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Abstract 

Thanks to instrumental and theoretical development, notably the access to high-power and high-frequency 

microwave sources, high-field dynamic nuclear polarization (DNP) on solid-state NMR currently appears 

as a promising solution to enhance nuclear magnetization in many different types of systems. In magic-

angle-spinning DNP experiments, systems of interest are usually dissolved or suspended in glass-forming 

matrices doped with polarizing agents and measured at low temperature (down to ~100 K). In this work, 

we discuss the influence of sample conditions (radical concentration, sample temperature, etc.) on DNP 

enhancements and various nuclear relaxation times which affect the absolute sensitivity of DNP spectra, 

especially in multidimensional experiments. Furthermore, DNP-enhanced solid-state NMR experiments 

performed at 9.4 T are complemented by high-field CW EPR measurements performed at the same 

magnetic field. Microwave absorption by the DNP glassy matrix is observed even below the glass transition 

temperature caused by softening of the glass. Shortening of electron relaxation times due to glass softening 

and its impact in terms of DNP sensitivity is discussed.  
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1. Introduction  

 Dynamic nuclear polarization (DNP) is a hyperpolarization technique that transfers the larger 

polarization of electron spins to nuclear spins by microwave (w) irradiations near the electron spin 

resonances [1-5]. High-field DNP has been demonstrated to enhance sensitivity by one to two orders of 

magnitude for solid-state nuclear magnetic resonance (SSNMR) experiments. This high-field DNP work is 

indebted to the recent developments of high-power, high-frequency microwave sources (gyrotrons) [6-11], 

transmission lines [11-14], low-temperature magic-angle-spinning (MAS) probes [13,15,16] and efficient 

polarizing agents [17-19] (TOTAPOL [20], bTbK [21], etc.) [22-26]. Griffin and co-workers demonstrated 

DNP experiments at 5 T [27-30] in the 1990’s and the applicable magnetic fields have, since then, been 

extended to 9 [31], 14.1 [32] and recently 16.4 T [33]. DNP enhancement factors vary depending on various 

factors such as the sample temperature and the magnetic field. Typical DNP enhancement factors in 1H–

13C cross-polarization (CP) MAS experiments using the biradical TOTAPOL have been reported in the 

range of 20 – 80 on small organic molecules [25,34,35] and 20 – 30 on membrane proteins [36-38] at ~100 

K and 9.4 T. 

 The DNP enhancement factor (DNP) mentioned above is measured by comparing the NMR spectra 

acquired with and without w irradiation, usually in 1D experiments. However, for most of the applications 

of DNP, the only relevant factor to consider is a signal-to-noise ratio (S/N) per unit time available in 

multidimensional experiments. DNP indeed contributes to enhancement of S/N in DNP experiments, but 

other factors such as signal bleaching, DNP build-up time, spectral linewidths, etc. also contribute 

positively/negatively to S/N per unit time [39-41]. Thus, all of these factors need to be considered to 

evaluate effective DNP enhancement. 

 We have recently introduced a parameter dubbed the ‘absolute sensitivity ratio (ASR)’ to evaluate 

the effective DNP enhancement [40]. The ASR is experimentally obtained by comparing the S/N per unit 

time for a DNP experiment and a conventional SSNMR experiment. For conventional SSNMR, higher 

magnetic fields and different probes can easily be used to gain higher sensitivity. This fair comparison is 

extremely important to evaluate the actual usefulness of DNP and has already started to be used in the DNP 
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community [42-44]. The ASR can be rationalized by eight different factors that contribute to the effective 

DNP enhancement as follows: 

exseqweightLWbleachT1TDNPASR           (1) 

where T is the gain due to performing the measurement at a low temperature (increase of magnetization 

due to the Boltzmann distribution and the reduction of thermal noise), T1 takes into account the different 

repetition times for DNP and conventional NMR experiments, bleach is the factor accounting for signal 

bleaching, LW is the ratio of the linewidths, weight is the ratio of the effective sample weights, seq is the 

ratio of the effective magnetization after decays during the pulse sequence, and ex is the factor allowing 

extra effects (e.g. when using a different probe, magnetic field, etc.). 

 In MAS-DNP experiments, samples of interest are usually dissolved [29,30,45-47] or suspended 

[36-38,48-57] in glass-forming matrices (containing water and a cryo-protectant such as glycerol or DMSO) 

doped with polarizing agents and measured at low temperature (typically down to ~100 K). All the above 

factors are strongly dependent on the sample conditions (sample temperature, solvents and cryo-protectants, 

radical concentration, etc.). Therefore, the sample condition carefully needs to be adjusted to optimize these 

factors. It is important to note that seq can be a major factor for the reduction of an ASR when performing 

multidimensional experiments that contain refocused evolution (refocused INADEQUATE [58], SAR-

COSY [59], etc.) and/or spin-locking periods, since decay parameters such as refocusable transverse decay 

times (T2’) [58,60] and spin-locking decay times (T1) are strongly affected by the sample condition 

[35,61,62]. 

 In this paper, we discuss various effects on the above parameters in order to optimize an ASR for 

DNP-enhanced multidimensional SSNMR experiments performed using a glassy-matrix. We will 

demonstrate that apparent linewidths, usually broader at low temperatures, can conceal a global shortening 

of other nuclear decay times, which can have deleterious effects on multidimensional experiments. 

Application of these studies is demonstrated on natural-abundance cellulose using 2D refocused 

INADEQUATE. Moreover, we complement our 9.4 T DNP experiments by performing high-field EPR 
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experiments at this magnetic field. Notably, it is shown that the rigidity of the frozen glassy matrices needs 

to be taken into account since microwave absorption is observed even below the glass transition temperature. 

Softening of glass also results in a shortening of longitudinal relaxation times of electron spins (T1e) 

especially at high magnetic fields, which leads to a reduction of DNP efficiency.  

 

2. Materials and methods 

2.1. Sample preparation 

 The biradical TOTAPOL was synthesized according to the literature [20]. 13C-2-glycine, 13C-urea, 

and natural abundance cellulose were purchased from Sigma-Aldrich (Lyon, France). Glycine and urea 

samples were dissolved in d6-DMSO/D2O/H2O (6:3:1 in volume ratio) solutions containing TOTAPOL at 

various concentrations specified in the text below or in the figure captions. The above solutions (40 L) 

were fully packed into 3.2-mm thin-wall zirconia rotors. 50 mg of the cellulose was suspended in the above 

DNP matrix along with 10 mM of TOTAPOL and centrifuged into a 3.2-mm thin-wall zirconia rotor. The 

desired room-temperature sample was then inserted and cooled to approximately 105 K directly in the pre-

cooled DNP probehead. When needed, the sample temperature was then increased in the probehead to the 

desired value.  

 

2.2. DNP experiments 

All experiments were performed on a Bruker AVANCE™ III 400 MHz wide-bore NMR system 

equipped with a 263 GHz gyrotron, a transmission line and a low temperature (~100 K) capable triple 

resonance 3.2-mm MAS probe [25]. All data were recorded, processed and analyzed using Bruker Topspin 

3.0. The sample temperature and MAS frequency were 105 K and 8 kHz, respectively, unless otherwise 

specified. The pulse sequences are shown in Fig. 1 and were used for T2’ (
13C) measurements (a), T1 (

1H) 

measurements (b) and 2D refocused INADEQUATE experiments (c). 263-GHz microwaves (~5 W) were 

continuously irradiated throughout the DNP experiments. For all experiments, the 1H RF amplitudes were 

100 kHz for the π/2 pulses and the SPINAL-64 decoupling [63] during the evolution and detection periods 
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unless otherwise stated. The 13C CP pulse was applied at a RF field strength of 60 kHz and the 1H RF field 

strength was adjusted to 80 kHz (at maximum) to match a Hartmann-Hahn condition using a linear ramp 

with a contact time of 1 – 2 ms. The 13C hard pulses were set to 80 kHz. Other NMR parameters are specified 

in the text below. 

Precise measurement of the sample temperature relied on the protocol proposed by Thurber and 

Tycko, where the real sample temperature is shown to be phenomenologically related to the 79Br T1 

relaxation time constant in KBr [64]. A small quantity (5 mg) of KBr wrapped in Teflon was inserted at the 

bottom of the rotor, on the top of which the sample of interest was loaded as usual. The T1 relaxation time 

constant of 79Br resonance was obtained by a standard saturation-recovery experiment. 

 

2.3. High-field EPR experiments 

 CW High-field EPR spectra were recorded on a double-pass transmission EPR spectrometer 

operating in Faraday configuration at temperatures in the range of 100 K to 180 K. The DNP sample was 

placed in a Teflon cup and inserted at liquid N2 temperature in the variable temperature insert of the 

superconducting magnet. The Teflon cup is filled over a height of a few millimeters (typically ~8 mm), 

which corresponds to several wavelengths of the exciting radiation. The 285-GHz microwaves (λ~1.05 

mm) were generated by a 95 GHz Gunn diode equipped with a tripler and were transmitted via a quasi-

optical set-up [65]. The detection of microwave absorption was performed with a hot electron InSb 

bolometer. The temperature was measured with the help of a Cernox sensor placed outside the modulation 

coil at the height of the sample. In this way, the thermometer is able to indicate the heating effect due to the 

modulation when it exists. It is to note that all high-field EPR experiments were performed in a regime 

below saturation of the signal.  
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Figure 1. Pulse sequences for T2’ (
13C) measurements (a), T1 (

1H) measurements (b) and 2D refocused 

INADEQUATE experiments (c). 263-GHz microwaves (~5 W) were continuously irradiated throughout 

the entire duration of the DNP experiments. 

 

3. Results and discussion 

 The eight parameters that compose the ASR in Eq. (1) are affected by many factors (see Table 1) 

including electron and nuclear relaxation times, microwave B1 irradiation amplitude, sample temperature, 

radical concentration, etc. Herein, we assume for simplicity that the magnetic field, the type of probe, etc. 

are the same and that the sample of interest is dissolved in a given DNP matrix. Most of parameters 

contributing to ASR (given in Table 1) are affected by radical concentration and sample temperature directly 

and/or indirectly. In this work, therefore, we will focus on the influence of these two experimental 

parameters on the measured ASR.  

CP

CP

/2



 

1H

13C

Decoupling DecouplingCP

CP

/2



 

1H

13C

Decoupling Decoupling

CP

CP

/2



 

1H

13C

Decoupling



 

/2 /2

t1 t2

CP

CP

/2

1H

13C

Decoupling

Decoupling

Spin-lock

on/off

(a)

(b)

(c)



 8 

Table 1. Parameters directly affecting the various ASR contributions. 

 Relevant parameters 

DNP 

Electron and nuclear relaxation times, w B1e, 

polarizing agents, etc. 

T Boltzmann factor, thermal noise 

T1 Nuclear relaxation times (T1n) 

bleach Radical concentration, etc. 

LW Apparent linewidths (1/T2*) 

weight
a Solubility 

seq Relaxation parameters (T2’, T1, etc.) 

ex N. A. 

a This becomes larger when using a suspension method. 

 

3.1. Measurement of refocused transverse decay times in frozen solutions 

 The apparent transverse decay time, T2*, determines LW (see Table 1). Apparent spectral 

linewidths (1/T2*) for frozen solutions are typically much broader than for powdered solids. For instance, 

the 13C linewidth of the -carbon peak of glycine in a frozen DMSO/water solution is 240 Hz in the absence 

of paramagnetic doping at ~100 K and 9.4 T (compare this to a linewidth of 49 Hz measured at 9.4 T and 

room temperature on powdered glycine). This broadening of the lines in frozen solutions corresponds to 

conformational distribution frozen at a low temperature [66]. This is one of the major limitations of the 

DNP approach, especially for biomolecular systems, which thus needs to be tackled by, for example, sparse 

isotopic labeling strategies. However, this inhomogeneous broadening has another potential risk as it can 

hide the influence of paramagnetic doping on the transverse relaxation times of nuclear spins. In such a 

situation, radical concentrations cannot be optimized by analysis of the apparent linewidths of the samples 

of interest. 
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 The transverse NMR signal decay resulting from conformational distribution, which leads to an 

inhomogeneous line-broadening, can be ‘refocused’ by introducing an echo period into the pulse sequence 

as illustrated in Fig. 1(a) for the 1D 13C-CPMAS pulse sequence [58]. This sequence can be used to 

indirectly measure T2’. T2’ is not affected by inhomogeneous (refocusable) interactions such as the chemical 

shift distribution but is affected by heteronuclear dipolar couplings (and thus the [in]efficiency of 1H 

decoupling) and paramagnetic doping. Consequently, T2’ is typically much longer than T2*. In order to truly 

observe the influence of paramagnetic doping, the efficiency of 1H decoupling first needs to be analyzed.  

