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Abstract

The decoherence of electron spins in paramagnetic molecules limits sensitivity and resolution in 

electron paramagnetic resonance (EPR) spectroscopy, and it represents a challenge for utilizing 

paramagnetic molecules as qubit building blocks for quantum information devices. Traditionally, 

electron spin decoherence is modeled as driven by an external dynamic stochastic process with a 

phenomenological rate constant. Here, we show that the electron spin decoherence behavior of 

organic radicals in frozen aqueous solution can be quantitatively predicted from just molecular 

structure and solvation geometry using a fully deterministic quantum model with a static spin 

Hamiltonian that includes nucleus-nucleus couplings. We present experiments and simulations on 

two nitroxide radicals and one trityl radical, which have decoherence time scales of 4-5 μs below 

60 K. We show that nuclei within 12 Å contribute to decoherence, with the strongest impact from 

protons 4-7 Å from the electron spin.
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The spins of unpaired electrons in organic radicals and metal ions are extensively used in 

pulse electron paramagnetic resonance (EPR) spectroscopy to probe the structure and 

dynamics of the nano-environment around the electrons.1-3 Molecule-based unpaired 

electrons are also investigated as potential building blocks for materials useful to quantum 

information science (QIS).4-6 In this context, they are often referred to as “molecular spin 

qubits”. In both cases, a key limitation is the fact that excited electron spins lose coherence 

over time. This process, called decoherence, dephasing, or transverse relaxation, results in 

the loss of signal.7 In EPR, decoherence limits sensitivity and spectral resolution. In QIS 

applications, it impacts the efficient transfer of information between coupled qubits, and it 

limits the complexity of algorithms that can be executed. Extending coherence times is 

therefore an important development goal in both fields. For this, a detailed understanding of 

the physical origin of decoherence is crucial.

There are two classes of processes that drive electron spin decoherence: motion and 

magnetic interactions. It is possible to eliminate the effect of motion (librations, thermal 

methyl rotations, etc.) on decoherence by operating at cryogenic temperatures, i.e. below 

about 50 K. Magnetic interactions between electron spins, and between electron spins and 

nearby nuclear spins, also contribute to decoherence. At low temperatures and low electron 
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spin concentrations, decoherence is driven by nearby nuclear spins.8,9 This mechanism has 

been described semi-classically as arising from stochastic flip-flops of pairs of nuclei, 

leading to spectral diffusion of the electron spin resonance frequency and consequently to 

decoherence.10-12 The problem with this stochastic model is that it is not predictive and does 

not provide insight into the physical origin of the assumed flip-flop rate. Given the key 

challenge of extending coherence times, a method for quantitatively predicting decoherence 

is needed to guide materials design.

Here, we experimentally determine the decoherence behavior of three prototypical organic 

radicals in dilute frozen aqueous solutions and show that their nuclear-spin-driven 

decoherence behaviors can be quantitatively predicted from their molecular geometry and 

solvation structure, using a combination of molecular dynamics (MD) and quantum spin 

dynamics, without the need for any adjustable free parameters.

Electron spin decoherence can be measured using various pulse EPR techniques. The most 

straightforward is the Hahn echo decay (Figure 1). This technique uses the pulse sequence 

π/2 − τ − π − τ – echo and records the decay of echo amplitude resulting from increasing 

the interpulse delay τ.

We investigated the decoherence characteristics of three different radicals systems: 2,2,6,6-

tetramethylpiperidine-1-oxyl (TEMPO), its perdeuterated isotopologue (d18-TEMPO), and a 

perdeuterated trityl radical (p1TAM)13 (Figure 2). TEMPO and d18-TEMPO both are N/O-

centered radicals with four neighboring methyl groups and differ only in that all the 1H 

atoms in TEMPO are replaced with 2H atoms in d18-TEMPO. The trityl radical, p1TAM, is a 

C-centered radical and has 12 deuterated methyl groups. The concentrations of the radicals 

were kept low enough to minimize additional decoherence effects arising from electron-

electron couplings (instantaneous diffusion).14,15 All samples were prepared in a solution of 

1:1 (w:w) H2O:glycerol and were snap frozen in liquid nitrogen. The experiments were 

performed from 20-60 K at Q-band frequencies (ca. 33 GHz).

