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ABSTRACT 16 

 Silicon nanoparticles (SiNPs) are intriguing materials and their properties fascinate the 17 

broader scientific community; they are also attractive to the biological and materials science sub-18 

disciplines because of their established biological and environmental compatibility as well as their 19 

far-reaching practical applications. While characterization of the particle nanostructure can be 20 

performed using 29Si solid-state nuclear magnetic resonance (NMR) spectroscopy, poor sensitivity 21 

due to low Boltzmann population and long acquisition times hinder in-depth studies of these 22 

potentially game-changing materials. In this study, we compare two DNP NMR protocols to boost 23 

29Si sensitivity in hydride-terminated SiNPs. First, we assess a traditional indirect DNP approach, 24 

where a nitroxide biradical (AMUPol or bCTbk) is incorporated into a glassing agent and transferred 25 

through protons (e- → 1H → 29Si) to enhance the silicon. In this mode, electron paramagnetic 26 

resonance (EPR) spectroscopy demonstrated that the hydride-terminated surface was highly reactive 27 

with the exogenous biradicals, thus decomposing the radicals within hours and resulting in an 28 

enhancement factor, ε, of 3 (TB=15 s) for the 64 nm SiNP, revealing the surface components. 29 

Secondly, direct DNP NMR methods were used to enhance the silicon without the addition of an 30 

exogenous radical (i.e., use of dangling bonds as an endogenous radical source).  With radical 31 

concentrations < 1 mM, 29Si enhancements were obtained for the series of SiNPs ranging from 3 to 32 

64 nm. The ability to use direct 29Si DNP transfer (e- → 29Si) shows promise for DNP studies of these 33 

inorganic nanomaterials (ε = 6 (TB = 79 min) for 64 nm SiNPs) with highly reactive surfaces, 34 

showing the sub-surface and core features. These preliminary findings lay a foundation for future 35 

endogenous radical development through tailoring the surface chemistry, targeting further sensitivity 36 

gains.  37 

 38 

Keywords: DNP NMR, silicon nanoparticles, endogenous, cross effect, field profile  39 
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1. INTRODUCTION 40 

 Scientific instrumentation and spectroscopic methods have advanced rapidly, making it possible 41 

to overcome barriers that have previously limited the characterization, and by extension, the 42 

community’s understanding of challenging complex biological and energy materials that could 43 

revolutionize their respective fields. Solid-state nuclear magnetic resonance (NMR) spectroscopy is 44 

among the most powerful non-destructive methods available for characterizing dynamics and atomic-45 

level structure in ordered and disordered solids. Unfortunately, studying nuclear spins often leads to 46 

complications related to poor sensitivity, arising from the low Boltzmann polarization, and long 47 

acquisition times ranging from hours to days. To circumvent these issues, various approaches, or 48 

combinations thereof, have been implemented to improve detection limits and push beyond the status 49 

quo. Gains in sensitivity can be achieved via isotopic enrichment or the study of high-γ and highly 50 

abundant nuclei (e.g., 1H or 19F) in combination with cross-polarization techniques [1], magic angle 51 

spinning (MAS) [2,3], and ultrahigh magnetic fields [4].  52 

 High-field dynamic nuclear polarization (DNP) has revolutionized NMR spectroscopy; it is a 53 

highly sensitive analytical method that is impacting nearly all fields of chemical research by 54 

dramatically and significantly reducing experimental acquisition times and increasing detection 55 

limits. These game-changing advancements have been made possible by the large thermal electron 56 

spin polarization of a paramagnetic species, achieved by irradiating the sample with high-frequency 57 

microwaves, that can then be transferred to surrounding nuclei [5-7]. The gain in sensitivity is often 58 

quantified as the DNP enhancement factor (ε) which is the comparison of the signal-to-noise ratio of 59 

the microwave-on and -off NMR spectra acquired under identical conditions; the corresponding 60 

reduction in experimental time is thus determined by a factor of ε2 [8]. Often, large gains in 61 

sensitivity are achieved using indirect DNP polarization, which is typically accomplished using 62 

nitroxide-based biradicals as the electron polarizing agent; examples include TOTAPOL [ 9 ], 63 
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SPIROPOL [10], AMUPol [11], or TEKPOL [12,13], among many others [14-19]. Upon microwave 64 

irradiation, the polarization of unpaired electrons is transferred to the 1H nuclei in the sample of 65 

interest, theoretically reaching an enhancement factor of 658 (γe/γ1H). The polarization from 1H can 66 

then be transferred to other lower-γ nuclei via cross-polarization; this process facilitates the study of a 67 

wide scope of biological and inorganic chemical problems [8, 20 22 ]. Alternatively, electron 68 

polarization can be transferred directly to the NMR-active nucleus of interest (direct DNP). In these 69 

cases, it is necessary to employ exogenous radicals displaying more effective match conditions; for 70 

example, trityl radicals are ideal for polarizing 2H (γe/γ2H = 4291) [23], 17O (γe/γ17O = 4857) [24], or 71 