Figure 2 shows the dependence of the peak height on the 1H decoupling during the echo period 

using the pulse sequence in Fig. 1(a) on 2M 13C-urea and 0.1 M 13C-2-glycine with 20 mM TOTAPOL in 

d6-DMSO/D2O/H2O (6:3:1 by volume). Constant durations for the echo periods of 9.0 and 5.4 ms were 

chosen for urea and glycine, respectively. Two types of 1H decoupling, CW decoupling (open symbols) and 

SPINAL-64 (filled symbols), were used during the echo period. As expected, SPINAL-64 is a more efficient 

decoupling technique. For the carbonyl group of urea (circles), where there are no 1H spins directly bonded, 

relatively low power decoupling (90 kHz) is required to effectively suppress 13C –1H dipolar couplings, 

whereas over 120 kHz of decoupling strength is needed for the C group of glycine (triangles) where two 

1H spins are covalently bonded. Therefore, with sufficient 1H decoupling, the peak height reaches a plateau 

where the T2’ of 13C is mainly affected by paramagnetic doping. Herein, we use 100 (for urea) and 120 kHz 

(for glycine) of SPINAL-64 1H decoupling during the echo period for T2’ measurements, used to discuss 

the effects of radical concentration and sample temperature.  
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Figure 2. Influence of 1H decoupling strength during an echo period (Fig. 1a). The samples are 2M 13C-

urea (circles) and 0.1M 13C-2-glycine (triangles) with 20 mM TOTAPOL in d6-DMSO/D2O/H2O (6:3:1 by 

volume) in a 3.2-mm thin-wall zirconia rotor. Open and filled symbols represent CW and SPINAL-64 

decoupling, respectively.  

 

3.2. Optimization of radical concentration for multidimensional DNP experiments 

 Figure 3(a) shows the variation of T2’ for the urea sample at various TOTAPOL concentrations as a 

function of the echo time using the pulse sequence in Fig. 1(a). Drastic reduction of T2’ is seen even at a 

low concentration of 10 mM (T2’ = 13 ms, cf. T2’ = 46 ms at 0 mM TOTAPOL). In the absence of relaxation, 

the optimal echo period in the refocused INADEQUATE, shown in Fig. 1(c), should be approximately 15–

30 ms based on a J-coupling of 30 – 60 Hz. At 0 mM TOTAPOL concentration, T2’ is about 46 ms, which 

translates into a polarization transfer efficiency of 72 % at 15 ms echo time and 52 % at 30 ms. The addition 

of polarizing agents leads to a reduction of the refocused transverse dephasing time. For instance at 10 mM 

TOTAPOL concentration, T2’ is about 10 ms which translates into 32 and 10 % of polarization transfer 

efficiencies at 15 and 30 ms, respectively. For 60 mM TOTAPOL concentration, magnetization decays very 

rapidly, which prohibits efficient implementation of 2D experiments utilizing refocused evolutions. Note 

that in Figure 3(a) dephasing curves can be fitted by mono-exponential curves, which suggests that the 
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detectable nuclear spins are uniformly affected by paramagnetic doping.  

 The dependence upon TOTAPOL concentration of T1 (
1H), T1 (

1H), T2’ (
13C) and T2* (13C) on the 

urea sample is shown in Fig. 3(b). The pulse sequence in Fig. 1(b), with a 1H spin-locking field of 80 kHz 

and no 13C decoupling, was used to measure the T1 of the 1H spins. All parameters except for T2* drop 

dramatically as the concentration of TOTAPOL increases. This suggests that T1, T1 and T2’ are dominated 

by paramagnetic effects, even at low radical concentrations for which the DNP enhancement factor is 

suboptimal. On the contrary, T2* appears insensitive to radical concentration up to high biradical 

concentration (60 mM in this case). The broadening of the lines is mainly inhomogeneous (i.e. it can be 

refocused by a Hahn-echo) for low radical concentration and arises from a chemical shift distribution of 

the molecules trapped in the frozen solution. It is worth noting that the observed linewidths do not change 

until T2’ becomes equal to T2* (at 60 mM in this case). Apparent linewidths are thus not a relevant parameter 

in the optimization of radical concentration, especially when performing multidimensional NMR 

experiments. 

For multidimensional NMR experiments, seq in Eq. (1) can be a major factor in the reduction of an 

ASR, particularly when the pulse sequence contains refocused evolution and/or spin-locking periods during 

which specific time constants have to be considered. In this case, we need to consider the cumulative effect 

of the DNP enhancement and the decays as a function of radical concentration. In order to evaluate such 

effects, it is convenient to use the reduced form of the ASR (ASRr), described in our previous paper [40]. 

This ASRr keeps certain factors constant and thus permits the detailed analysis of the effects of the other 

parameters.   

 To observe the radical concentration dependence for a glassy DNP matrix (by comparing samples 

with and without polarizing agents at the same temperature), a ASRr can be written as: 

seq
radical
LWbleachT1DNP

exweight
T
LWT

r
weight,exT,

ASR
ASR 





       (2) 

where 
T
LW  and 

radical
LW  are the parameters accounting for line-broadening caused by low temperature and 
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radical doping, respectively. As seen above, 
radical
LW   is negligible for frozen solution samples at a low 

concentration of polarizing agents (below 60 mM in this case). In a refocused INADEQUATE experiment, 

the signal-decay factor during the pulse sequence (seq) is mainly composed of factors caused by T1 and 

T2’ decays ( T2'T1seq    ). Thus, Eq. (2) can be rewritten as 

T2'T1bleachT1DNP
r

weight,exT,ASR    .  (3) 

 Figure 3(c) shows the cumulative effect of the factors in Eq. (3) which were obtained 

experimentally. Squares represent DNP and the effect of T1 is added to it and indicated by crosses. Likewise, 

bleach, T1 and T2’ are included cumulatively and their added effects are represented by triangles, filled 

circles and open circles, respectively. DNP is maximal at 20 mM and slowly decreases with increase of 

TOTAPOL concentration, while DNP·T1 increases with the TOTAPOL concentration and reaches a 

maximum of 148 at 60 mM. Signal bleaching is an important factor to be considered for DNP experiments 

[35] and the optimum concentration becomes 10 mM when it is included. Finally, T1 decay and especially 

T2’ decay in this case reduces signal intensities. The effective DNP enhancement after the inclusion of both 

these parameters (
r

weight,exT,ASR  ), when compared to the sample without TOTAPOL at the same 

temperature, is represented by open circles and optimal at 10 mM TOTAPOL concentration.  
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Figure 3. (a,b) Concentration dependence of relaxation parameters on 2M 13C-urea in d6-DMSO/D2O/H2O 

(6:3:1 by volume) with various TOTAPOL concentrations at a sample temperature of 105 K. (c) The 

cumulative effects of the factors from (b) as found, for example, in a refocused INADEQUATE experiment. 

Squares, crosses, triangles, filled circles and open circles represent DNP, DNP·T1, DNP·T1·bleach, 

DNP·T1·bleach·T1, DNP·T1·bleach·T1·T2’, respectively. The right y-axis in (c) is used for the data 

represented by crosses. Lines are used as guides only. 
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Taking into account the discussions above, a 2D refocused INADEQUATE experiment was 

demonstrated on natural-abundance semi-crystalline cellulose in a glass-forming solution (the same DNP 

solution as above experiments). Semi-crystalline cellulose was suspended in the DNP matrix at 10 mM 

TOTAPOL. T2’ was 26 ms that is long enough to perform NMR experiments that employ refocused 

evolutions (the total echo period used for the 2D experiment was 16 ms). The spectrum in Fig. 4 was 

obtained in 7 hours and all one-bond correlations of cellulose are seen and indicated by solid lines. Though 

signals from amorphous regions are broad and less intense, some of correlations of amorphous cellulose 

are also observed in the same spectrum indicated by dotted lines.  

 

Figure 4. A DNP-enhanced 13C–13C 2D refocused INADEQUATE spectrum of natural-abundance semi-

crystalline cellulose in d6-DMSO/D2O/H2O (6:3:1 by volume) containing 10 mM TOTAPOL recorded at 

105 K. The spectrum was obtained in 7 hours with a recycle delay of 8 s and 16 ms (in total, 4) of echo 

periods at a MAS frequency of 8 kHz. 64 scans were accumulated for each t1 point (the number of complex 

t1 points is 24 and the total t1 evolution time is 1.5 ms). The experimental data were apodized with 100 and 
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200 Hz of exponential line-broadening in t2 and t1 dimensions, respectively. The projection is shown on top. 

 

3.3. Effects of sample temperature in glassy solutions 

Temperature also changes sample conditions and influences DNP, T, T1 and seq in Eq. (1). bleach 

could potentially be affected by sample temperature but there was no clear influence of the temperature for 

the experiments reported here. Figure 5 (a) reports the effect of the sample temperature on the same set of 

parameters as the radical concentration dependence above (i.e. DNP enhancement factor and nuclear time 

decays T1, T1, T2’, T2*). All parameters except for T2* appear sensitive to temperature variation and decay 

when the sample temperature increases from 100 to 160 K. The change in slope of the T1 and T2’ curves 

around 140 K most probably reflects the approach of the glass transition temperature, in agreement with 

literature [67]. 

This tendency is similar to that seen on the radical concentration where all the parameters are 

dominated by paramagnetic effects. For the temperature dependence, however, glass condition additionally 

needs to be considered since glass becomes softer as the temperature increases even below the glass 

transition temperature (around 140 K in our case). Softening of glass causes shortening of nuclear and 

electron relaxation times by molecular motion as well as microwave absorption by the glassy solution. Both 

phenomena will result in severe reduction of DNP efficiency and are specifically discussed in the section 

3.4. 

Similarly to the section 3.2, ASRr for sample-temperature dependence in a glassy DNP matrix (by 

comparing to the without-TOTAPOL sample at 105 K) can be expressed as 

seqbleachT1
T(105K)

T
DNP

exweightT(105K)

r
weight,exT(105K),

ASR
ASR 










 .  (4) 

Here again, LW  is neglected since T2* does not change in this temperature range in a frozen solution as 

seen in Fig. 5(a). T(105K) is the gain from Boltzmann distribution at 105 K (reduction of thermal noise is 

neglected herein for convenience.). Figure 5(b) shows the cumulative effect of the factors in Eq. (4) in the 

same sense as above for the concentration dependence. The effective DNP enhancement (compared to the 
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without-TOTAPOL sample at 105 K) is represented by open circles. The same symbols are used as Fig. 

3(c) and open squares are added to represent DNP·(T/T(105K)). 

 It is very important to stress again that DNP does not represent a “real gain” of a DNP experiment 

especially when performing multidimensional experiments. Sample conditions such as radical 

concentration, sample temperature and DNP matrices need to be optimized by measuring an ASR.  

 

Figure 5. (a) Temperature dependence of relaxation parameters on 2M 13C-urea in d6-DMSO/D2O/H2O 

(6:3:1 by volume) doped with 20 mM TOTAPOL. (b) The cumulative effects of (a). Filled squares, open 

squares, crosses, triangles, filled circles and open circles represent DNP, DNP·(T/T(105K)), 

DNP·(T/T(105K))·T1, DNP·(T/T(105K))·T1·bleach, DNP·(T/T(105K))·T1·bleach·T1, 

DNP·(T/T(105K))·T1·bleach·T1·T2’, respectively (b). The y-axes on the right are used for crosses (b). 
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Lines are used as guides only. 

 

3.4. Impact of glass softening probed by EPR  

In this study, we have used the biradical TOTAPOL that provides inhomogeneous broadening of the 

EPR spectrum, which then facilitates one of the DNP mechanisms of cross effect (CE) [23,24,68-71]. The 

field sweep profile of a DNP experiment reaches a maximum when the number of pairs of radicals which 

more or less experience the CE matching condition is maximized (Fig. 6a). DNP (the maximum intensity 

of the filed sweep profile) based on this mechanism follows B0
–1, since the number of electron-spin pairs 

experiencing the CE matching condition decreases as B0 increases, which results from inhomogeneous 

broadening caused by g-anisotropy (Fig. 6b). This field dependence (B0
–1) of DNP enhancements was 

theoretically and experimentally demonstrated at 5 and 9 T [19,71].  

A recent theoretical study by Thurber et al. shows that in addition to the B0
–1 dependence above, a 

polarization transfer time constant (from electron spins to nuclear spins) is dependent on the magnetic field 

as B0
3  [72]. This is based on the level crossing model for MAS-DNP experiments [72,73]. A longer time 

constant at a higher magnetic field will lead to smaller DNP enhancement provided that the other parameters 

(T1e, T1n, etc.) are the same. However, such parameters also depend on the magnetic field and on the sample 

condition (radical concentration, sample temperature, etc.) and are thus complicated to predict by theory. 

In the following, we will discuss other contributions that strongly affect the DNP efficiency but are not 

explicitly included in the theory. 
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Figure 6. (a) DNP field profile on 2M 13C-urea with 15 mM TOTAPOL in d8-glycerol/D2O/H2O (6:3:1 by 

volume) recorded at 105 K and MAS frequency of 8 kHz. (b) EPR absorption spectrum at 10 T and 101 K 

on 2M 13C-urea with 20 mM TOTAPOL in d6-DMSO/D2O/H2O (6:3:1 by volume). 

 

 Measurement of relaxation times of electron spins (T1e/T2e) is essential to improve our understanding 

of the DNP mechanism. However, such measurements are not straightforward to collect at high magnetic 

field (9.4 T in this case). In addition, DNP experiments are typically performed using radical concentrations 

one to two orders of magnitude larger than those used in EPR studies, which can significantly complicate 

data analysis. Nevertheless, even in the absence of direct measurements of electron spin relaxation times, 

their variations can be indirectly probed by measuring nuclear relaxation time decays (as long as 

paramagnetic effects significantly contribute to these nuclear time decays). In fact, nuclear time decays at 

105 K and 20 mM TOTAPOL concentration are mainly dominated by the presence of radicals as seen in 
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section 3.2.  

 As seen in Fig. 5(a), all parameters except for T2* drop drastically above around 140 K in a d6-

DMSO/D2O/H2O (6:3:1 by volume) solution, which corresponds to the glass transition temperature found 

in the literature [67]. This suggests that another relaxation mechanism appears above that temperature 

yielding significantly shorter T1e. T1n was also measured at various temperatures on the same sample as 

used for Fig. 5(a) in absence of radical doping (Fig. 7). The same tendency as in Fig. 5(a) is observed (with 

longer T1n relaxation times). These results presumably arise from molecular motion caused by softening of 

the glass. Impact of such glass softening is discussed in detail below both in terms of DNP enhancements 

(owing to shortening of T1e) and possible microwave absorption. 

 

Figure 7. Temperature dependence of proton T1 relaxation time constant in the absence of polarizing agents. 

The composition of the glassy solution is the same as for Fig. 5. 

 

As seen in Fig. 5(a), DNP drops drastically as the sample temperature increases. This may be related 

to relaxation times of electron spins. In fact, Sato et al. reported the temperature dependence of electron 

spin-lattice relaxation time (T1e) of nitroxyl radicals in glassy solutions at X-band [74]. T1e shortens rapidly 

above glass-softening temperature since the motion-dependent process (relaxation due to spin rotation and 

modulation of g and A anisotropies) becomes dominant in the relaxation mechanism.  

 At X-band and 100 K on glycerol/H2O mixture, the dominant relaxation mechanism of electron 
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spins is Raman process (
2

1e
 TT ) and modulation of g-anisotropy does not contribute to it. However, 

the effect of modulation of g-anisotropy possesses B0
–2 dependence on T1e according to the above literature 

[74], thus such modulation can be a dominant mechanism at 9.4 T or especially above even in the case of 

slow motion. Therefore, rigidity of glass, which depends on the temperature and the composition of the 

DNP solution, has to be considered for high-field DNP experiments to obtain a long T1e at high fields.  

To further investigate the temperature dependence of DNP, EPR spectra of the same sample as in 

Fig. 5(a), 20 mM TOTAPOL with 2M 13C-urea in d6-DMSO/D2O/H2O (6:3:1 by volume), was measured at 

10 T in the temperature range between 100 and 175 K (Fig. 8a). Note that microwave absorption by 

TOTAPOL radical is detected and monitored without a cavity and that the absorption occurs over several 

wavelengths on this EPR setup (Fig. 8b). It is very important to understand that this is somewhat similar to 

the setup used in MAS-DNP experiments. As the temperature increases, the signal intensity of EPR spectra 

decreases much more rapidly than the Curie Law. This is an interesting phenomenon that requires further 

investigations. 

Firstly the same experiments were repeated at X-band using a cavity where the sample was placed 

(in order to minimize E-field). In this case, the EPR signal intensities exactly followed Curie’s law (data 

not shown). At this point, we clearly wonder whether the glass softening phenomenon (discussed above) 

can explain alone the drastic decay in EPR signals intensity observed at high magnetic field in absence of 

cavity. Since the frozen solutions are slightly “softened” when approaching the glass transition they might 

lead to increased non-resonant microwave absorption and thus to a decay in CW EPR intensity. 

To prove this hypothesis, we first tried to indirectly detect the microwave absorption through the 

precise measurement of the sample-temperature increase arising when the microwave irradiation is applied. 

This temperature increase is expected to become larger when the microwave absorption is higher, e.g. at 

higher absolute temperature. The experiments performed on the urea sample were, however, not conclusive, 

as the temperature difference of the sample with and without microwave irradiation did not show any 

temperature dependence in the 100 K-160 K range. Due to this protocol being not suitable to detect 

variations in microwave absorption by the DNP matrix, under our experimental conditions, it was therefore 
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further investigated using high-field EPR at 10 T (285 GHz). The DNP matrix (same as above but without 

TOTAPOL) was placed on top of a MnO/MgO (0.01% MnO) mixture and microwaves were irradiated from 

the top (Fig. 8c). Figure 8(d) shows the experimentally obtained EPR signal intensities of MnO (filled 

circles). We then checked for a few temperature points that in absence of DNP matrix the MnO signals were 

very close to a Curie law (open circles and solid line). The discrepancy between both tendencies clearly 

indicates a variation in microwave absorption by the DNP matrix placed on the top on the MnO/MgO 

sample. This microwave absorption by glassy matrices at higher field has not been investigated due to the 

unavailability of an EPR setup at such high field. It is important to note that this phenomenon could become 

more serious at higher field. 

Finally, DNP and the calibrated EPR signal intensities of TOTAPOL (the contribution from Curie’s 

law is removed from Fig. 8(a) and therefore the main contribution is microwave absorption of the DNP 

matrix) are compared at various temperatures (Fig. 8e). They show the similar tendency as a function of 

temperature, which suggests that DNP efficiency is largely affected by microwave absorption of the DNP 

matrix. Further drop on DNP can be explained by a shortening of relaxation times of electron spins as 

discussed earlier.  

Both microwave absorption by DNP matrices and shortening of relaxation times are affected by 

the quality of the glass formed by DNP matrices. Glass rigidity is a very important factor to be considered 

to obtain large DNP. One way to improve it is obviously lowering sample temperatures, which then 

lengthens the relaxation times of electron spins and avoids microwave absorption by DNP matrices. Another 

possible way (which does not require new instrumentation developments) is matrix-free DNP (MF-DNP) 

[40,75,76] where the motion-dependent process should not be a dominant mechanism for relaxation due to 

the absence of solvents. Furthermore, microwave absorption by DNP matrices is avoided in this case. MF-

DNP has not yet been extensively studied in these aspects but it might be a favorable choice for sample 

preparation at a higher magnetic field. 
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Figure 8. (a) 285 GHz CW EPR spectra on 20 mM TOTAPOL with 2M 13C-urea in d6-DMSO/D2O/H2O 

(6:3:1 by volume) at various temperatures. (b, c) Schematic pictures of the sample tubes. Microwaves are 

irradiated into the samples and detected without a cavity. (d) Temperature dependence of 285 GHz EPR 

signal intensities of the reference sample of MnO/MgO only (open circles), and of MnO/MgO placed at the 

bottom of the glassy matrix as describe in c) (filled circles). Best fit of the reference-sample measurements 

according to Curie’s law is indicated by a solid line. (e) Temperature dependence of the normalized DNP 

enhancement of the 13C Urea signal after CP (filled circles), and calibrated 285 GHz EPR signal intensities 

of TOTAPOL in the glassy matrix (open circles).  

 

4. Conclusions 

 We have demonstrated TOTAPOL concentration and sample temperature dependence of MAS-DNP 

experiments at 9.4 T. T1, T1 and T2’ are severely affected by paramagnetic effects and glass conditions, 

whereas T2* is insensitive since it is mostly dominated by chemical shift distribution in a frozen solution. 
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All parameters that affect an effective DNP enhancement in multidimensional SSNMR experiments were 

taken into account. By choosing an adequate concentration of polarizing agents and optimizing sample 

conditions, a DNP-enhanced 13C–13C 2D refocused INADEQUATE spectrum of natural-abundance semi-

crystalline cellulose suspended in a typical DNP matrix doped with TOTAPOL was obtained in a reasonable 

experimental time.  

Furthermore, the temperature dependence of DNP experiments was rationalized with high-field 

EPR experiments on the same sample at the same magnetic field. Shortening of electron spin relaxation 

times at high field and microwave absorption by DNP matrices depend on the glass condition, which then 

affect the DNP enhancement and nuclear spin relaxation times. At higher field, these contributions might 

become larger and bring additional reduction of DNP along with the B0
–1 dependence of DNP and the B0

3 

dependence of the polarization transfer time constant. 
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