Figure 3 shows the experimental Hahn echo decays at 20 K, presented in black. For all 

samples, the coherence decays on a similar timescale and is completely lost within 12 μs. 

The decays are phenomenologically fitted well by stretched exponentials of the form: V(2τ) 

= V0 · exp(−(2τ/TM)x), shown in gray. Here, TM is the phase memory time, and x is a 

stretching exponent. This stretched exponential is predicted by the semiclassical model that 

uses stochastic nuclear flip-flops to describe the loss of electron spin coherence.10-12

The experimental decay shape of p1TAM (Figure 3, top) is the closest of the three molecules 

used in this study to a pure stretched exponential. p1TAM does not have hydrons (protons or 

deuterons) neighboring the C-centered unpaired electron; the closest hydrons are about 4 Å 

away. The d18-TEMPO decay (Figure 3, middle) shows oscillations at short times resulting 

from nuclear electron spin echo envelope modulations (ESEEM). This effect arises from the 

pseudo-secular parts of the hyperfine coupling to nearby nuclei, the deuterons on the radicals 

in this case.2,16 No ESEEM oscillations are visible in the TEMPO sample (Figure 3, 

bottom). Instead, the TEMPO decay shows a slight deviance from the shape of a stretched 
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exponential at early times that may be the result of thermal or tunneling methyl rotations.
17,18

To investigate the temperature dependence of the decoherence behavior at cryogenic 

temperatures, we performed experiments from 20-60 K; the decoherence behavior is 

unaffected by temperature in this range (Figures S2 and S3). This is consistent with previous 

experimental results.8

To predictively model the experimental decoherence behavior, we performed explicit 

structure-based spin quantum dynamics simulations of the Hahn echo decays. Structures of 

the solvated radicals were generated using molecular structures optimized by density 

functional theory (DFT) and solvation geometries obtained by molecular dynamics (MD). 

The ensemble of spins used in the spin dynamics calculation includes the unpaired electron, 

all magnetic nuclei on the radicals, and up to 1600 solvent protons within a radius of up to 

20 Å of the electron spin. Full nucleus-nucleus coupling tensors as well as both secular and 

pseudo-secular parts of hyperfine coupling tensors between nuclei and the electron spins 

were included in the static spin Hamiltonian:

H0 = μBgeB0Sz + ∑
n = 1

N
−μNgnB0I z, n + Sz(zTAn)In + In

TPnIn + ∑
m = 1

N − 1
∑

n = m + 1

N
δgn, gmIm

Tbm, nIn

The individual terms in this Hamiltonian mostly follow standard notation and are described 

in the Supporting Information. Microwave pulses were modelled as ideal (i.e. infinitely 

short).

To handle the enormous state space, we employed the ensemble cluster correlation 

expansion (CCE) method19,20 that has been developed for predicting the decoherence 

behavior of defects in crystals.21-23 This method simulates spin dynamics in Hilbert space 

using a truncated expansion approach and is conceptually similar to the truncated Liouville 

space methods employed in nuclear magnetic resonance (NMR).24-28 It is important to note 

that the simulation is structure-based and does not contain any additional free physical 

parameters, neither static nor dynamic. Algorithmic truncation parameters of the CCE 

method are the size of the spin system, a neighbor cutoff to exclude clusters that do not 

contribute, the maximum cluster size used, and the number of orientation of the magnetic 

field to be averaged over. They are shown in Figure 4 and have been optimized to assure 

convergence of the result. Further details are given in the Supporting Information.