13C (γe/γ13C = 2616) [25] nuclei with enhancement factors ranging from 100 to greater than 600 (i.e., 72 

> 10,000 reduction in the time required to obtain comparable NMR spectra) [26]. Regardless of the 73 

polarization transfer mechanism, DNP NMR is a powerful emerging spectroscopic method for the 74 

chemical sciences. 75 

 To achieve bulk polarization transfer for insulating solids, solid effect (SE) and cross effect (CE) 76 

mechanisms are often considered [2732].  For example, wide-line nitroxide radicals are optimal for 77 

CE, while narrow-line radicals such as BDPA are more suited for 1H SE. The CE mechanism is often 78 

favoured due to its large enhancement factors, the diverse array of commercially available wide-line 79 

radicals, less detrimental scaling efficiency with increasing magnetic field strength, and stringent 80 

microwave power requirements associated with SE (i.e., forbidden transition) [33]. 81 

 The study of certain solids may be hampered when using organic biradicals if the radical reacts 82 

with the solid of interest (e.g., inducing polymerization or deactivation of the radical) or changes the 83 

chemically relevant environment (e.g., binding to a catalytic metal site [34]). To circumvent the need 84 

to add an exogenous radical and associated glassing agent(s), various groups have attempted to 85 

introduce a paramagnetic center into their chemical system, with the hope of polarizing the nuclei of 86 

interest in their solid sample. For example, Mn2+ dopants have been successfully used as an 87 
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endogenous polarizing agent in hammerhead riboyzyme complexes [35], as well as in battery anode 88 

materials [36], Griffin and colleagues have successfully polarized 1H, 13C and 59Co using Cr(III) [37], 89 

while Shumacher and Slicther used the paramagnetic susceptibility of conduction electron spins for 90 

7Li enhancements in metallic lithium [38]. Along similar lines, Ramanathan et al. utilized the unique 91 

feature of dangling bonds within Si microparticles (≥ 0.3 µm) to polarize 29Si directly [39], and more 92 

recently to investigate the SiOx/H2O interface through 1H DNP NMR [40]. In 2008, Ramanathan and 93 

colleagues obtained excellent 29Si DNP enhancements and tunable long nuclear spin-lattice relaxation 94 

times (T1) for a series of silicon microparticles ranging in size from ~0.3 to a few µm. Using a 95 

combination of low-field DNP NMR (B0 < 3 T) and ultra-low temperatures (< 30 K), they made use 96 

of the endogenous unpaired electrons from dangling bonds within the Si/SiOx amorphous interface 97 

surrounding the crystalline bulk core as the polarizing source [41]. The authors demonstrated the T1s 98 

were sensitive to particle size and that the amorphous SiOx region made up approximately 20% of the 99 

total mass. 100 

 While most DNP studies have focused on micron-sized silicon particles, there is much interest in 101 

analyzing and understanding nanometer-scale particles that lie within the size regime where non-bulk 102 

properties emerge. Silicon nanoparticles (SiNPs) with dimensions of 1 to 100 nm hold promise of 103 

impacting a wide range of applications including, but not limited to, photovoltaics, thermoelectrics, 104 

batteries, and nanomedicine [42,43]. In this context, we build upon previous DNP studies of Si 105 

microparticles and explore the effectiveness of exogenous and endogenous radicals for indirect and 106 

direct DNP NMR of well-defined non-doped hydride-terminated SiNPs (H-SiNPs; d < 70 nm) 107 

prepared using a well-established procedure. The dimensions of the particles studied here are 108 

approximately one to two orders of magnitude smaller than those previously reported and do not bear 109 

any passivating amorphous “SiOx” surface layer. We demonstrate that dangling bonds at the Si-H 110 

terminated surface are present, although in very low concentrations, and that they enable modest 111 
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direct 29Si DNP enhancements of the particles using high-field DNP NMR spectroscopy at 400 MHz 112 

/ 263 GHz and 600 MHz / 395 GHz, at sample temperatures of approximately 100 K. 113 

 114 

2. MATERIALS & METHODS 115 

H-SiNP Synthesis: 116 

Hydride-terminated SiNPs were prepared using a well-established procedure as outlined by Hessel et 117 

al. [44] and characterized via Fourier transform infrared spectroscopy, powder X-ray diffraction, X-118 

ray photoelectron spectroscopy and transmission electron microscopy, to verify purity and size 119 

distribution as reported in Thiessen et al. [45]. 120 

 121 

Materials Characterization: 122 

Electron paramagnetic resonance spectroscopy of H-SiNPs: EPR experiments were performed 123 

directly on DNP samples using a 9.4 GHz X-band Bruker EMXnano spectrometer equipped with a 5 124 

mm sample holder. DNP samples were packed in 3.2 mm sapphire rotors, which were directly 125 

inserted into the 5 mm EPR tube and centered in the cavity using a guide. Continuous-wave X-band 126 

