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1.

Input parameters for MAS-DNP simulations

Below is the list of parameters used in the 3 spins MAS-DNP simulations assuming isotropic relaxation
times:












3 g-values, [gx, gy, gz]
1 electron-electron dipolar coupling, 𝐷𝑎,𝑏
1 electron-electron exchange interaction, 𝐽𝑎,𝑏
1 hyperfine coupling electron-proton, 𝐴𝑎,1
14𝑁
14𝑁
3 hyperfine coupling values for e-14N, [𝐴14𝑁
]
𝑥 , 𝐴𝑦 , 𝐴𝑧
3 Euler angles for g-tensor relative orientation, Ω𝑎,𝑏 = [𝛼, 𝛽, 𝛾]
2 Euler angles for electron-proton dipolar couplings, [𝜙1 , 𝜃1 ]
2 Euler angles for electron-electron dipolar couplings [𝜙, 𝜃]
Electron longitudinal and transverse relaxation times T1e and T2e
Nuclear longitudinal and transverse relaxation times T1n and T2n
Microwave nutation frequency, 𝜔1

Table S1: (left) List of the parameters used to perform the MAS-DNP simulations reported in this work, (right) the method that
was used to measure/estimate their values.

Parameter

Evaluation method

[gx,gy,gz]

DFT calculation then HF-EPR fitting

𝑫𝒂,𝒃

DFT calculation then HF-EPR fitting

𝑱𝒂,𝒃

HF-EPR fitting

𝑨𝒂,𝟏

Fitting of the build-up time

[𝑨𝟏𝟒𝑵
, 𝑨𝟏𝟒𝑵
, 𝑨𝟏𝟒𝑵
]
𝒙
𝒚
𝒛

literature then HF-EPR fitting

𝛀𝒂,𝒃 = [𝜶, 𝜷, 𝜸]

DFT calculation then HF-EPR fitting

[𝝓, 𝜽]

DFT calculation then HF-EPR fitting

[𝝓𝟏 , 𝜽𝟏 ]

Extracted from our spin system

T1e and T2e and orientation dependence

Measured by HF-EPR

T1n and T2n

Fitting of the build-up time for T1n

𝝎𝟏

Estimated to best match the experimental and simulated
field profiles

2. Hamiltonian

The MAS-DNP simulations use the same Hamiltonian described elsewhere.1–4 The 3-spin systems are
composed of two electrons and one proton { 1H-ea-eb}. In the µw rotating frame, the time-dependent
Hamiltonian can be written as:
̂ (𝑡) = 𝐻
̂𝑍 (𝑡) + 𝐻
̂𝐻𝐹 (𝑡) + 𝐻
̂𝐷 (𝑡) + 𝐻
̂𝐽 + 𝐻
̂𝜇𝑤
𝐻
̂0 (𝑡) + 𝐻
̂𝜇𝑤
=𝐻
where
̂
̂𝑍 (𝑡) = ∑(𝑔𝑖 (𝑡)𝛽𝑒 𝐵0 − 𝜔𝜇𝑤 )𝑆̂𝑧,𝑖 + 𝑚𝐼,𝑖 𝐴𝑁
̂
𝐻
𝑧,𝑖 (𝑡)𝑆𝑧,𝑖 − 𝜔𝑛 𝐼𝑧,𝑛
𝑖
−
̂ ̂+
̂ ̂−
̂𝐻𝐹 (𝑡) = ∑{𝐴𝑧,𝑖,𝑛 (𝑡)𝑆̂𝑧,𝑖 𝐼̂𝑧,𝑛 + 2(𝐴+
𝐻
𝑖,𝑛 (𝑡)𝑆𝑧,𝑖 𝐼𝑛 + 𝐴𝑖,𝑛 (𝑡)𝑆𝑧,𝑖 𝐼𝑛 )}
𝑖

̂𝐷 (𝑡) = 𝐷𝑎,𝑏 (𝑡)(2𝑆̂𝑧,a 𝑆̂𝑧,b − 1/2(𝑆̂𝑎+ 𝑆̂𝑏− + 𝑆̂𝑎− 𝑆̂𝑏+ ))
𝐻
̂𝐽 = −2𝐽𝑎,𝑏 (𝑆̂𝑧,𝑎 𝑆̂𝑧,𝑏 + 1/2(𝑆̂𝑎+ 𝑆̂𝑏− + 𝑆̂𝑎− 𝑆̂𝑏+ ))
𝐻
̂𝜇𝑤 = ∑ 𝜔1,𝑠 𝑆̂𝑥,𝑖
𝐻
𝑖

where 𝑔𝑖 is the g-tensor value for electron i, 𝜔𝜇𝑤 the µw irradiation frequency, 𝐴𝑁
𝑧,𝑖 the secular part of the
hyperfine interaction between electron i and 14N that bears the radical, 𝜔𝑛 the nuclear Larmor frequency,
𝐴𝑖,𝑛 the hyperfine coupling between electron i and nucleus n, 𝐷𝑎,𝑏 the dipolar coupling between electrons
a and b, and 𝐽𝑎,𝑏 the exchange interaction between electrons a and b (the two radical moieties,
respectively). The µw Rabi frequency, 𝜔1 /2𝜋, is assumed to be small and is treated as a perturbation.
Evolution superoperators are calculated as described in detail in ref. [2]. The nuclear Boltzmann
enhancement is then calculated as
𝜀B (𝑁𝑡𝑟 ) =

𝑇𝑟(𝜌(𝑁𝑡r )𝐼̂𝑧 )
⁄
𝑇𝑟(𝜌(0)𝐼̂𝑧 )

3. Code Extension
The effect of moderate dipolar/J exchange interaction splitting has been accounted for in the 𝜇w rotorevents. Using the definitions presented in reference [5], only the microwave off-resonance has been
modified. For electron a or b the frequency offset becomes
𝑎/𝑏
Δ𝜔𝑎/𝑏 = 𝜔𝑎/𝑏 − 𝜔μw + 𝑚𝑠 × (𝐷𝑎,𝑏 − 𝐽𝑎,𝑏 )
Where 𝜔𝑎/𝑏 is the Zeeman frequency, 𝜔𝜇𝑤 is the microwave frequency and (𝐷𝑎,𝑏 − 𝐽𝑎,𝑏 ) is the z component
of the dipolar/exchange interaction. The splitting is reproduced by choosing randomly, for each electron
and each crystal orientation, 𝑚𝑠 = + ½ or – ½. The approach is valid for dipolar/exchange interactions that
are ~1/10 of the EPR linewidth and for temperature/field giving moderate electron polarization (<10 %).

4. Effect of the 𝝁w irradiation strength on the DNP field profile
The effect of the microwave irradiation strength/nutation frequency on the DNP field profile of AMUPol, has
been calculated and reported in figure S1. As the microwave irradiation strength is changed from 0.1 to 1
MHz, the shape of the DNP field profile is modified. Overall the width defining the positive and negative
maxima are broadened for higher microwave irradiation strength. The best match with the experimental
data was obtained for a microwave irradiation strength of 0.35 MHz.

Fig S1. Influence of microwave irradiation strength on the shape of the calculated DNP profile of AMUPol at 14.1 T. black
circles corresponds to 𝜔1 = 0.1 MHz, blue squares to 0.35 MHz, up pointing green triangles to 0.5 MHz, down pointing
red triangle to 0.75 MHz, purple diamond to 1 MHz.

This value is in line with recent prediction. 6,7

5. Effect of the magnetic Field on the DNP field profile
Figure S2 (a)/(b) represent the calculated DNP field profile of AMUPol at 9.4 T and TEKPol at 14.1 T
respectively.

Fig. S2 Calculated MAS-DNP field profile of (a) AMUPol at 9.4 T (b) TEKPol at 14.1 T.

6. Effect of the T1e orientation dependence on the DNP field profile

Figure S3 reports DNP field profiles of AMUPol at 14.1 T with or without considering the orientation
dependence of the electron relaxation times. While most of the spectral features of the DNP field profile
are maintained, the presence of T1e anisotropy clearly modifies the relative ratio between the positive and
negative parts of the DNP field profile. The experiments are better reproduced when accounting for the T1e
anisotropy.

Fig. S3 Calculated MAS-DNP field profile of AMUPol at 14.1T blue circles corresponds to a constant T1,e = 0.4 ms, red squares
considers the orientation dependence reported in the main manuscript.

7. Multi-nuclei simulation parameters
The simulations were performed using a fixed magnetic field, w frequency and MAS frequency. The model
is composed of 2 electrons and multiple protons, for which more details can be found in our previous work. 5.
The “local” protons are connected via hyperfine couplings (greater than the MAS frequency) to one of the
two electrons, and among them through dipolar couplings, which propagates the polarization from close to
distant protons via nuclear dipolar rotor events. The simulations assume the local protons are distributed
in a cone along the x-axis of the g tensor. More precisely, these protons are placed within a 4/9 solid angle
cone, in 5 equally spaced layers that provide a proton concentration close to the experimental conditions.
The four closest protons have a hyperfine coupling of ~3 MHz. The 5th layer of “local” protons is connected
to bulk protons. Each of these bulk nuclei is connected to 6 neighbouring nuclei. For each powder
orientation, the local nuclei positions are randomly computed.
Parameters for the simulations are reported in the table S2.
Table S2: parameters used for the multi-nuclei MAS-DNP simulations.