The structure-based simulated echo decays are shown in red in Figure 3. In all, the 

decoherence behaviors of all three radicals are quantitatively predicted both in shape and 

timescale. All three simulations result in a stretched exponential decay with oscillations 

from ESEEM at early times. Eliminating nucleus-nucleus couplings from the simulation 

completely eliminates the decays, showing that these couplings are key to the mechanism of 

electron spin decoherence for the systems under investigation in this study. For systems in 

which TM is limited by T1, this method would not be successful in predicting phase memory 

times of molecular spin systems. The slight timescale discrepancies between simulated and 

experimental decays may arise from errors in the MD prediction of the solvation geometries 

Canarie et al. Page 4

J Phys Chem Lett. Author manuscript; available in PMC 2020 December 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and solvent proton densities. The p1TAM simulation is in most agreement with experiment 

with or without the inclusion of ESEEM-generating terms in the Hamiltonian. The d18-

TEMPO simulation required the inclusion of ESEEM-generating terms in the Hamiltonian 

to reproduce the oscillations at early times in the experimental decays. Inclusion of ESEEM 

in the TEMPO simulation did not reproduce the early time shape of the experimental decay. 

The simulations show increased ESEEM oscillation amplitudes that are likely due to 

incomplete averaging over solvation geometries. A measurement and simulation of d18-

TEMPO at X-band (Fig. S4) show that the mechanism is field independent.

To gain more insight into the structural aspects that determine decoherence timescales, we 

devised a method to attribute decoherence effects to individual nuclei in the systems. To do 

so for a particular nucleus i, we simulated the echo decay of the system without nucleus i 
(i.e. assuming it as non-magnetic). This results in a slightly prolonged echo decay compared 

to the full system. We capture this by the difference in phase memory times, ΔTM,i, between 

the full system and the reduced system (Figure S7); ΔTM,i quantifies by how much the 

presence of nuclear spin i shortens the phase memory time. It is important to note that 

individual ΔTM values are not additive, as the decoherence mechanism is a cooperative 

effect driven by nucleus-nucleus couplings. Still, they allow the assessment of the relative 

importance of individual nuclei to electron spin decoherence, within their context of 

neighboring nuclear spins.

The results of this analysis for TEMPO are depicted in Figure 5. Figure 5(a) shows a 3D 

cartoon of the solvated radical, with each proton colored according to ΔTM,i, where darker 

indicates larger values. No clear geometric patterns are discernible, although it is evident 

that some protons in the vicinity of the electron contribute much more than others. Figure 

5(b) shows a scatterplot of ΔTM for all nuclei as a function of their distance from the 

electron spin. The protons 4-8 Å from the electron have the largest effect upon electron spin 

decoherence. Their presence each shortens the predicted phase memory time by up to 28 ns. 

Protons that are less than about 4 Å from the electron, such as the methyl protons, contribute 

much less to decoherence. This volume of suppressed decoherence contributions 

corresponds to the notion of the diffusion barrier observed in nuclear spin diffusion. The 

value obtained here (4 Å), however, is smaller than those reported for nuclear diffusion 

barriers (7-10 Å,8,11 4-6.6 Å29, < 6 Å30).31,32 This direct comparison is not entirely valid, 

since we model loss of electron spin coherence, whereas the diffusion barrier relates to 

spatial transfer of nuclear polarization. Beyond 8 Å, the individual ΔTM taper off rapidly 

with increasing distance. Figure 5(b) also plots the calculated overall TM as a function of 

system size and shows that in order to obtain a converged TM, all nuclei up to at least 12 Å 

from the electron spin need to be included. The conclusions are similar for d18-TEMPO and 

p1TAM (Figure S8).

In combination with the experimentally validated simulations, the ability to examine 

decoherence effects due to individual nuclei greatly enhances insight into the structural 

origins of nuclear-spin-driven electron spin decoherence. As mentioned, this decoherence 

mechanism has traditionally been described semi-classically by a stochastic process of 

nuclear flip-flops involving pairs of surrounding nuclei, with an ad hoc flip rate constant. 