EPR spectra were acquired with a center field of 3430 G, sweep width of 400 G, modulation 127 

amplitude of 4.0 G, and sweep time of 60 s. Spectra were processed in the Bruker Xenon software 128 

using a digital filter width of 10 pts. For radical concentration measurements by EPR, the SpinCount 129 

module of the Xenon software was used: EPR spectra were baseline corrected using only a zero-order 130 

(DC) correction, then double integrated for spin counting. Radical concentrations were calculated 131 

accounting for cavity Q, experimental parameters, and sample dimensions. 132 

 133 

Dynamic nuclear polarization nuclear magnetic resonance spectroscopy of H-SiNPs: DNP NMR 134 

samples were packed under an inert atmosphere in 3.2 mm sapphire rotors with zirconia top caps; for 135 
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the exogenous radical samples, a silicone rubber plug was placed between the sample and the 136 

zirconia top cap. Silicon-29 DNP NMR spectra were recorded using low-temperature 3.2 mm double 137 

resonance (HX) and triple resonance (HXY) MAS DNP probes at 14.1 and 9.4 T, respectively, 138 

doubly tuned to 1H (𝒗L = 600.301 MHz and 400.049 MHz) and 29Si (𝒗L = 119.262 MHz and 79.471 139 

MHz). All DNP NMR data were acquired at temperatures between 95 and 104 K, with magic angle 140 

spinning at a frequency of 8 kHz, 1.3 x TB recycle delays and between 4 and 128 co-added transients. 141 

Spectra were referenced with respect to the 13C signals of DSS (40.48 ppm) [46]. The DNP field 142 

profile was performed by sweeping the main magnetic field of the NMR magnet (equipped with a 143 

sweep coil) between 9.374 and 9.398 T (399.1 and 400.1 MHz, 1H nuclear Larmor frequency). The 144 

NMR magnetic field position was adjusted to the maximum of the 1H (nitroxide biradical) and 29Si 145 

(endogenous radical) DNP NMR enhancements determined from their respective field profiles. A 146 

low-power klystron source (Communications and Power Industries (CPI), Georgetown, Canada [47, 147 

48] was used to generate microwaves with a fixed frequency of 263.58 GHz and an output power of 148 

5.6 W (>5 W at the sample), as verified using a PM5-VDI/Erickson Power Meter (Virginia Diodes 149 

Inc., Charlottesville, VA).  150 

Indirect DNP NMR of an exogenous radical: Indirect DNP NMR experiments were performed using 151 

a 14.1 T (600 MHz, 1H) Bruker Avance III HD DNP NMR spectrometer equipped with a 395 GHz 152 

gyrotron microwave source delivering high-power microwaves (~16 W) to the sample. Cross-153 

polarization [1] (CP) 29Si{1H} DNP MAS NMR experiments were performed using a mixing time of 154 

8.0 ms and an optimized Hartmann-Hahn match condition with a 20% tangential ramp on 1H. The H-155 

SiNP samples were placed into sapphire rotors with the addition of 20 mM biradical / toluene  156 

solution (90% toluene-d8, 10% toluene) added, followed by slight agitation to ensure wetting of the 157 

complete sample; the biradical used was either AMUPol or bCTbK. Toluene was used to suspend 158 

hydride-terminated SiNPs and protect the particles from oxidizing as it demonstrates good glassing 159 
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ability [49] and is an appropriate solvent to dissolve hydrophobic (e.g. bCTbK) nitroxide-based 160 

radicals, as well more hydrophilic biradicals (e.g. AMUPol) at high-mM concentrations. 161 

Direct DNP NMR of endogenous radical: Direct DNP NMR experiments were performed on a 9.4 T 162 

(400 MHz, 1H) Bruker Avance III HD DNP NMR spectrometer with a 263 GHz EIK microwave 163 

source using either a flip-back Bloch [50, 51] or Hahn-echo [52] pulse sequence on 29Si (𝛄B1/2π = 71 164 

kHz) using CW proton decoupling (𝛄B1/2π = 71 kHz). 165 

DNP buildup times: Silicon-29 nuclear buildup times were determined using a saturation recovery 166 

[53] experiment with 16 pre-saturation pulses (both 1H and 29Si) and two co-added transients per data 167 

point with varying relaxation delays from 1.0 × 10−3 to 600 s for the 3 nm H-SiNP and 3.0 × 10−5 to 168 

2.8 hours for 6, 9, 21, and 64 nm H-SiNPs. 169 

 170 

3. RESULTS & DISCUSSION 171 

Hydride-terminated SiNPs prepared through the thermal disproportionation of hydrogen 172 

silsesquioxane (HSQ) demonstrate a core-shell type structure, as shown in Figure 1b [45]. The 173 

surface is comprised of a mixture of Si-H, Si-H2 and Si-H3 species which together lead to a 174 

disordered surface structure. In contrast, the nanoparticle core is typically comprised of well-ordered 175 

crystalline silicon (diameters > 6 nm). In between the inner and surface layers is a semi-ordered 176 

subsurface, which is comprised of a disordered array of silicon atoms that are more ordered than the 177 

surface, but less ordered than the crystalline core. The subsurface structure is attributed to the 178 

influence of the mismatch between the crystalline Si and the SiO2-like matrix in which the 179 

nanoparticles nucleate and grow [54,55]. 180 

Following the proposed structure, it is reasonable that most of the unpaired electrons should be 181 

localized within the nanoparticle surface and subsurface layers, where there is less order and dangling 182 

bonds are more likely to be present. As outlined previously by Cassidy et al., there should be very 183 
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few unpaired electrons in the crystalline core [56]. They suggested unpaired electrons lie at the 184 

interface between the Si/SiO2 passivating layer. Despite having a hydride-terminated surface, we 185 

expect that a similar argument applies in the present system, suggesting the unpaired electrons are 186 

located on (or in close proximity to) the surface of the particles. This proposal is further supported by 187 

previous work showing that oxidation of the Si-H particles passivates surface defects, decreasing the 188 

number of dangling bonds in the system as studied by EPR [57]. In this context, while we cannot 189 

discount the presence of unpaired electrons in the nanoparticle core, their contribution will be 190 

minimal relative to the concentration of unpaired electrons localized on the surface.  191 

An alternative potential source of unpaired electrons in the SiNP core may come from nitrogen 192 

incorporation, much as with nitrogen vacancies in diamond [58]. However, it is well established that 193 

even trace nitrogen impurities in the SiNPs will result in a dramatic change in their 194 

photoluminescence and manifest as a shift from characteristic red (or near-IR) to blue emission [59]; 195 

no such spectral change is observed for the materials investigated. Furthermore, nitrogen and other 196 

impurities were not detected in the XPS and EDX analyses of our samples at the detection limit of 197 

the methods. 198 

Two DNP NMR protocols were examined here to determine the most effective approach to study 199 

a series of hydride-terminated SiNPs. The first method employed nitroxide biradicals incorporated 200 

into a glassing agent (e.g., glycerol/water, DMSO/water, TCE, toluene, etc.). This approach is 201 

optimized for polarizing 1Hs and indirectly enhancing the 29Si nuclei through CP. The second 202 

approach was to determine whether one can effectively enhance the silicon directly without adding 203 

an exogenous radical; that is, to utilize the intrinsic endogenous radical present on the SiNPs as a 204 

direct 29Si polarizing agent. 205 

 206 

Exogenous Organic Biradical using an Indirect DNP Transfer (e- → 1H → 29Si) 207 
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Using the conventional approach, a 20 mM biradical solution was prepared in 90% toluene-d8 208 

and added to the H-SiNPs, protecting the surface of the particle from oxidation. It is well-established 209 

that silicon particle surfaces readily react with radicals [60,61]; the latter were studied using EPR 210 

spectroscopy at room temperature. In Table 1, we can identify the rapid change within the initial 211 

radical concentration (20 mM) and subsequent slower radical quenching via time series 212 

measurements. The 9.4 GHz EPR spectrum reveals radical decomposition occurring immediately, 213 

with only a small fraction (i.e., 13 mM) of the original radical concentration remaining after a few 214 

minutes at room temperature (i.e., the time required for the transfer from the glove box to the EPR). 215 

In under 30 minutes, the radical concentration is nearly an order of magnitude lower and within one 216 

day, there is no evidence of the biradical even when stored at cryogenic temperatures. The resulting 217 

EPR signal that remains arises as a result of the dangling bonds on SiNPs, with no detectable signal 218 

from a nitroxide containing mono- or biradical. Although this test was completed using 20 mM 219 

AMUPol/90:10 toluene-d8/toluene, similar effects were observed on the more structurally rigid 220 

bCTbK biradical. To work within this short time can be challenging, but, as shown in Figure 1c, a 221 

DNP-enhanced 29Si{1H} CP MAS NMR spectrum of 64 nm H-SiNP was obtained at 600 MHz / 395 222 

GHz using bCTbK, achieving an enhancement of 3 for the broad resonance (-80 to -120 ppm). As 223 

assigned in a previous study by Thiessen et al. [45], this broad resonance corresponds to Si-Hx 224 

species on the NP surfaces. Since the polarization transfer goes from the unpaired electrons to 1H to 225 

29Si, it is not surprising that only the surface and some sub-surface regions of the SiNP show an 226 

enhancement. After 12 hours at cryogenic temperatures, no further enhancement was observed; this 227 

can be readily understood by considering the absence of nitroxide radical within the prepared sample 228 

and later confirmed using X-band EPR spectroscopy.  229 

 230 
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Table 1: Total radical concentrations (endogenous and exogenous) measured using X-band 231 

EPR of 64 nm H-SiNP after quenching with 20 mM AMUPol in 90:10 toluene-d8 / toluene. 232 

Time after 
Quench 

[Radical] (mM) 
(± 0.1) e- (mM) 

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 
 233 

 234 

 235 

Figure 1: a) TEM image of the 64 nm H-SiNP, b) schematic of a particle identifying the three 236 
regions of a SiNP, namely core (black), sub-surface (red) and surface (blue) and c) DNP-237 
enhanced (μW on) and non-DNP-enhanced (μW off) 29Si{1H} CPMAS NMR spectra of 64 nm 238 
hydride-terminated SiNP using 20 mM bCTbk in 90:10 toluene-d8 / toluene. The spectrum in 239 
(c) was recorded within 15 minutes of the addition of exogenous radical. Typically, during the 240 
course of these experiments, glove-box sample preparation and rotor insertion into a DNP 241 
probe would require ~ 3-5 minutes; establishing stable spinning and reaching a set point 242 
temperature would take another approximately 3-5 minutes.  243 

 244 

As a result of the reactive dangling bonds as well as the hydride-terminated SiNP surfaces, the 245 

exogenous biradicals are effectively deactivated. The influence of dangling bonds has been 246 

demonstrated in studies where the monoradical TEMPO reacts with Si dangling bonds and becomes 247 



12 
 

coordinated to the Si surface [60,61]. Of particular concern in this study is the complete elimination 248 

of both radicals from the added biradical / toluene solution after only one day. Based upon what has 249 

been reported as a radical coupling reaction between the Si (nanoparticle) and O (biradical) atoms, in 250 

principle one would expect the secondary O radical present should still be detected after the initial 251 

radical coupling reaction and thus should contribute to the overall radical concentration (i.e., forming 252 

a monoradical attached to the nanoparticle surface). However, as shown in Table 1, the net organic 253 

radical concentration after 1.5 days is ~ 0, suggesting that both radicals on the organic polarizing 254 

agent have been deactivated. Although, the mechanism in which this occurs is not presently known, 255 

radical reactions on hydride-terminated silicon surface are known (e.g., radical-initiated 256 

hydrosilylation) [61]. A possible explanation is that the biradical is quenched via a mechanism 257 

similar to radical initiated hydrosilylation, where the NO radical abstracts an H·(dot) from the surface 258 

to form HNO; leaving a Si·(dot) on the surface stabilized by the particle. This Si·(dot) can further 259 

react with another NO radical, quenching the biradical species, while leaving the dangling bond on 260 

SiNPs active. Further insight into the reaction between the NO radical and the H-SiNP is the subject 261 

of ongoing investigations.  262 

Endogenous Radical using Direct DNP Transfer 263 

Shifting to smaller particles at higher magnetic fields and temperatures creates a variety of 264 

challenges. In earlier microparticle work, Dementyev et al. and Aptekar et al. showed a decrease in 265 

T1 with decreasing particle size [39,62]. As T1 decreases, less time is available to effectively allow 266 

29Si-29Si spin-diffusion across the sample, leading to a reduction in the ability to build up polarization 267 

(i.e., lower enhancements). While going to higher magnetic fields (9.4 /14.1 vs. 2.35 T) increases the 268 

nuclear spin-lattice relation time for 1H and 29Si, both the CE and SE polarization mechanisms scale 269 

inversely (i.e., ~ 1/B0 and 1/B02, respectively) with magnetic field strength, which can impact the 270 
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DNP NMR enhancements. One also needs to consider the number of dangling bonds due to the onset 271 

of paramagnetic relaxation and signal quenching. This will have a greater impact on smaller particles 272 

(d < 10 nm) where the surface comprises a significant portion of the solid, impacting both spin-lattice 273 

relaxation times and NMR lineshapes [45], as well as effective electron-nuclear polarization transfer.  274 

To assess the feasibility of these pristine H-SiNPs for direct 29Si DNP NMR at high fields, a 275 

range of particle sizes were characterized using EPR measurements to determine the radical 276 

concentration present on/in the surface/subsurface of the nanoparticles. Table 2 shows the range of 277 

radical concentrations associated with SiNPs studied here; in all cases (i.e., d~3 to 64 nm) 278 

concentrations are less than 1 mM, consistent with the unpaired electrons arising from dangling 279 

bonds residing on the surface layers. The chemical treatment or doping of these particles is a 280 

promising avenue worth exploring in efforts to assess the impact surface modification may play in 281 

achieving further gains in DNP enhancements. 282 

 283 
Table 2: Endogenous radical concentrations, enhancement factors (𝛆), and buildup times (TB) 284 

for a series of H-SiNPs.  285 

Particle 
diameter 

(TEM) 
/nm 

Annealing 
Temperature 

/ oC 

Radical 
Concentration 

/mM 
Enhancement (𝛆) Buildup Time (TB) c 

/s 

3 1100 0.69 1.5 193 

6 1200 0.16 / 0.10a 0.92 - 0.94b 270 
9 1300 0.47 / 0.10a 1.0 1733 

21 1400 0.22 1.23 3961 

64 1500 0.70 / 0.42a 1.5 - 6.0b 4733 
a. 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 ε of 6) 
c. Buildup times for larger particles (21 and 64 nm) are underestimated due to experimental time constraints to fully 

extrapolate the long TB values. 
 286 
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Figure 2 shows a partial field profile obtained for H-SiNPs of average diameter 64 nm (TEM) that 287 

reveals the maximum positive and negative enhancement regions at 9.4 T. Under the conditions 288 

investigated here with higher magnetic field strengths and cryogenic liquid nitrogen temperatures, 289 

two dominant mechanisms can be considered to effectively enable electron–nuclear polarization 290 

transfer: cross-effect (CE) and solid-effect (SE). Although both mechanisms can occur, each has a 291 

different set of criteria that must be satisfied if DNP enhancement is to occur. Broadly, the CE 292 

mechanism involves a three-spin process involving two electrons and a nuclear spin that are dipolar 293 

coupled, whereby the difference in the Larmor frequencies (ω0S1,2) of the two electron spins should 294 

approximate the nuclear Larmor frequency (ω0I), where ω0I = | ω0Si - ω0Sii|. CE is the dominant 295 

mechanism for exogenous nitroxide-containing mono- and biradicals, as their inhomogeneous 296 

linewidth of their EPR spectrum is larger than the nuclear Larmor frequency (i.e., 9.4 T – 400 MHz 297 

(1H) or 79.5 MHz (29Si)), while the homogeneous component is smaller. Conversely, the two-spin SE 298 

mechanism can occur when microwave irradiation is applied at the electron-nuclear zero- or double-299 

quantum frequency, where ωµw = ω0I ± ω0S. The SE mechanism is typically dominant when the EPR 300 

spectrum is narrow (i.e., when inhomogeneous and homogeneous linewidths are less than the nuclear 301 

Larmor frequency) [7, 30, 32, 33, 63-67].  302 

The appearance of the EPR resonance and measured field profile (Figure 2a) exhibits a full-303 

width-at-half-maximum of ~45 MHz and a full-width-at-the-base of ~96 MHz. The narrow EPR 304 

lineshape of 45 MHz (which is less than the 29Si nuclear Larmor frequency of 79.5 MHz), low radical 305 

concentration (< 1 mM, low probability of e- --- e- dipole coupling), and nearly symmetric positions 306 

of the positive and negative maxima, would appear to be consistent with a SE DNP mechanism. 307 

However, some finer features appear to be lacking, bringing into question whether a contribution 308 

from cross-effect can be completely excluded. For example, no plateau is noted between the positive 309 

and negative maxima of the symmetric featureless field profile, as is often the case for CE but not 310 
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SE. The separation between positive and negative enhancement is larger than the expected, 2ωoI = 311 

159 MHz, and the EPR spectrum, at its base, is larger than the 29Si nuclear Larmor frequency (96 312 

MHz > 79.5 MHz). Lastly, the enhancement does not appear to increase with microwave power (i.e., 313 

appears saturated) at only ~5 W of output power; while this is not uncommon for the CE, SE 314 

typically requires significantly more power to saturate. Therefore, further studies are needed to assess 315 

the dominant DNP mechanism between solid- and cross-effect including higher endogenous radical 316 

concentration and higher microwave power (i.e., gyrotron vs. klystron). Increasing the 29Si 317 

enhancement and multiple field studies may provide assessment and refinement of the finer nuances 318 

within the DNP field profile to determine which mechanism is dominant; studies are ongoing. We 319 

note that the overall field profile resembles that observed in a 29Si DNP NMR study of microparticles 320 

that were recorded at lower temperatures and magnetic fields and contained higher radical 321 

concentrations; in this case the authors attributed the behavior to a thermal mixing process [39]. 322 

	323 
 324 

Figure 2: a) X-band EPR spectra of 64 nm H-SiNP and indicated nitroxide biradicals and b) 325 

particle field-profile for 29Si direct DNP of 64 nm hydride-terminated SiNPs at 95 K with MAS 326 

frequency of 8 kHz.  327 

 328 
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 Table 2 summarizes the enhancements observed for the series of H-SiNPs investigated here. The 329 

29Si DNP NMR spectrum for the 64 nm H-SiNP is shown in Figure 3, along with an NMR 330 

(microwave off) spectrum. An enhancement of 6 was obtained for the sharp resonance at d iso ≈ -85 331 

ppm at 100 K (diso ≈ -81 ppm at 300 K) corresponding to the highly ordered (diamond lattice) 332 

crystalline SiNP core [45]. The observed change in the 29Si chemical shift of the core is consistent 333 

with our previous study of the interplay between the band gap and 29Si chemical shift, as the 64 nm 334 

particles band gap increases to 1.16 eV at 100 K vs. 1.12 eV at 300 K [68, 69].  Furthermore, a low 335 

intensity resonance that is sharper than the surface 29Si shown in Figure 1 but broader than the sharp 336 

core resonance is observed at lower frequency (diso ≈ -93 ppm) and attributed to the intermittent 337 

subsurface layer [45]. Although the enhancement is quite small, it was obtained from an endogenous 338 

radical concentration of 0.70 mM. We believe that if this radical concentration could be increased by 339 

an order of magnitude, the samples would more easily satisfy the three-spin condition for CE, leading 340 

to increased DNP enhancements.  Nevertheless, the current enhancement, providing a 36-fold 341 

reduction in experimental time, demonstrates the practicality of studying SiNP via direct 29Si DNP 342 

from the dangling bonds residing near the surface of the H-SiNPs. Unfortunately, marginal 343 

enhancements were obtained for particles smaller than 64 nm. This may arise from lower 344 

concentrations of endogenous radicals (< 0.5 mM for 6, 9, and 21 nm H-SiNPs), as well as shorter 345 

polarization buildup times (0.05 h for 3 nm vs. > 1.3 h for 64 nm H-SiNPs) mitigating effective 29Si 346 

spin diffusion. The primary interactions responsible for the relaxation behavior of these rigid 347 

materials are a balance between 29Si-29Si homonuclear dipolar coupling and paramagnetic relaxation, 348 

whereby the smaller particles with larger surface areas are more greatly impacted by the unpaired 349 

electrons from dangling bonds. As the particle increases in size, further ordering in the diamond-350 
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lattice crystalline core causes the dangling bonds to be isolated on the surface, thereby increasing 351 

overall 29Si spin-lattice relaxation.  352 

 353 

 354 

Figure 3: Silicon-29 DNP NMR spectrum of hydride-terminated SiNPs (64 nm) with an 355 

endogenous radical acquired at a MAS frequency of 8 kHz (µW on). The corresponding 356 

spectrum acquired without microwave irradiation (µW off). Inset is the µW on spectrum 357 

vertically scaled by 6 to illustrate the surface (blue) of the H-SiNP. The 29Si resonance at -85 358 

ppm is signal from the crystalline core and the small shoulder to lower frequency (red) is 359 

subsurface [45].  360 

 361 
As the DNP process requires the ability to transfer electron polarization (radical source) to its 362 

surrounding nuclear environment, the subsequent process of nuclear – nuclear spin diffusion is also a 363 

vital component, in particular when dealing with inhomogeneous radical distributions; this is often 364 

the case when dealing with crystalline solids. Recently, Wittman et al. described a detailed study 365 

looking at endohedral fullerene, N@C60 sparsely diluted in C60 to understand the spin-diffusion 366 

barrier under MAS DNP conditions [70]. Thus, they determined electron driven spin-diffusion 367 

strongly polarizes the nuclei near the radical (< 15 Å), however, this region of the sample does not 368 

contribute to the NMR signal due to impacts on the chemical shifts (paramagnetic interaction) and 369 

rapid relaxation. The nuclei near the radical polarizes more efficiently at slower spinning frequencies 370 
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(~ 10 Å) while faster MAS improves the polarization transfer of nuclei further away (> 15 Å). This 371 

services as evidence of a long-hypothesized spin diffusion barrier [28, 70, 71 ] over which 372 

polarization must somehow cross in order to achieve long-range diffusion and thereby achieve 373 

overall polarization of the sample nuclei. Another important point they discussed through spin-374 

diffusion simulation work is that direct DNP without relay transfer through the nuclear spin network 375 

(i.e., inhibiting homonuclear spin diffusion) resulted in no bulk enhancement, as one would expect. 376 

Therefore, an efficient crossing of the diffusion barrier will lead to the ability in obtaining a larger 377 

polarization of the bulk material, although, if the spin diffusion is hampered by a low concentration 378 

of NMR active nuclear spins (e.g., 13C or 29Si as in our case), this will cause a slower build-up in 379 

DNP polarization. In the same year, Björgvinsdóttir et al. discussed an expression for non-spinning 380 

samples whereby high polarization of micrometer-sized solids may be achieved through homonuclear 381 

spin-diffusion between low-ɣ nuclei [72]. As they pointed out, homonuclear spin diffusion is often 382 

neglected for low-ɣ nuclei due to weak dipolar interaction (e.g., 29Si-29Si in SiNPs is 366 Hz, 383 

diamond structure, Fd-3m space group). Therefore, even under moderate spinning frequencies one 384 

can remove these weak couplings and mitigate spin diffusion [73]. However, only at infinite spinning 385 

frequency does the diffusion coefficient go to zero, while under MAS the authors note that one can 386 

estimate a decrease of an order or two in magnitude. 387 

How this may impact our results is difficult to directly assess due to the range of endogenous 388 

radicals (~100 to 700 ppm), distribution in the sizes of the particles (e.g., 3 ± 1 vs. 64 ± 18 nm) and 389 

definitive knowledge of the dangling bond locations (i.e. surface/subsurface region). Nonetheless, the 390 

three smallest SiNPs (3, 6 and 9 nm) satisfy the regime where the dangling bonds will influence a 391 

large portion of the 29Si nuclear spins with particle radii of 15 ± 5 Å, 30 ± 5 Å and 45 ± 5 Å; 392 

considering paramagnetic centers will have direct spherical influence up to ~25 Å [70, 74] and the 393 

surface/subsurface layers will comprise ~ the first 10 Å. Therefore, we can hypothesize an effective 394 
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electron-nuclear polarization relay to dominate with a minor nuclear spin-diffusion role. As predicted 395 

by Wittman et al., the resulting polarization enhancement for these small particles using direct 29Si 396 

DNP is poor [70]. These smaller particles may be best enhanced via indirect DNP through the 397 

introduction of exogenous organic radicals if one could circumvent their highly reactive surfaces.  398 

The larger 64 nm particle (r = 320 Å) however, demonstrates a long build-up time with a reasonable 399 

DNP enhancement of 6 of the sharp resonance assigned to the core, the minor resonance to lower 400 

frequency from the sub-surface, and the broader component nearly hidden for the surface, vide supra. 401 

Therefore, with the radicals isolated to the surface/sub-surface, the region likely to directly receive 402 

polarization from unpaired electrons is within 30 to 40 Å of the surface. Transiting the last ~280 Å 403 

towards the core would require some type of 29Si-29Si homonuclear spin-diffusion; based on the long 404 

build-up times observed for these materials, the latter process must be fairly efficient in these 405 

samples, with minimal relaxation. Although the spin diffusion will be small and slow (4.7 % natural 406 

abundance, low-ɣ), the long relaxation times assist in relaying this polarization inward. Using the 407 

approach described by Björgvinsdóttir et al. [72], the estimated 29Si spin diffusion coefficient for 408 

SiNPs is 12 nm2/s (i.e., non-spinning conditions). If we assume MAS will decrease the diffusion 409 

coefficient by 102, a potential bulk polarization gain of 90 is calculated.  In sum, our results are 410 

consistent with those of the aforementioned reports on model systems, however, further studies are 411 

essential to untangle the complex contributions related to the DNP mechanism, radical location and 412 

radical concentration in SiNPs.  413 

 414 
4. CONCLUSION 415 

In this work, we discuss two DNP NMR protocols to study a series of H-SiNPs. Using EPR, it was 416 

observed that, with the conventional DNP NMR approach, the exogenous biradical concentration was 417 

reduced significantly within minutes, hampering effectiveness in bulk materials. Thus, the reactive 418 
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nature of the hydride surfaces renders the use of exogenous radicals for indirect DNP transfer 419 

impractical for the study of H-SiNPs. Building upon DNP studies on silicon microparticles using 420 

direct 29Si DNP from intrinsic dangling bonds on the Si surface/sub-surface, we demonstrated the 421 

ability to obtain good 29Si DNP enhancements (ε = 6 for 64 nm H-SiNPs) from the low endogenous 422 

radical concentrations of < 1 mM at high magnetic fields. These promising preliminary results 423 

demonstrate the potential for direct DNP polarization transfer using endogenous radicals, followed by 424 

29Si homonuclear spin-diffusion into the core of the particle assisted by long spin-lattice relaxation 425 

values. Future developments in surface modification to control dangling bond formation as well as 426 

size control may lead to further gains in sensitivity and the interplay between radical-nuclear 427 

polarization transfer and low-ɣ homonuclear spin diffusion.  428 
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