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Abstract

Replacement of protons by deuterons in the glassing solvents led to 2–3-fold improvement of

the 13C dynamic nuclear polarization (DNP) solid-state NMR signal for samples doped with large

electron spin resonance (ESR) linewidth free radicals galvinoxyl, DPPH, and 4-oxo-TEMPO.

Meanwhile, the reverse effect is observed for 13C DNP using small ESR linewidth free radicals

BDPA and trityl OX063.

In vivo and in vitro nuclear magnetic resonance spectroscopy (MRS) and imaging (MRI) of

nuclei with relatively low gyromagnetic ratio γ such as 13C is challenging due to the

inherently low Boltzmann thermal polarization. Dynamic nuclear polarization (DNP)

amplifies the NMR signal by transferring the high electron thermal polarization to the

nuclear spins via microwave irradiation at low temperature (close to 1 K) and high magnetic

field (>1 T).1 The invention of the dissolution method in DNP2 in 2003 extended the

application of this technique in chemistry3 and biomedical MRS/MRI4 by producing highly

polarized solutions at physiological temperature with several thousand-fold NMR signal

enhancement.

Various factors related to the DNP hardware as well as the sample composition can have

strong effects on the absolute DNP enhancements. Experimental data show that lowering the

operating temperature and increasing the magnetic field of the polarizer would yield

higher 13C nuclear polarization.5 Free radicals that have narrow ESR linewidth (D) appear

more favorable in the DNP of low-γ nuclei such as 2H, 13C, and 89Y.6,7 The inclusion of

trace amounts of Gd3+ in the DNP sample has also been shown to improve the nuclear

polarization.8–10 It was reported in a previous study that deuteration of the glassing solvents

of 13C samples doped with TEMPO free radical approximately doubled the nuclear

polarization.11 Based on this paper, it is becoming customary to use deuterated glassing

matrices regardless of the type of free radical polarizing agent. The goal of the present work,

therefore, was to study the influence of deuteration of the glassing matrix on 13C DNP
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samples doped with different free radical polarizing agents (Fig. 1) commonly used for

dissolution DNP: BDPA, trityl OX063, galvinoxyl, DPPH, and 4-oxo-TEMPO.12–14

13C DNP experiments were perfomed using free radicals with different ESR linewidths in

non-deuterated (ND), partially deuterated (PD), and fully deuterated (FD) glassing matrices

(Table 1). Since it is difficult to determine the full width at half height for inhomogenously-

broadened ESR spectra of free radicals such as galvinoxyl, DPPH, and 4-oxo-TEMPO, we

define the ESR linewidth D of the free radicals as the width from 2 % height from the base

of ESR spectra in absorptive mode. Based on this criterion, the W-band ESR linewidths of

BDPA, trityl OX063, galvinoxyl, DPPH, and 4-oxo-TEMPO measured at 100 K are 63

MHz, 115 MHz, 250 MHz, 290 MHz, and 465 MHz, respectively (ESI).

The locations of the optimum microwave irradiation frequencies, namely the positive P(+)

and negative P(−) polarization peaks, for 13C DNP samples at 3.35 T and 1.1 K with ND and

FD glassing matrices are displayed in the microwave DNP spectra in Fig. 2. In the case

of 13C samples doped with 4-oxo-TEMPO, only half of the DNP spectra could be recorded

(Fig. 2e) due to the limited sweepable bandwidth of the microwave source (93.9–94.3 GHz).

Inspection of a full 13C DNP spectrum of [13C]acetate sample doped with TEMPO from a

previous work revealed that the separation between P(+) and P(−) is about 330 MHz.15 As

expected based on data published for TEMPO, samples doped with the large D free radicals

such as galvinoxyl, DPPH, and 4-oxo-TEMPO displayed improvement in the relative 13C

NMR intensity of the DNP spectra with a FD glassing matrix. However, 13C DNP spectra of

samples doped with narrow linewidth free radicals BDPA (Fig 2a) and trityl OX063 (Fig.

2b) showed significant decreases in the NMR intensity in deuterated matrices. Except for the

NMR intensity, there is no dramatic change in the locations of P(+) and P(−) or the shape of

the 13C DNP spectra with ND and FD glassing matrices.

To make an accurate quantitative comparison of the effect of deuteration on 13C DNP, the

relative maximum nuclear polarizations (Fig. 3) were determined for each radical by

normalizing the maximum solid-state hyperpolarized NMR signal (average of N=3 trials) to

the DNP-enhanced 13C polarization obtained in ND glassing matrix. The relative 13C

polarization buildup curves (ESI) for each sample were obtained in triplicate with

microwave irradiation frequency set at P(+). The 13C polarization was reduced to about a

half with full deuteration of the glassing solvents when narrow D radicals BDPA and trityl