Within the quantum model presented herein, however, electron spin decoherence is the result 
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of a coherent, deterministic evolution of a large ensemble of nuclear spins coupled to each 

other and to the electron spin, without any external stochastic influence.

Extending the simulation methodology to fully deuterated solvents is not straightforward. 

Deuterons lead to prolonged time scales of the echo decays, and the presence of nuclear 

quadrupole couplings results in deeper echo modulations. Both the longer time scales as 

well as the increased modulation depths create convergence challenges for the CCE method.
33 This is an area needing more investigation.

In summary, we have shown that the electron spin decoherence behavior of radicals in 

frozen aqueous solutions at cryogenic temperatures can be quantitatively predicted directly 

from the solvation structure of the radicals using explicit spin quantum dynamics with a 

static spin Hamiltonian, without any free parameters. This methodology can be useful for 

designing molecules and platforms that maximize electron spin coherence lifetimes, both to 

increase sensitivity and resolution in EPR spectroscopy as well as to improve molecular spin 

qubits for potential QIS applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGMENT

We thank Drs. V. V. Khramtsov and B. Driesschaert (In vivo Multifunctional Magnetic Resonance Center, West 
Virginia University) for providing the p1TAM radical and Drs. Sandra S. Eaton and Gareth R. Eaton for their 
insightful comments on this work. This work is supported by the National Science Foundation (CHE-1452967, 
S.S.) and the National Institutes of Health (GM125753, S.S.). The spectrometer used in this work was funded by the 
National Institutes of Health (S10-OD021557, S.S.). E.R.C. was supported by the National Institute of General 
Medical Sciences of the NIH under award number T32-GM008268.

REFERENCES

(1). Jeschke G DEER Distance Measurements on Proteins. Annu. Rev. Phys. Chem 2012, 63, 419–446. 
10.1146/annurev-physchem-032511-143716. [PubMed: 22404592] 

(2). Van Doorslaer S Hyperfine Spectroscopy: ESEEM. eMagRes 2017, 6 (1), 51–70. 
10.1002/9780470034590.emrstm1517.

(3). Harmer JR Hyperfine Spectroscopy - ENDOR. eMagRes 2016, 5, 1493–1514. 
10.1002/9780470034590.emrstm1515.

(4). Zadrozny JM; Niklas J; Poluektov OG; Freedman DE Millisecond Coherence Time in a Tunable 
Molecular Electronic Spin Qubit. ACS Cent. Sci 2015, 22, 28 10.1021/acscentsci.5b00338.

(5). Jackson CE; Lin C-Y; Johnson SH; Van Tol J; Zadrozny JM Nuclear-Spin-Pattern Control of 
Electron-Spin Dynamics in a Series of V(IV) Complexes. Chem. Sci 2019, 10, 8447–8454. 
10.1039/c9sc02899d. [PubMed: 31803424] 

(6). Atzori M; Sessoli R The Second Quantum Revolution: Role and Challenges of Molecular 
Chemistry. J. Am. Chem. Soc 2019, 141, 11339–11352. 10.1021/jacs.9b00984. [PubMed: 
31287678] 

(7). Eaton SS; Eaton GR Relaxation Times of Organic Radicals and Transition Metal Ions In 
Biological Magnetic Resonance Volume 19: Distance Measurements in Biological Systems by 
EPR; Eaton GR, Eaton SS, Berliner LJ, Eds.; Springer: Boston, MA, 200AD; pp 29-. 
10.1007/0-306-47109-4_2.

Canarie et al. Page 6

J Phys Chem Lett. Author manuscript; available in PMC 2020 December 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(8). Zecevic A; Eaton GR; Eaton SS; Lindgren M Dephasing of Electron Spin Echoes for Nitroxyl 
Radicals in Glassy Solvents by Non-Methyl and Methyl Protons. Mol. Phys 1998, 95 (6), 1255–
1263. 10.1080/00268979809483256.

