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ABSTRACT 1 

In the past 15 years, magic angle spinning (MAS) dynamic nuclear polarization (DNP) solid-state 2 

has emerged as a method to increase the sensitivity of high-resolution solid-state NMR 3 

spectroscopy experiments. Recently, g-irradiation was used to generate significant concentrations 4 

of homogeneously distributed free radicals in a variety of solids. Both g-irradiated quartz and 5 

glucose showed significant MAS DNP enhancements. Here, g-irradiation is applied to twelve small 6 

organic molecules to test the applicability of g-irradiation as a general method of creating stable 7 

free radicals for MAS DNP experiments on organic solids and pharmaceuticals. Concentrations of 8 

radicals in the range of 0.25 mM to 10 mM were observed in irradiated glucose, histidine, malic 9 

acid, and malonic acid, and significant 1H DNP enhancements of 32, 130, 19, and 11 were 10 

obtained, respectively, as measured by 1H→13C CPMAS experiments. However, concentrations 11 

of free radicals below 0.05 mM were generally observed in organic molecules containing aromatic 12 

rings, preventing sizeable DNP enhancements in those molecules. DNP sensitivity gains for 13 

several of the irradiated compounds exceed that which can be obtained with the relayed DNP 14 

approach that uses exogeneous polarizing agent solutions and impregnation procedures. In several 15 

cases, significant 1H DNP enhancements were realized at room temperature. This study 16 

demonstrates that in many cases g-irradiation is a viable alternative to addition of stable radicals 17 

for DNP experiments on organic solids. 18 



 

 

Graphical Abstract 1 
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Introduction 4 

  Solid-state nuclear magnetic resonance (SSNMR) spectroscopy is a powerful technique 5 

for probing the structure and dynamics of both amorphous and crystalline solids. However, NMR 6 

is an intrinsically insensitive technique, primarily due to the minute differences in the Boltzmann 7 

population of the nuclear spin states. The sensitivity of SSNMR spectroscopy is further reduced 8 

because many NMR-active nuclei of interest have low natural isotopic abundance (e.g., 13C, 15N, 9 

17O, etc.), longitudinal relaxation time constants (T1) are often on the order of minutes or hours in 10 

the solid-state, and a variety of mechanisms lead to broadening of solid-state NMR signals.  11 

 Due to the efforts of Griffin and co-workers, magic angle spinning (MAS) dynamic nuclear 12 

polarization (DNP) has emerged as a technique that can routinely increase the sensitivity of 13 

SSNMR experiments by one to two orders of magnitude.1-5 MAS DNP has been used to enhance 14 

sensitivity and enable multi-dimensional solid-state NMR experiments on samples such as      15 

nanomaterials,6-8 biosolids,9-14 pharmaceuticals,15-18 and inorganic solids.19-24 MAS DNP 16 

experiments require the presence of unpaired electron spins that can serve as the source of 17 

enhanced nuclear spin polarization. The most common technique for introducing the necessary 18 

unpaired electrons into the sample is to impregnate the sample with or dissolve it in a suitable 19 

solution (e.g. glycerol/water, tetrachloroethane, etc.) containing exogeneous polarizing agents that 20 



 

 

usually contain nitroxide groups (e.g. TOTAPOL, TEKPOL, AMUPol, etc.),6 although, other 1 

types of radicals are also known.6, 25-27 Unfortunately, some materials are sensitive towards the 2 

solvents and/or polarizing agents. For example, impregnation of theophylline and other 3 

pharmaceuticals with solvents used for DNP experiments was observed to cause polymorphic 4 

phase transformations.15, 18 Reactions between free radicals and various samples have also been 5 

observed.28-35  Another potential problem arises when the analyte is insoluble in the radical 6 

solution. In such cases, the radicals will be restricted to the surface of the material, resulting in 7 

preferential enhancement of surface NMR signals, which is often a desirable feature of MAS DNP 8 

experiments.4, 30, 36-37 In favorable cases, nuclear spin diffusion may relay polarization from the 9 

surface to sub-surface or bulk spins;21, 24, 38-39  however, hyperpolarization of nuclear spins in the 10 

bulk is limited by the spin diffusion rate and longitudinal nuclear spin relaxation, both of which 11 

are intrinsic properties of the material under study.  For all of these reasons, there is a need for 12 

alternative approaches to prepare materials for DNP experiments that can eliminate the need for 13 

solvents and exogeneous polarizing agents and more efficiently polarize the bulk region of 14 

materials.  15 

An alternative to the addition of an exogenous polarizing agents is to use endogenous free 16 

radicals or to directly introduce a radical source within the bulk of the sample. Previously, DNP 17 

has been performed on materials that contain intrinsic radical centers such as silicon,34, 40-44 coal,45-18 