Radical
Magnetic Field (T)
w frequency (GHz)
MAS frequency (kHz)
Hyperfine coupling to the closest
protons (MHz)
Number of closest protons
Number of layers
Number of local protons
Total number of protons
Cone solid angle

TEKPol
9.403
263.73
8

AMUPol
9.404
263.73
8

AMUPol
14.0925
395.175
8

3

3

3

4
5
220
437
4/9

4
5
220
476
4/9

4
5
220
476
4/9

Nuclear T2n (ms)
Mean nuclear dipolar coupling
between neighboring protons
(kHz)

20

20

20

3.70

2.77

2.77

Equivalent Diffusion Constant 8
(nm2/ms)

0.00056

0.00038

0.00038

Proton Concentration (M)

13.3

9.6

9.6

T1,n closest protons (s)
T1,n Bulk (s)

0.1
5.6

0.1
653

0.1
764,9

Figure S4 represents an example of the local protons’ distribution within the cone in the case of AMUPol.
An example of the geometry as an .xyz file can be provided upon request.

Fig. S4 Example of two electrons and the cone of local protons for AMUPol.

Figure S5 reports the dependence of the polarization gain 𝜖𝐵 and the build-up time TB on the bulk nuclear
relaxation T1n,Bulk. The computations were performed in the AMUPol (figure S5 (a)) and TEKPol (figure S5
(b)) cases. The observed trends matches previous reports: 5 as the nuclear bulk relaxation increases, both
the polarization gain and the build-up times do so until reaching a plateau.

Fig. S5 Effect of T1n,Bulk on the polarization gain 𝜖𝐵 (black circles) and the build-up time TB (red squares) in the case of
AMUPol (a), and TEKPol (b). For theses simulations only 377 ZCW orientations have been used.

8. On the prediction capability of the MAS-DNP simulations
Table S3 reports the correcting factors obtained by comparing the Box model assuming interacting or
isolated biradicals.
Table S3. 𝜖Depo , 𝜖on/off and polarization build-up time 𝑇B measured experimentally at 110 K and 10 kHz MAS frequency and
simulated using similar input conditions for the box models (isolated and interacting), the multi-nuclei model, and the
extrapolated approach. The calculations were performed for 10 mM AMUPol in Glyerol-D8/D2O/H2O (6/3/1 %v) and 15 mM
TEKPol in CHCl3/TBE/MeOH-D4 (65/30/5 %v), where biradical concentration and nuclear spin concentration/relaxation
Bulk
properties are required. For the Glyerol-D8/D2O/H2O (6/3/1 %v) matrix, 𝑇1,𝑛
= 65 s at 9.4 T3 and 76 s at 14.1 T9, and the ratio
1
Bulk
H/nitroxide = 476. For CHCl3/TBE/MeOH-D4 (65/30/5 %v), 𝑇1,𝑛 = 5.6 s at 9.4 T, and the ratio 1H/nitroxide = 437.

Biradical

Experiment
𝝐𝑩 /𝝐𝐃𝐞𝐩𝐨
/𝝐𝐨𝐧/𝐨𝐟𝐟

Simulation
𝝐𝑩 /𝝐𝐃𝐞𝐩𝐨 /𝝐𝐨𝐧/𝐨𝐟𝐟
(Multi-nuclei)

Simulation
𝝐𝑩 /𝝐𝐃𝐞𝐩𝐨 /
𝝐𝐨𝐧/𝐨𝐟𝐟
(isolated
box model)

Simulation
𝝐𝑩 /𝝐𝐃𝐞𝐩𝐨 /𝝐𝐨𝐧/𝐨𝐟𝐟
(interacting box
model)

Simulation
𝝐𝑩 /𝝐𝐃𝐞𝐩𝐨 /𝝐𝐨𝐧/𝐨𝐟𝐟
(Multi-nuclei
corrected)

Calculated
𝑻𝑩 and
build-down
time Td (s)

AMUPol at
9.4 T

85/0.40/210

208 / 0.64 / 325

227 / 0.66 /
343

125/0.38/328

114/ 0.38/ 300

3.2/3.6

70/0.55/128

147 / 0.71 / 207

185 / 0.66 /
280

107 / 0.46 / 232

83 / 0.5 / 170

5.2/5.6

73/0.60/118

108 / 0.81 /1 33

198/0.58/343

108 / 0.39 / 278

60 / 0.54/ 110

2.6/2.7

AMUPol 14.1
T
TEKPol at 9.4
T
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