(9). Graham MJ; Zadrozny JM; Shiddiq M; Anderson JS; Fataftah MS; Hill S; Freedman DE Influence 
of Electronic Spin and Spin–Orbit Coupling on Decoherence in Mononuclear Transition Metal 
Complexes. J. Am. Chem. Soc 2014, 136, 7623–7626. 10.1021/ja5037397. [PubMed: 24836983] 

(10). Zhidomirov GM; Salikhov KM Contribution to the Theory of Spectral Diffusion in Magnetically 
Diluted Solids. Sov. Phys. J. Exp. Theor. Phys 1969, 29 (6), 1037–1040.

(11). Milov AD; Salikhov KM; Tsvetkov YD Phase Relaxation of Hydrogen Atoms Stabilized in an 
Amorphous Matrix. Sov. Phys. Solid State 1973, 15 (4), 802–806.

(12). Hu P; Hartmann SR Theory of Spectral Diffusion Decay Using an Uncorrelated-Sudden-Jump 
Model. Phys. Rev. B 1974, 9 (1), 9–13. 10.1103/PhysRevB.9.1.

(13). Dhimitruka I; Bobko AA; Eubank TD; Komarov DA; Khramtsov VV; Davis DM Phosphonated 
Trityl Probes for Concurrent in Vivo Tissue Oxygen and PH Monitoring Using Electron 
Paramagnetic Resonance-Based Techniques. J. Am. Chem. Soc 2013, 135, 5904–5910. 10.1021/
ja401572r. [PubMed: 23517077] 

(14). Salikhov KM; Dzuba SA; Raitsimring AM The Theory of Electron Spin-Echo Signal Decay 
Resulting from Dipole-Dipole Interactions between Paramagnetic Centers in Solids. J. Magn. 
Reson 1981, 42, 255–276. 10.1016/0022-2364(81)90216-X.

(15). Klauder JR; Anderson PW Spectral Diffusion Decay in Spin Resonance Experiments. Phys. Rev 
1962, 125 (3), 912–932. 10.1103/PhysRev.125.912.

(16). Rowan LG; Hahn EL; Mims WB Electron-Spin-Echo Envelope Modulation. Phys. Rev. A 1965, 
137 (1A), 61 10.1103/PhysRev.137.A61.

(17). Horsewill AJ Quantum Tunnelling Aspects of Methyl Group Rotation Studied by NMR. Prog. 
Nucl. Magn. Reson. Spectrosc 1999, 35 (4), 359–389. 10.1016/S0079-6565(99)00016-3.

(18). Freed JH Quantum Effects of Methyl-Group Rotations in Magnetic Resonance: ESR Splittings 
and Linewidths. J. Chem. Phys 1965, 43 (5), 1710–1720. 10.1063/1.1696995.

(19). Yang W; Liu RB Quantum Many-Body Theory for Qubit Decoherence in a Finite-Size Spin Bath. 
AIP Conf. Proc 2008, 1074, 68–71. 10.1063/1.3037140.

(20). Yang W; Liu R-B Quantum Many-Body Theory of Qubit Decoherence in a Finite-Size Spin Bath. 
II. Ensemble Dynamics. Phys. Rev. B 2009, 79 (11). 10.1103/PhysRevB.79.115320.

(21). Lenz S; Bader K; Bamberger H; Van Slageren J Quantitative Prediction of Nuclear-Spin-
Diffusion- Limited Coherence Times of Molecular Quantum Bits Based on Copper(II). 
ChemComm 2017, 53 (53), 4477–4480. 10.1039/c6cc07813c.

(22). Ma WL; Wolfowicz G; Zhao N; Li SS; Morton JJL; Liu RB Uncovering Many-Body 
Correlations in Nanoscale Nuclear Spin Baths by Central Spin Decoherence. Nat. Commun 2014, 
5, 1–9. 10.1038/ncomms5822.

(23). Morley GW; Lueders P; Mohammady MH; