
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 23, 2023

13C Dynamic Nuclear Polarization using SA-BDPA at 6.7 T and 1.1 K
Coexistence of Pure Thermal Mixing and Well-Resolved Solid Effect

Radaelli, Alice; Yoshihara, Hikari A.I.; Nonaka, Hiroshi; Sando, Shinsuke; Ardenkjær-Larsen, Jan Henrik;
Gruetter, Rolf; Capozzi, Andrea

Published in:
Journal of Physical Chemistry Letters

Link to article, DOI:
10.1021/acs.jpclett.0c01473

Publication date:
2020

Document Version
Early version, also known as pre-print

Link back to DTU Orbit

Citation (APA):
Radaelli, A., Yoshihara, H. A. I., Nonaka, H., Sando, S., Ardenkjær-Larsen, J. H., Gruetter, R., & Capozzi, A.
(2020). 

13
C Dynamic Nuclear Polarization using SA-BDPA at 6.7 T and 1.1 K: Coexistence of Pure Thermal

Mixing and Well-Resolved Solid Effect. Journal of Physical Chemistry Letters, 11(16), 6873-6879.
https://doi.org/10.1021/acs.jpclett.0c01473

https://doi.org/10.1021/acs.jpclett.0c01473
https://orbit.dtu.dk/en/publications/dc16f39d-e6e4-4c89-a3e8-b826f3d29c15
https://doi.org/10.1021/acs.jpclett.0c01473


Supporting Information 

Dynamic Nuclear Polarization using SA-BDPA at 6.7 T 

and 1.1 K: deconvolution of pure thermal mixing and 

well-resolved solid effect on 13C 

Alice Radaelli,† Hikari A. I. Yoshihara,† Hiroshi Nonaka, § Shinsuke Sando,§ Jan Henrik 

Ardenkjaer-Larsen,‡ Rolf Gruetter,† and Andrea Capozzi, †,‡,* 

†Laboratory for Functional and Metabolic Imaging, EPFL, Switzerland 

‡Department of Health Technology, Technical University of Denmark, Kgs. Lyngby, Denmark 

§Department of Chemistry and Biotechnology, The University of Tokyo, Japan 

Corresponding Author 

*Andrea Capozzi, PhD 

EPFL SB IPHYS LIFMET 

CH F0 632 (Bâtiment CH), Station 6 

CH-1015 Lausanne 

T: +41 21 693 05 88; Email: andrea.capozzi@epfl.ch 

 

mailto:andrea.capozzi@epfl.ch


Experimental methods 

Sample preparation 

SA-BDPA was synthesized following the procedure described by Haze et al.1 Our preparation 

showed a  UV-vis absorbance maxima at 508 nm and 881 as previously reported.1 250 mg of 

[13C]urea (Sigma-Aldrich, Buchs, SG, Switzerland) was dissolved in 320 µL of a 50:50 (v/v) 

solution of water:glycerol. The urea concentration was measured to be 8.4 M. Either 60 or 120 

mM of SA-BDPA (nominal concentration, mw = 817.82 g/mol), or 30 mM trityl AH111501 (GE 

Healthcare, Denmark A/S) was then dissolved in the urea solution by sonication at 40 °C. The 

three samples are referred to as SA60, SA120 and TR30, respectively. 

Radical concentration measurements 

Being SA-BDPA synthesized in house, we checked the real SA-BDPA concentration in the sample 

solution via electron spin resonance (ESR) measurements. We used BDPA as calibration standard. 

A stock solution of 180 mM BDPA (Sigma-Aldrich, Buchs, SG, Switzerland) dissolved in 

polyethylene glycol (PEG) 400 was prepared and appropriately diluted with PEG 400 to obtain 

three more solutions containing 120, 60 and 30 mM of BDPA, respectively. X-band ESR 

measurements were performed on a MiniScope MS 400 spectrometer (Magnettech GmbH, 

Germany) at 77 K, using a quartz liquid nitrogen Dewar (Magnettech GmbH, Germany). The 

acquisition parameters were set to: 20 mT magnetic field range, 20 s sweep time, 0.2 mT field 

modulation amplitude, 1 kHz field modulation rate, 0.1 mW microwave power. For each BDPA 

concentration, four ESR spectra were collected on four different 7 μL frozen pellets of solution. 

This procedure was repeated on three different sets of samples. The second integral of each ESR 

spectrum was calculated. A calibration curve was then drawn by fitting the experimental data mean 



for each concentration to a linear curve; the error on each data point was the corresponding 

standard deviation (see Figure S1). A 7 μL drop was taken from the SA60 and SA120 sample 

solution and frozen into a pellet in liquid nitrogen. After transfer to the quartz Dewar, an ESR 

spectrum was acquired using the same experimental parameter employed for the calibration and 

the double integral calculated. Finally, the latter was divided by the slope value reported in Figure 

S1. Measurements were repeated three times, and the values in the main text are expressed as mean 

± S.D. 

 

Figure S1. BDPA calibration curve. The linear fit of the experimental points yielded a calibration slope of 153.9 ± 7.0 
mM-1. Fit accuracy was R2 = 0.992. 

 

LOD-ESR measurements 

LOD-ESR measurements were performed at 6.7 T, 1.1 K following methods previously 

described.2 On all three samples, the ESR spectrum was measured twice by sweeping over the 

microwave frequency in steps of 5 MHz. At each frequency step, microwaves were switched on 



and off at a rate of 5 Hz (lock-in demodulation frequency). The average signal intensity was then 

plotted against the microwave frequency. The T1e was measured by recording the full evolution of 

the ESR signal as a function of time upon microwave power chopping. In this case, the 

demodulation frequency was decreased to 0.4 Hz for the SA- BDPA samples and to 0.2 Hz for the 

AH111501 sample. The recorded curves were then fit to the function 𝑆𝑆 = 𝐴𝐴�𝑒𝑒𝑒𝑒𝑒𝑒(−𝑡𝑡 𝑇𝑇1𝑒𝑒⁄ ) −

𝑒𝑒𝑒𝑒𝑒𝑒(−𝑡𝑡 𝜏𝜏⁄ )�; with S, A and τ respectively the ESR signal intensity, a proportional constant and the 

pickup coil time constant. Measurements were repeated three times, and the values in the main 

text are expressed as mean ± S.D. 

 

DNP experiments 

All solid-state 13C NMR acquisitions were performed at 6.7 T, 1.1 K using a Varian INOVA 

console (Palo Alto, CA, USA). The 13C DNP microwave frequency profile was acquired by shining 

microwaves on the sample for 30 min at each frequency. After acquiring an NMR spectrum with 

a 5° hard pulse, the signal was saturated with a train of 50,000 5° hard pulses at a rate of 50 kHz. 

For all samples, a full polarization build-up was monitored by applying a 2° hard pulse every 5 

min. On the SA-BDPA samples, the sweeps and build-ups were repeated for three different 

microwave frequency modulation amplitudes (peak-to-peak): 0, 10 and 25 MHz, at a modulation 

rate of 1 kHz. 

The 13C urea signal enhancement was measured in liquid state at 37 °C. When maximum 

polarization was achieved in the solid state, the sample was rapidly dissolved with 8 mL 

D2O+EDTA and manually transferred over approximately 10 s in a 5 mm NMR tube. The NMR 

tube was subsequently placed in a 9.4 T vertical bore magnet (Agilent, Palo Alto, CA, USA), and 



the hyperpolarized signal decay recorded by applying a 5° hard pulse every 3 s. after complete 

relaxation of the signal, 10 μL of gadodiamide (50 mM) was added to the sample to shorten the 

nuclear spin lattice relaxation time T1n. The thermal signal was then measured by averaging 400 

scans with a TR of 2 s and the same flip angle as for the hyperpolarized measurement. The 

enhancement was calculated as the ratio between the hyperpolarized and the thermal signal. These 

measurements were repeated three times on the SA120 sample, twice on the TR30 sample, and 

once on the SA60 sample. For samples where repeated measurements were performed, 

polarization level and build-up time are expressed as mean ± S.D., otherwise 10 % error was 

attributed to the experimental values. 

 

Estimation of minimum interradical distance 

3-dimensional molecular models of SA-BDPA and trityl AH111501 were generated using 

MarvinSketch (ChemAxon, Budapest, HU). For each radical, two copies were manually fit in a 

close-packing interaction without steric clashes using PyMOL (https://pymol.org).  Side chain 

conformational flexibility and electrostatic interactions were not taken into account when 

generating these models. Stereoscopic images of the packed radical pairs and van der Waals 

(Connolly) surfaces were generated with ChimeraX (http://www.rbvi.ucsf.edu/chimerax). In these 

models, the SA-BDPA radicals are separated by 9Å and the AH111501 radicals by 10.5Å, but 

closer packing may be possible taking conformational flexibility into account.  

 

 

 

https://pymol.org/
http://www.rbvi.ucsf.edu/chimerax


 

 

Additional results 

Evaluation via ESR of SA-BDPA concentration in DNP samples 

Following methods described above the nominal concentration for the SA60 and SA120 samples 

was accurate within 10% error. 

 

DNP buildup at different microwave frequency modulation amplitude 

 

Figure S2. representative 13C polarization buildup curves at 6.7 T, 1.1 K of the SA60 (on the left) and SA120 (on the 
right) samples at the three investigated microwave frequency modulation amplitudes. 

 

 

 

 



Molecular dimensions of SA-BDPA and trityl AH111510 

 

 

Figure S3. SA-BDPA 2D and 3D molecular structure. Manual docking of two molecules was used to estimate the 
shortest distance between two radical centers (AB = 9 Å). Bottom image in cross-eye stereo. 



 

 

Figure S4. Trityl AH111510 2D and 3D molecular structure. Manual docking of two molecules was used to estimate 
the shortest distance between two radical centers (AB = 10.5 Å). Bottom image in cross-eye stereo. 
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