46 diamond,47-48 and various metals/conductors.49-50 Another technique is to synthetically dope the 19 

samples with a radical, either with an EPR-active metal ion (e.g., Mn2+, Gd3+, Cr3+, etc.)22, 51-59 or 20 

by tethering a nitroxide radical to the analyte.30, 32, 60-64 However, these approaches often require 21 

synthetic modification of each sample on a case by case basis. Significant concentrations of free 22 

radicals have previously been introduced into organic solids by using electrical discharge65-66 or 23 



 

 

ionizing radiation,67-73 with several of these studies also describing DNP experiments on the 1 

irradiated materials. In fact, there is a long history of small organic molecules such as alanine and 2 

sucrose being used as EPR-based radiation dosimeters.70, 74-79 Neutron-, electron beam-, or γ- 3 

irradiated organic solids were utilized for some of the earliest DNP NMR experiments at low fields, 4 

ultra-low temperatures, and without sample rotation.80-84 Recently, we showed that high-field 5 

MAS DNP could be performed on γ-irradiated glucose and quartz.85 MAS DNP enhancements of 6 

400 and 36 were realized for direct excitation 29Si NMR of quartz and 1H→13C cross polarization 7 

(CP) NMR of glucose, respectively. The large enhancements in quartz allowed a natural abundance 8 

29Si-29Si refocused INADEQUATE experiment. DNP enhancements of ca. 120 were even seen at 9 

room temperature for γ-irradiated quartz. Perras et al. were able to accurately calculate the 29Si 10 

DNP enhancement of γ-irradiated quartz using an ab initio computational framework that takes 11 

into account spin diffusion between thousands of 29Si atoms.86 12 

Here, we investigate the generality of γ-irradiation to create stable radicals in organic 13 

samples of relevance to pharmaceutical science. A variety of γ-irradiated organic solids were found 14 

to possess mM concentrations of free radicals and exhibited sizable 1H MAS DNP signal 15 

enhancements. We discuss limitations and benefits intrinsic to this method and compare the 16 

sensitivity of DNP-enhanced solid-state NMR experiments on irradiated materials and traditional 17 

impregnated samples. In several cases DNP sensitivity gains for the irradiated compounds exceed 18 

that which can be obtained with exogeneous polarizing agents and impregnation procedures. 19 

Importantly, for several γ-irradiated organic solids significant DNP enhancements were obtained 20 

at room temperature. 21 

 22 
23 



 

 

Results and Discussion:  1 
 Samples. The small organic molecules chosen for this study can be fit into two categories:  2 

samples without and with aromatic rings (Figure 1). These materials have an array of uses, such 3 

as food additives, pharmaceutical excipients, and drugs. The two cocrystals of the pharmaceutical 4 

denoted GDC-022 (fumaric acid and phosphoric acid) were designed for treatment of autoimmune 5 

diseases.18 Samples were chosen such that they covered a diverse set of chemical structures to 6 

investigate the generality of γ-irradiation to create stable free radicals for MAS DNP. 7 

 8 

 9 

Figure 1. Chemical structures of organic compounds in this study. 10 

γ-Irradiation. Each of the molecules in Figure 1 was subjected to the same standard 11 

procedure: 1) the powdered solids were γ-irradiated at Brookhaven National Laboratory to 12 

generate free radicals, 2) X-band electron paramagnetic resonance (EPR) was used to determine 13 

the concentration of radicals and provide insight into their identity and 3) for samples showing 14 

significant amounts of free radicals MAS DNP NMR experiments were performed. Throughout 15 

the entire process the samples were handled in air. The compounds were γ-irradiated using a Co-16 

60 source which can accommodate up to 4 samples at a time. The dose rate of γ-irradiation was 17 



 

 

ca. 6.1 kGy/hr on this system and the samples are typically irradiated for 4 hours. The exception 1 

is histidine hydrochloride monohydrate, which was γ-irradiated at ca. 8 kGy/hr for 4 hours. 2 

Recently, we have shown that γ-irradiated quartz and glucose are amenable to the creation of stable 3 

radicals suitable for MAS DNP.85 Quartz and glucose required different amounts of irradiation 4 

necessary to create the optimal DNP conditions. After a ca. 32 kGy  dose of γ-irradiation, glucose 5 

had the highest radical concentration without sacrificing any NMR linewidth.85 Consequently, a 6 

24 kGy dose of γ-irradiation was chosen as the standard amount of radiation for the series of 7 

organic solids tested here. The only exception is that the glucose used for the room-temperature 8 

DNP experiment was γ-irradiated with a ca. 17.5 kGy dose. 9 

Electron Paramagnetic Resonance Spectroscopy. After γ-irradiation, the samples were 10 

shipped back to Iowa State University and analyzed using continuous-wave (CW) EPR to 11 

determine radical concentration (Figure 2). Radical concentrations and the field setting were 12 

calibrated using a standard sample of γ-irradiated quartz.85, 87-88 Previously, γ-irradiated glucose 13 

was determined to possess a 1-4 mM concentration radicals, depending on the dose of radiation.85 14 

Of the 11 γ-irradiated samples tested here, malic acid and malonic acid had comparable or higher 15 

radical concentrations as compared to glucose, while the rest had sub-mM radical concentrations 16 

(Figure 2, Table 1). In addition, malic and malonic acids had higher radical concentrations as 17 

compared to the related maleic and oxalic acids, which both have only unsaturated carbon atoms. 18 

All of the dicarboxylic acids showed complex EPR spectra with hyperfine couplings from proton 19 

spins dominating the spectrum. For the samples containing phenyl groups or aromatic rings, they 20 

all had fairly low radical concentrations and typically had a broad featureless peak in the EPR 21 

spectrum. Salicylic acid is one notable exception of an aromatic compound that shows some larger 22 

hyperfine couplings. Many of the γ-irradiated samples tested here have been previously studied by 23 



 

 

EPR spectroscopy, with a summary of the previously proposed radical species summarized in the 1 

Supplemental Information (Figure S1) and further discussed below.89-101  2 

Generally speaking, transfer of energy from the incident ionizing (gamma) radiation causes 3 

an electron to be ejected from a molecule in the sample, leaving behind a molecular cation radical 4 

bearing a "hole", or electron vacancy. Within a few picoseconds or less, the molecular cation 5 

radical transfers a proton to a neighboring molecule to become a neutral molecular radical that is 6 

subsequently detected in our experiments. The other product is a closed-shell protonated molecular 7 

cation that is not detectable in this experiment. The ejected electron typically has 10-100 eV of 8 

excess kinetic energy, so it comes to rest some distance away from the hole. Although the kinetics 9 

are slow in the solid phase, a large fraction of the initially-formed electrons and holes are 10 

subsequently annihilated via recombination, but generally speaking there is no path that leads to 11 

biradicals. Therefore, there is no reason to believe that g-irradiation creates radical pairs or clusters 12 

of free radicals in most cases. However, oxalic acid dihydrate is hypothesized to form a biradical 13 

upon irradiation (see below). 14 

γ-irradiated glucose is proposed to have two stable carbon-centered radicals, denoted RI-15 

A and RII-C.89-101 γ- and X-ray irradiation of histidine hydrochloride monohydrate was proposed 16 

to lead to formation of a carbon-centered radical via deamination.92 Malic acid is known to lose a 17 

hydroxide during γ-irradiation.97 The CH2 group of malonic acid loses a hydrogen atom during γ-18 

irradiation,96 although other radicals are seen at low temperature.94 Maleic acid is proposed to form 19 

a radical of the form HOOC-H2C-•CH-COOH during irradiation at room temperature,90 although 20 

carboxyl and vinyl radicals are seen to form when irradiated by either γ- or X-rays at 77 K.91 γ-21 

irradiated oxalic acid dihydrate forms the oxalate biradical, and the hyperfine splittings come from 22 

the waters of hydration.93, 101 While no report was found for studying the impact of γ-, electron 23 



 

 

beam, or X-ray irradiation on salicylic acid, it is known to produce small amounts of radicals when 1 

exposed to either heat100 or UV light.99 Four different radicals were proposed for formation under 2 

γ-irradiation for sulfathiazole, although there is no strong evidence for any of them.95 Theophylline 3 

was shown to be stable against radical formation upon electron beam irradiation.98 Naphthalene, 4 

as well as many other aromatic compounds, is fairly unresponsive to γ-irradiation.89 It is well 5 

known that aromatic rings can absorb the radiolytic energy from γ-irradiation, resulting in 6 

excitation instead of ionization, explaining why only low radical concentration were observed in 7 

these materials.89, 102-104 Ionizing radiation with a higher linear energy transfer (LET) such as 1H, 8 

4He, or 12C heavy ion irradiation are known to produce higher yields of H2 in aromatic samples,104 9 

suggesting a possible path forward to introducing higher concentrations of radicals for DNP in 10 

aromatic molecular solids. 11 



 

 

 1 
Figure 2. Room temperature continuous-wave X-band EPR spectra of γ-irradiated organic 2 
molecules. The concentration of free radicals is indicated next to each spectrum.  3 
 4 
 Dynamic Nuclear Polarization NMR. In order to perform DNP with a fixed frequency 5 

gyrotron the field of the NMR magnet must be adjusted to enable microwave irradiation to occur 6 

at the correct part of the EPR spectrum. Typically, the magnetic field is set to obtain positive 7 

maximum 1H DNP enhancements with nitroxide biradicals (set as 0 ppm in Figure 3, which 8 



 

 

approximately corresponds to g = 2.004).105 Carbon-centered radicals typically have an isotropic 1 

g-value of ca. 2.002, therefore if the cross-effect (CE) is the dominant DNP mechanism, we 2 

anticipate that the optimal magnetic field value for DNP must be increased as compared to the 3 

optimal field value for nitroxide radicals. Indeed, the DNP field sweep profiles of all g-irradiated 4 

samples studied showed broad matching conditions, with maxima in the DNP enhancements 5 

obtained at a higher magnetic field than is used for nitroxide radicals (Figure 3). Interestingly, all 6 

of the samples for which a field sweep was performed had a maximum near +1600 ppm (9.418 T), 7 

which approximately corresponds to microwave saturation at g ~ 2.001-2.000, i.e., on resonance 8 

saturation of carbon centered radicals. This is promising in that a field sweep may not be necessary 9 

for all samples, which drastically improves the throughput of the experiments since field sweep 10 

DNP experiments are generally very time consuming.  For several samples (maleic acid, oxalic 11 

acid, sulfathiazole, salicylic acid, and the GCD-022 cocrystals), no field sweep was performed and 12 

the samples were tested with the magnetic field offset of ca. +1600 ppm. Despite the lack of a full 13 

field sweep profile, maleic acid and oxalic acid each had large DNP enhancements (Figure 4 and 14 

Table 1).  15 

Considering the breadth of the DNP field sweep profiles, the observation of negative DNP 16 

enhancements that are similar in magnitude to positive DNP enhancements (Figure 2 and Figure 17 

S2), and the fact that DNP enhancements are maximized when microwave saturation occurs on 18 

resonance with the electron spins, we conclude that the cross effect (CE) must be the primary DNP 19 

mechanism active in these samples.1 The CE requires dipole-coupled electron spins. For example, 20 

the CE is optimized for nitroxide monoradicals dissolved in frozen solution when the radical 21 

concentration is around 40 mM.  Therefore, it is somewhat surprising to see significant DNP 22 

enhancements in many irradiated solids considering that g-irradiation is primarily hypothesized to 23 



 

 

yield monoradicals (see Figure S1 and discussion above) and the radical concentrations are less 1 

than 4 mM in all samples. Therefore, DNP is likely driven in the irradiated solids by a small 2 

fraction of radical centers that happen to be proximate to another radical center to enable the CE. 3 

This hypothesis could explain why only solids with long 1H T1 show sizeable DNP enhancements; 4 

in solids with shorter 1H T1, the time for 1H spin diffusion of hyperpolarization from CE active 5 

radical pairs and for accumulation of hyperpolarization will be limited.17, 21, 38, 39, 55, 57 6 

 7 

 8 
 9 
Figure 3. DNP field sweep profiles for malic acid (blue), glucose (yellow), histidine (orange), and 10 
malonic acid (gray). DNP enhancements were normalized to fit on the same scale. The magnetic 11 
field offset of 0 ppm corresponds to the field setting that gives a positive maximum DNP 12 
enhancement with nitroxide biradicals.  13 
 14 
 Large 1H→13C CP DNP enhancements were obtained for a number of γ-irradiated organic 15 

samples (Figure 4, Table 1). Enhancements from malic acid (ε = 19), malonic acid (ε = 11), and 16 

oxalic acid (ε = 67) were comparable to the enhancements for γ-irradiated glucose (ε = 32). A DNP 17 

enhancement of at least 144 was realized for γ-irradiated maleic acid and 130 for γ-irradiated 18 

histidine. However, several of the samples exhibited low or no DNP enhancements (sulfathiazole, 19 

salicylic acid, GDC-022 fumaric acid cocrystal, and GDC-022 phosphoric acid cocrystal). These 20 



 

 

samples are ones that had low radical concentrations and no detailed DNP field sweep was 1 

performed. Some also had relatively short 1H T1, on the order of tens of seconds. The lack of DNP 2 

enhancements in these samples is not surprising as there is a minimum number of radicals 3 

necessary for DNP to be effective, as discussed above. One point of note is that the 1H  DNP build-4 

up time (TDNP) or 1H T1 (measured without microwave irradiation) is clearly an important factor in 5 

the magnitude of the DNP enhancement. Samples with longer T1/TDNP had the largest 6 

enhancements (histidine, oxalic acid, and maleic). Even sulfathiazole and salicylic acid, which had 7 

low radical concentrations, exhibited minor DNP enhancements due to their long T1. Impregnation 8 

and relayed DNP is likely the superior method for those samples.38, 106 9 

 10 

 11 
Figure 4. 1H→13C CPMAS solid-state NMR spectra of several γ-irradiated organic compounds. 12 
Spectra were obtained with microwaves to drive DNP (red) or without DNP (blue). DNP 13 
enhancements are indicated. Spinning sidebands are denoted asterisks. 14 
 15 
 16 

17 



 

 

Table 1: Radical concentrations, Relaxation Time Constants, 1H→13C CPMAS DNP 1 
Enhancements and 13C NMR Sensitivity for Experiments Performed at 100 K.  2 
Sample Radical 

Concentration 
(mM) 

TDNP (s)a T1 (s)a εDNPb S13C 
(min-1/2)  

Glucose 
-γ-irrad 

2 130 - 32 155 

Glucose 
-TEKPOL/TCE 

32 350 - 30 48 

Malic Acid  
-γ-irrad 

10 50 70-120 19 446 

Malic Acid  
-TEKPOL/TCE 

32 500 2,800 26 95 

Malic Acid  
-No radicals 

0 - 2,000 - 5 

Histidine HCl H2O 
-γ-irrad 

0.25 900 - 130 539 

Histidine HCl H2O 
-TEKPOL/TCE 

32 350 1,400 18 75 

Malonic Acid  
-γ-irrad 

2.5 40 46 11 741 

Malonic Acid  
-No radicals 

0 - 200 - 30 

Oxalic Acid  
-γ-irrad 

0.05 >9,000 - 67 184 

Maleic Acid  
-γ-irrad 

0.05 >5,000 - 144-
240 

414 

Sulfathiazole 
-γ-irrad 

0.05 >1,400 >1,000 2.4 4 

Salicylic Acid  
-γ-irrad 

0.025 >20,000 - 6 10 

GDC-022 Fumaric 
Acid cocrystal 
-γ-irrad 

0.05 20 30-50 1 5 

GDC-022 Phosphoric 
Acid cocrystal 
-γ-irrad 

0.025 15 170 2 6 

Theophylline Form II 0.025     
Naphthalene 0.00015     

aTDNP was measured with DNP-enhanced saturation recovery experiments. T1 was measured with saturation recovery 3 
experiments without DNP and, where indicated, on samples which did not contain any radicals. All saturation recovery 4 
curves were adequately fit with mono-exponential functions, despite the fact that signal build-up is likely multi-5 
exponential. However, for samples with TDNP/T1 values on the order of thousands of seconds it is challenging to 6 
measure spectra with delays of 3-5 ×T1. Therefore, there is likely a significant uncertainty in the larger T1/TDNP values. 7 
b 13C CPMAS spectra obtained with and without microwave irradiation are shown in Figures S8-S11 for sulfathiazole, 8 
salicylic acid, GDC-022 / fumaric acid cocrystal and GDC-022 / phosphoric acid cocrystal.   9 
 10 



 

 

 We evaluated the effectiveness of radicals created by γ-irradiation for DNP with the 1 

following two criteria: 1) the radicals created by γ-irradiation must be stable over the long term 2 

(weeks or months) and 2) the sensitivity and resolution of the DNP-enhanced 13C CPMAS SSNMR 3 

spectra obtained from irradiated materials should be comparable to the spectra obtained from the 4 

same material prepared by incipient wetness impregnation (IWI)37-38 technique.  5 

To the first point, EPR spectroscopy indicates that a sample of γ-irradiated histidine had 6 

no reduction in radical concentration over the course of storage for two years at room temperature 7 

in air (Figure S3). Likewise, we previously observed that the free radicals of γ-irradiated glucose 8 

were similarly long-lived.85 Although we have not investigated all materials in detail, we have the 9 

sense that the free radicals in nearly all γ-irradiated solids are stable for months if not years. For 10 

example, the samples of γ-irradiated glucose we used for experiments here was originally g-11 

irradiated in 2017 and was stored in a refrigerator when not in use. 12 

There is a factor of 3-6 overall gain in NMR sensitivity (S = signal-to-noise ratio × 13 

(experiment time)–1/2) for three of the g-irradiated samples tested (glucose, histidine, and malic 14 

acid, Table 1, Figure S4-S7) as compared to spectra obtained from samples prepared by the 15 

standard IWI method. Impregnated histidine is frequently used as a setup sample for DNP 16 

experiments in our laboratory. A detailed discussion on the reproducibility of the sensitivity in a 17 

sample of IWI histidine over the course of more than 20 sample formulations can be found in 18 

Figure S12. As compared to the IWI method, there is a minor broadening in the baseline of a 19 

couple of samples, mainly noticeable in g-irradiated samples with higher radical concentration, 20 

such as malic acid (Figure 5C) and glucose γ-irradiated with a 81 kGy dose.85  Malonic acid also 21 

showed broadening in the baseline of peaks as compared to a sample without the addition of 22 

radicals (Figure S6). The broadening is most likely from 13C in the vicinity of the radical defects.  23 



 

 

 Comparing malic acid and malonic acid before and after γ-irradiation shows that DNP on 1 

the irradiated materials provides 90-200 times improved sensitivity, showing the utility of DNP 2 

(Figures S5 and S6). The introduction of radicals, both from γ-irradiation and IWI, also reduces 3 

the T1 of the sample. For example, in malic and malonic acid the T1 (measured without DNP) 4 

decreases by approximately 5-10 times due to γ-irradiation. TDNP is shorter than the T1 due to 1H 5 

homonuclear spin diffusion and sample heating during the application of the microwaves,38, 107 6 

which may account for the slight perceived enhancement in sulfathiazole, salicylic acid, or the 7 

GCD-022 / phosphoric acid cocrystal. Reducing the T1 or TDNP allows scans to be performed more 8 

rapidly, which naturally increases the sensitivity.  9 

 10 

 11 
Figure 5. A) Comparison of linewidths for γ-irradiated histidine (red) with IWI DNP histidine 12 
(blue) impregnated with 16 mM TEKPOL in TCE. Spectra are scaled to the same intensity to 13 
illustrate the similarity of the linewidths. B) Comparison of intensity for γ-irradiated histidine (red) 14 
and histidine impregnated with 16 mM TEKPOL in TCE (blue). The spectra of the g-irradiated 15 
and IWI sample were obtained with 1 scan and recycle delays of 1000 s and 500 s. The intensity 16 
for the IWI sample is scaled by 2 to account for the difference in recycle delays. C) Comparison 17 
of intensity for γ-irradiated malic acid (red) with IWI DNP malic acid (blue) impregnated with 16 18 
mM TEKPOL in TCE. 19 

 20 

Room-temperature DNP. To date there have only been a few instances of room-21 

temperature MAS DNP.45, 49, 108 In general, for MAS DNP to succeed, the electron and nuclear 22 

spins need to be hosted in a rigid lattice that affords long nuclear and electron relaxation time 23 



 

 

constants; at room temperature, many solids exhibit rotational or translational motions that result 1 

in reduced nuclear and electron relaxation times. We showed that γ-irradiated quartz had room-2 

temperature 29Si DNP enhancements of approximately 120,85 likely because quartz is a rigid solid 3 

at room temperature, which results in long electron and nuclear T1. Likewise, Hope, Emsley, Grey 4 

and co-workers observed 17O DNP enhancements of 320 at room temperature for Gd-doped 5 

ceria.109  6 

Here, we tested room-temperature MAS DNP on four of the γ-irradiated samples that 7 

showed the highest DNP enhancements at 100 K: maleic acid, malic acid, glucose, and oxalic acid. 8 

Of them, three showed significant room-temperature DNP enhancements (Table S1) with the best 9 

enhancement of 8 obtained with maleic acid, while enhancements of 4 and 1.6 were measured for 10 

malic acid and glucose, respectively. Of the three, maleic acid had the longest 1H T1 at room 11 

temperature (Table S1), likely explaining why it provided the largest DNP enhancements. 12 

 13 
Figure 6. Room-temperature MAS DNP of g-irradiated (A) maleic acid, (B) malic acid, (C) and 14 
glucose.  15 

16 



 

 

Conclusions 1 

In conclusion, we have shown that g-irradiation can create µM to mM concentrations of 2 

stable free radicals in a variety of organic solids, consistent with the observations of prior studies.67-3 

73 In many of the g-irradiated organic solids the radicals can be used for indirect DNP 1H→13C 4 

CPMAS experiments. Despite the relatively low radical concentrations, significant 1H DNP 5 

enhancements were realized in histidine, salicylic acid, and sulfathiazole. Higher absolute NMR 6 

sensitivities were observed for several of the irradiated solids as compared to relayed DNP 7 

experiments on samples prepared with IWI of nitroxide biradical solutions. Therefore, g-irradiation 8 

can potentially provide significant DNP enhancements and NMR sensitivity gains in organic 9 

molecules without the need for sample grinding to reduce particle sizes or the introduction of 10 

exogenous solvents or radicals to the sample, steps which can cause unwanted phase 11 

transformations in some instances.15,18 Importantly, significant room-temperature 1H DNP 12 

enhancements were realized for g-irradiated maleic acid, malic acid and glucose. 13 

The most significant weakness of using γ-irradiation for creating radicals is that it does not 14 

consistently create a high concentration of radicals in all compounds tested. Furthermore, limited 15 

access to γ-irradiation sources is also a hindrance. However, stable free radicals in organic solids 16 

could also possibly be obtained with X-ray irradiators or medium-energy (1-10 MeV) electron 17 

accelerators. While high energy radiation sources are not standard laboratory equipment, they can 18 

often be found in university science departments or medical centers, and are in industrial use for 19 

sterilization and polymer curing or modification systems. Future studies should investigate the use 20 

of other high energy photon/particle sources to create stable free radicals for DNP. 21 

Samples with aromatic rings proved more resistant to forming stable radicals, most likely 22 

due to the radiolytic energy being mostly funneled into excited states of the aromatic ring or 23 



 

 

through electron-hole recombination. In a few of the samples no DNP enhancement was observed, 1 

likely due to the combination of radical concentrations below 0.05 mM and/or TDNP/T1 shorter than 2 

60 s. Further study is needed to determine if different types of ionizing radiation, such as heavy 3 

ion irradiation, could be used to increase radical concentrations in aromatic compounds.104 For 4 

samples with low radical concentrations and/or intrinsic T1 values below 100 s, MAS DNP at 5 

temperatures below 70 K using helium for sample cooling could provide a way to increase the 6 

increase DNP enhancements by prolonging 1H T1.110-114 7 

 8 

Experimental 9 

 Materials. Glucose, malonic acid, maleic acid, malic acid, salicylic acid, oxalic acid, and 10 

sulfathiazole were purchased from Sigma-Aldrich Inc. and used without further purification. 11 

Histidine hydrochloride monohydrate (histidine) was purchased from Chem-Impex International 12 

Inc. The GDC-022 API cocrystal formulations were provided by Genentech Inc.18 Irradiated 13 

organic solids were kept in the refrigerator, except for histidine, which was kept in a drawer at 14 

room temperature. Even at room temperature, there was no sign of a loss of radicals even over the 15 

course of 1.5 years for irradiated histidine (Figure S2).  16 

γ-Irradiation of Materials. All samples were gamma-irradiated using the Co-60 source of 17 

the Accelerator Center for Energy Research (ACER) at Brookhaven National Laboratory, as 18 

described in reference 85. The dose rate was approximately 6.1 kGy/hr.  19 

EPR Spectroscopy. Room temperature X-band CW EPR was performed on an ELEXSYS 20 

E580 EPR system. g-factors were determined from an external standard of γ-irradiated quartz, 21 

which has g = 2.0003.87 Attenuation of the microwave power was calibrated on each sample, but 22 

20 dB was the optimal value for all samples.  23 



 

 

Solid-state NMR Spectroscopy. 263 GHz/400  MHz DNP solid-state  NMR spectroscopy 1 

was  performed  on  a  commercial  Bruker  MAS DNP  system.115 The sample temperature was 2 

ca. 105 K for this system, unless indicated otherwise. A Bruker 3.2 mm MAS DNP probe 3 

configured in double resonance mode was used for most experiments. The MAS frequency was 4 

10 kHz and 3.2 mm sapphire rotors were used. Field sweep DNP experiments on glucose and malic 5 

acid (Figure 2) and measurements of DNP enhancements for histidine and malonic acid (Figure 6 

S2) with the main magnetic field set for optimal negative DNP enhancements were performed with 7 

a Bruker 1.3 mm MAS DNP probe116  configured in double resonance mode. The MAS frequency 8 

was 12.5 kHz and 1.3 mm rotors were used. γ-irradiated samples were packed directly into 3.2 mm 9 

sapphire or 1.3 mm zirconia rotors without any further modification. Sample preparation for IWI 10 

samples followed established procedures.37-38 Approximately 30 mg of the ground organic solid 11 

was impregnated with 15 μL of a 16 mM TEKPOL tetrachloroethane solution.117 Approximately 12 

30 W and 26.5 W of microwave power was used for γ-irradiated and IWI samples, respectively. 13 

1H→13C cross-polarization (CP) contact times of 500 μs was used for all CP experiments. A 90% 14 

to 100% linear ramp was used to broaden the Hartmann-Hahn match condition during the 1H spin-15 

lock pulse. Cross polarization radiofrequency fields of approximately 100 and 70 kHz were applied 16 

on 1H and 13C, respectively. SPINAL-64 heteronuclear 1H decoupling118 with a 100 kHz 17 

radiofrequency field  was applied during 13C signal acquisition. 1H longitudinal relaxation time 18 

(T1) and DNP build-up time (TDNP) constants were measured through 13C-detected CP experiments 19 

and fit to a mono-exponential function. Fitting of saturation recovery curves to mono-exponential 20 

functions was performed with the relaxation module of the Bruker Topspin 3.6 software. Recycle 21 

delays of approximately 1.3 x T1 were then used for all subsequent CP experiments. 22 

 23 
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