and y-irradiated (green) quartz.

Table S2. Estimated radical concentrations® of ball milled quartz and gamma-irradiated quartz.

Concentration of electron spins (mM)“

Sample

y-irradiated quartz 0.3 mM

Quartz ball milled for 0.5 hours” 1.0 mM

Quartz ball milled for 1 hour 0.5 mM
1.5 mM

Quartz ball milled for 4 hours

“Radical concentrations were determined by integrating the room-temperature X-band EPR
spectra. The estimated uncertainty is on the order of 50% of the indicated value. All samples

were ball milled in a planetary mill (see Table S1 for conditions).
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Figure S5. Room temperature continuous-wave X-band EPR spectroscopy of ball milled quartz
(black) and a ball milled (blue) and y-irradiated borosilicate glass vial (green). The radical
concentration is indicated on the right-hand side.
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Figure S6. Room temperature W-band EPR spectra of A) y-irradiated quartz, B) ball milled quartz,
C) y -irradiated sodium borosilicate glass vial, and D) ball milled sodium borosilicate glass vial.
(left) echo detected EPR spectra, (middle) saturation recovery plots to measure electron 77, and
(right) spin echo signal amplitudes to measure the electron 7>. Note the differences in the x-axis
values for the EPR spectra.
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9.46

y-irradiated ball-milled
A) B)
f T T T T T T 1T T T T T T T 1
9.32 9.34 9.36 9.38 9.4 9.42 9.44 9.46 9.32 9.34 9.36 9.38 9.4 9.42 9.44
Magnetic Field (T) Magnetic Field (T)
Q) D)
f T T T T T T 1 T T T T 1
9.2 9.25 9.3 9.35 9.4 9.45 9.5 9.55 9.25 9.3 9.35 9.4 9.45 9.5

Table S3. W-band EPR relaxation data.

Magnetic Field (T)
Figure S7. EPR spectra of (left) y-irradiated and (right) ball milled materials. A) y-irradiated
quartz, B) ball milled quartz, C) y -irradiated sodium borosilicate glass, and D) ball milled
sodium borosilicate glass measured at 100 K and 263 GHz. The two sharp EPR lines visible

around 9.36 T and 9.41 T in A and B are from a standard sample of y-irradiated silsesquioxane
used to calibrate the magnetic field.

Magnetic Field (T)

9.55

Sample Radical Temperature T1e (us) Tae (1s)
Preparation
Method
Quartz y-irradiation Room temperature 157+ 1 6.9+0.6
100 K 1620 =130 1.8+ 0.1
Ball milling Room temperature 223+7 4.04 £ 0.08
100 K 1210 + 60 2.57¢ £0.09
Borosilicate glass | y-irradiation Room temperature | 0.684 + 0.044 0.151 + 0.004
100 K 7.85 £20 0.212 +0.003
Ball milling Room temperature 186 £ 6 0.596 £0.009
100 K 950 +80 0.446¢ +£0.02

“ the observed 7> at 100K are likely shortened due to an instrumental artifact.

S9



Ball Milled Cellulose 0.4 mM

y-lrrad Cellulose 0.002 mM

! | | | | | I |
3200 3250 3300 3350 3400 3450 3500 3550

Magnetic Field (gauss)

Figure S8. Room temperature continuous-wave X-band EPR spectroscopy of ball milled (blue)
and y-irradiated (green) cellulose. The radical concentration is indicated on the right-hand side.
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Figure S9. Continuous wave X-band EPR spectra of (top) as-received WSe: (not subjected to
ball-milling), (middle) Moo.sWo.5SSe by ball milling of WSe> and MoS>, and (bottom)
Moo.5sWo.5SSe ball milled and annealed.
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ball milling, 30 min.
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Figure S10. Solution 'H and *C NMR spectra of glucose before milling (bottom), milled in a

Spex shaker mill (middle), and milled in a Fritsch planetary mill (top). The glucose was dissolved
in D,0 for solution NMR experiments.
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Figure S11. MAS direct 2°Si DNP SSNMR enhancements of quartz ball milled for 0.5 hours
(blue), 1 hour (red), and 4 hours (pink/grey) at different recycle delays. The best 2°Si DNP
enhancement was obtained with the 1 hour ball milled sample using a 10,000 second recycle delay.
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Figure S12. Rapid DNP field-sweep profile of ball milled borosilicate vial. The 2°Si NMR spectra
were obtained by acquiring the 2°Si NMR spectra periodically during a continuous adjustment of
the main magnetic field. 0 ppm on this scale corresponds to the magnetic field that gives optimal
positive DNP enhancements for TEMPO-based biradicals.
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Figure S13. #°Si solid-state NMR spectra of ball milled borosilicate vial (red) with microwaves
applied to drive DNP and (blue) without microwaves.
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- 600 -700 - 800 - 900 - 1000
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Figure S14. 'H—!3C CPMAS solid-state NMR spectra of ball milled cellulose (red) with
microwaves and (blue) without microwaves. The sample temperature was 110 K. The CP contact
time was 2 ms. The signals are shifted due to adjustment of the main magnetic field.
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Figure S15. DNP field-sweep 'H-3C CPMAS NMR spectra of ball milled cellulose. All NMR
spectra were acquired with the microwaves turned on. The current in the sweep coil was adjusted
and held constant for a few minutes, then a '"H-13C CPMAS NMR spectrum was acquired at each
field position. The 'H and '*C pulse offsets were adjusted so that the RF pulse irradiation occurred
in the middle of the 'H and '3C NMR spectrum. Slight differences in intensity are due to reductions
in probe efficiency as the 'H and '3C peaks shifted. The probe was re-tuned once the peaks shifted
by about 1000 ppm.
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Figure S16. 'H-'3C CPMAS NMR solid-state NMR of ball milled polystyrene (red) with
microwaves and (blue) without microwaves.
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Figure S17. Time-domain 2°Si CPMG FID obtained from 1 hour ball milled quartz. DNP was used
for signal enhancement. The main magnetic field that gave optimal DNP enhancement was used.
A 50,000 s recycle delay was used. 4200 loops of 60 rotor cycles per full echo were able to be
acquired, with a total FID acquisition time of approximately 20.83 s. The inset (top right) shows
that CPMG echoes are still visible after 20 s of transverse evolution.
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Figure S18. Measurement of DNP enhancements for the Si CPMG NMR spectra of the 1 hour
ball milled quartz. The 2°Si NMR spectra recorded with and without microwaves are shown. To
facilitate comparison of peak intensities, the two spectra were offset slightly. The intensity of the
spectrum recorded without microwaves was scaled by the indicated factor which corresponds to
the DNP enhancement. The duration of the CPMG FID used in the Fourier transform is indicated.
If the full CPMG FID is used, then there is a reduction in the DNP enhancement.
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Figure S1. X-band EPR spectra of quartz milled in steel in a shaker mill (top left), quartz hand-
ground (bottom left), sodium borosilicate glass milled in a planetary mill (top right), and
polystyrene milled in a planetary mill with zirconia media (bottom right). Radical concentrations
obtained under different milling conditions are summarized in Table S1. The amorphous quartz
material obtained from the shaker mill with a steel jar and balls was visibly discolored due to
contamination with metal particles. This observation likely explains why there are broad signals

detected in the baseline of the EPR spectrum.
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Figure S2. X-band cw-EPR spectra of ball milled A) histidine hydrochloride monohydrate, B)
salicylic acid, C) malic acid, and D) glucose. EPR signals are absent from microcrystalline
compounds. Approximately 0.2 g of each material were ground for 30 minutes in a 2.5 mL
stainless steel milling jar with one 6.35 mm stainless steel ball a SPEX shaker mill. The mill was
operated at 1080 cycles per minute. The signals in the EPR spectrum correspond to a peroxide
radical (g ~ 2.7, 3100 G) and signals from the quartz EPR tube (g =2.0004, ~3350 G).
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Figure S3. X-band EPR spectrum of glucose milled in a 45 mL zirconia jar with four 15 mm
zirconia balls in a planetary mill for 1 hour. The milling frequency was 600 rpm. There was no
detectable EPR signal.
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Table S1. Comparison of radical concentrations obtained with different milling conditions for

sodium borosilicate glass, polystyrene and amorphous quartz.

using a shaker mill operating
with 1080 cycles per minute

Milling Conditions . Manuscript
Sample = Radical Figures and
Technique Ime Concentration Tables
(hours)
45 mL zirconia vial with four S1
15 mm diameter zirconia 1 1.4 mM
: balls at 600 rpm using a
Sodium : 1
borosilicate planctary-type mi
. 65 mL stainless steel jar with Figure 1
glass vial .
eight 11.9 mm steel balls
- . . 1 0.6 mM
using a shaker mill operating
with 1080 cycles per minute
45 mL zirconia vial with four S1
15 mm zirconia balls at 600 1 0.6 UM
rpm using a planetary mill
Polvstvrene 65 mL stainless steel jar with Figure 1
IR approximately eight 11.9 mm
steel balls using a shaker mill 12 3 mM
operating with 1080 cycles
per minute
65 mL stainless steel jar with S1
elght 11.9 mm st§el balls . 1 Not detected*
using a shaker mill operating
with 1080 cycles per minute
A h S4, S5, S6, S7,
rn;)trp ous 45 mL zirconia vial with four S11, Figure 1,
quartz 15 mm diameter zirconia 05 1 or4 0.5mMto 1.5 Figure 2,
balls at 600 rpm using a 7 mM Figure 5,
planetary mill Figure 6,
Table S2
Hand ground 0.25 52 uM S1
65 mL stainless steel jar with Figure 1
Cellulose eight 11.9 mm steel balls 1 0.4 mM

*The sample was visibly contaminated with steel/metal particles. The quartz sample after milling
had a dark grey color.
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Figure S4. Expanded views of the room temperature continuous-wave X-band EPR spectra of 4
hour ball milled (blue) and y-irradiated (green) quartz.

Table S2. Estimated radical concentrations® of ball milled quartz and gamma-irradiated quartz.

Concentration of electron spins (mM)“

Sample

y-irradiated quartz 0.3 mM

Quartz ball milled for 0.5 hours” 1.0 mM

Quartz ball milled for 1 hour 0.5 mM
1.5 mM

Quartz ball milled for 4 hours

“Radical concentrations were determined by integrating the room-temperature X-band EPR
spectra. The estimated uncertainty is on the order of 50% of the indicated value. All samples

were ball milled in a planetary mill (see Table S1 for conditions).
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Ball milled quartz 1.5 mM

Ball milled borosilicate glass 0.6 mM

e

16 mM

y-irradiated borosilicate glass

| | | | | | |
3200 3250 3300 3350 3400 3450 3500
Magnetic Field (gauss)

Figure S5. Room temperature continuous-wave X-band EPR spectroscopy of ball milled quartz
(black) and a ball milled (blue) and y-irradiated borosilicate glass vial (green). The radical
concentration is indicated on the right-hand side.
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Echo Detected Spectra Electron T, Electron T,,

A) —— data
Y-Quartz ~-- 6899.67 ns
—— data
--- 157.37 us
335 336  3.37 0 05 10 2000 4000 6000 8000
B) > —— data
BM-Quartz o~ 404us
— data
-—- 222.96 us
335 336  3.37 0 0.5 10 0 2500 5000 7500
C) y-Borosilicate —— data
---150.98 ns
—— data
--- 684.13 ns
3.I30 3.I32 3.I34 3.I36 0.dO1 O.dOZ 0.do3 O.dO4 460 660 S(I)O 10|00 12IOO
D) BM-Borosilicate —— data
--- 595.93 ns

—— data
--- 186.56 us

3.34 3.36 0 0.2 04 500 1000 1500 2000
Magnetic Field (T) time (ms) time (ns)

Figure S6. Room temperature W-band EPR spectra of A) y-irradiated quartz, B) ball milled quartz,
C) y -irradiated sodium borosilicate glass vial, and D) ball milled sodium borosilicate glass vial.
(left) echo detected EPR spectra, (middle) saturation recovery plots to measure electron 77, and
(right) spin echo signal amplitudes to measure the electron 7>. Note the differences in the x-axis
values for the EPR spectra.
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9.46

y-irradiated ball-milled
A) B)
f T T T T T T 1T T T T T T T 1
9.32 9.34 9.36 9.38 9.4 9.42 9.44 9.46 9.32 9.34 9.36 9.38 9.4 9.42 9.44
Magnetic Field (T) Magnetic Field (T)
Q) D)
f T T T T T T 1 T T T T 1
9.2 9.25 9.3 9.35 9.4 9.45 9.5 9.55 9.25 9.3 9.35 9.4 9.45 9.5

Table S3. W-band EPR relaxation data.

Magnetic Field (T)
Figure S7. EPR spectra of (left) y-irradiated and (right) ball milled materials. A) y-irradiated
quartz, B) ball milled quartz, C) y -irradiated sodium borosilicate glass, and D) ball milled
sodium borosilicate glass measured at 100 K and 263 GHz. The two sharp EPR lines visible

around 9.36 T and 9.41 T in A and B are from a standard sample of y-irradiated silsesquioxane
used to calibrate the magnetic field.

Magnetic Field (T)

9.55

Sample Radical Temperature T1e (us) Tae (1s)
Preparation
Method
Quartz y-irradiation Room temperature 157+ 1 6.9+0.6
100 K 1620 =130 1.8+ 0.1
Ball milling Room temperature 223+7 4.04 £ 0.08
100 K 1210 + 60 2.57¢ £0.09
Borosilicate glass | y-irradiation Room temperature | 0.684 + 0.044 0.151 + 0.004
100 K 7.85 £20 0.212 +0.003
Ball milling Room temperature 186 £ 6 0.596 £0.009
100 K 950 +80 0.446¢ +£0.02

“ the observed 7> at 100K are likely shortened due to an instrumental artifact.
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Ball Milled Cellulose 0.4 mM

y-lrrad Cellulose 0.002 mM

! | | | | | I |
3200 3250 3300 3350 3400 3450 3500 3550
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Figure S8. Room temperature continuous-wave X-band EPR spectroscopy of ball milled (blue)
and y-irradiated (green) cellulose. The radical concentration is indicated on the right-hand side.
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Figure S9. Continuous wave X-band EPR spectra of (top) as-received WSe: (not subjected to
ball-milling), (middle) Moo.sWo.5SSe by ball milling of WSe> and MoS>, and (bottom)
Moo.5sWo.5SSe ball milled and annealed.
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ball milling, 30 min.

‘ ’} “ Original Sample (after
1

"» J\ RS RSVST U URES BRSO

J' After ball milling
) VL

Before ball milling

[TT T T[T T T T[T TTT[TTTT]
6 5 4 3 2 100 90 80 70 60 50
'H Chemical Shift (ppm) 3C Chemical Shift (ppm)
Figure S10. Solution 'H and *C NMR spectra of glucose before milling (bottom), milled in a

Spex shaker mill (middle), and milled in a Fritsch planetary mill (top). The glucose was dissolved
in D,0 for solution NMR experiments.
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Figure S11. MAS direct 2°Si DNP SSNMR enhancements of quartz ball milled for 0.5 hours
(blue), 1 hour (red), and 4 hours (pink/grey) at different recycle delays. The best 2°Si DNP
enhancement was obtained with the 1 hour ball milled sample using a 10,000 second recycle delay.
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Figure S12. Rapid DNP field-sweep profile of ball milled borosilicate vial. The 2°Si NMR spectra
were obtained by acquiring the 2°Si NMR spectra periodically during a continuous adjustment of
the main magnetic field. 0 ppm on this scale corresponds to the magnetic field that gives optimal
positive DNP enhancements for TEMPO-based biradicals.
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Figure S13. #°Si solid-state NMR spectra of ball milled borosilicate vial (red) with microwaves
applied to drive DNP and (blue) without microwaves.

With microwaves
Without microwaves

- 600 -700 - 800 - 900 - 1000
3C Chemical Offset (ppm)

Figure S14. 'H—!3C CPMAS solid-state NMR spectra of ball milled cellulose (red) with
microwaves and (blue) without microwaves. The sample temperature was 110 K. The CP contact
time was 2 ms. The signals are shifted due to adjustment of the main magnetic field.
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Figure S15. DNP field-sweep 'H-3C CPMAS NMR spectra of ball milled cellulose. All NMR
spectra were acquired with the microwaves turned on. The current in the sweep coil was adjusted
and held constant for a few minutes, then a '"H-13C CPMAS NMR spectrum was acquired at each
field position. The 'H and '*C pulse offsets were adjusted so that the RF pulse irradiation occurred
in the middle of the 'H and '3C NMR spectrum. Slight differences in intensity are due to reductions
in probe efficiency as the 'H and '3C peaks shifted. The probe was re-tuned once the peaks shifted
by about 1000 ppm.

With microwaves
Without microwaves

1650 1600 1550 1500
3C Chemical Offset (ppm)

Figure S16. 'H-'3C CPMAS NMR solid-state NMR of ball milled polystyrene (red) with
microwaves and (blue) without microwaves.
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Figure S17. Time-domain 2°Si CPMG FID obtained from 1 hour ball milled quartz. DNP was used
for signal enhancement. The main magnetic field that gave optimal DNP enhancement was used.
A 50,000 s recycle delay was used. 4200 loops of 60 rotor cycles per full echo were able to be
acquired, with a total FID acquisition time of approximately 20.83 s. The inset (top right) shows
that CPMG echoes are still visible after 20 s of transverse evolution.
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Fourier transform of first 0.16 ms of the CPMG FID
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Figure S18. Measurement of DNP enhancements for the Si CPMG NMR spectra of the 1 hour
ball milled quartz. The 2°Si NMR spectra recorded with and without microwaves are shown. To
facilitate comparison of peak intensities, the two spectra were offset slightly. The intensity of the
spectrum recorded without microwaves was scaled by the indicated factor which corresponds to
the DNP enhancement. The duration of the CPMG FID used in the Fourier transform is indicated.
If the full CPMG FID is used, then there is a reduction in the DNP enhancement.
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