OX063 were used (Figs. 3a and 3b, respectively) while for 13C samples doped with large D

free radicals galvinoxyl (D=250 MHz), DPPH (D=290 MHz), and 4-oxo-TEMPO (D=465

MHz), considerable improvements in the 13C polarization were observed in deuterated

glassing mixtures. The largest increase was observed for DPPH, where deuteration led to

almost a 3.5-fold amplification of the 13C polarization. As expected, partial deuteration

resulted in an intermediate effect for all radicals. Similar increases were observed for solid-

state MAS-DNP with deuterated solvents and deuterated proteins using nitroxide-based

radicals, albeit with a different mechanism mainly involving nuclear relaxation.16,17 In our

case at low temperatures close to 1 K, the effect of deuteration on the DNP enhancement can

be qualitatively explained using a simplified thermodynamic description of thermal mixing,

the dominant mechanism of DNP expected under our current experimental conditions.
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Thermal mixing occurs when the ESR D is greater than or comparable to the nuclear Larmor

frequency, and the electron dipolar system (EDS) and nuclear Zeeman system are in thermal

contact because the electron dipolar energy <De> matches with the nuclear Zeeman energy

<Zn>.1,18 The ESR linewidth of nitroxyl radicals is generally larger than the 1H Larmor

frequency (143 MHz at 3.35 T) and therefore, it is expected that the EDS and the nuclear

Zeeman system involving all NMR-active nuclei in the sample (1H, 2H and 13C) are in

thermal contact.1,18 The specific heat capacity (CZ) of the nuclear Zeeman system is

approximately given by CZ~NΩn
2 where N is the number of nuclear spins.18 Since

CZ(2H)<CZ(1H), replacement of 1H (γ=42.577 MHz/T) by 2H (γ=6.536 MHz/T) spins

leads to lower total specific heat capacity for the nuclear Zeeman system. As a consequence,

in thermal mixing, the EDS can “cool down” the 13C Zeeman system to a lower spin

temperature. Evidence of thermal mixing as the predominant DNP mechanism for 1H

and 13C in TEMPO-doped samples was shown in a previous work11 and the same trend is

expected for DNP with galvinoxyl and DPPH. However, for the free radicals BDPA and

trityl OX063, the ESR D is not large enough to cover the the proton Larmor frequency and

consequently 1H DNP is expected to proceed mainly via solid effect.19 Thus, the 1H nuclear

Zeeman system is not thermally coupled to EDS and does not or barely contributes to the

total nuclear Zeeman system heat load. On the other hand, it was shown in previous

works7,20,21 that low-γ nuclear spins such as 13C, 15N, 2H, and 89Y, could be polarized at

the same microwave frequency using trityl OX063, characteristic of thermal mixing. When

protons are replaced by deuterons in the glassing matrix, the 2H spins (Ωn=21.9 MHz) will

be in thermal contact with the EDS, adding to the total nuclear Zeeman system heat load.

Glassing solvent deuteration for samples doped with narrow ESR D free radicals would lead

to higher 13C spin temperature.

In conclusion, we have shown that deuteration of the glassing matrix increases the 13C

polarization of samples doped with free radicals that have ESR D comparable to or larger

than the 1H Larmor frequency such as galvinoxyl, DPPH, and 4-oxo-TEMPO. This is

attributed to the lower heat capacity of the deuteron Zeeman system compared to protons.

However, glassing solvent deuteration is not recommended for DNP with free radicals that

have narrow ESR linewidth such as BDPA and trityl OX063 where the proton Zeeman

system has little or no contact with EDS. In this case, deuteration would only add more heat

load to the nuclear Zeeman system, resulting in lower 13C polarization. These observations

can be generalized to optimize sample preparation for other cases as well. If the target

compound for DNP is ionic, the NMR active nuclei of the counterion will have an effect on

the maximal polarization depending on the Larmor frequency and the ESR linewidth of the

radical used. For example, in the case of BDPA and trityl OX063, the ammonium ion,

NH4
+, would likely be superior to 23Na, since the protons of the ammonium would not

couple to the EDS and the 14N would have a significantly lower heat capacity than 23Na.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Structures of the free radicals used in this work.
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Fig. 2.
13C DNP spectra of frozen samples with non-deuterated (ND) and fully deuterated (FD) glassing matrices doped with a) BDPA,

b) trityl OX063, c) galvinoxyl, d) DPPH and e) 4-oxo-TEMPO taken in the HyperSense polarizer at 3.35 T and 1.1 K using a

100 mW microwave source. The up and down arrows indicate the locations of the positive P(+) and negative P(−) polarization

peaks, respectively. Note that only half of the 13C DNP spectra of samples doped with 4-oxo-TEMPO are shown due to the

limited frequency sweep bandwidth of the microwave source.
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Fig. 3.
Relative DNP-enhanced 13C polarization of frozen DNP samples with non-deuterated (ND), partially deuterated (PD), and fully

deuterated (FD) glassing matrices doped with a) BDPA, b) trityl OX063, c) galvinoxyl, d) DPPH, and e) 4-oxo-TEMPO taken at

3.35 T and 1.1 K. The error bars are standard deviations of N=3 trials for each sample. See Table 1 and ESI for details of the

composition of samples.
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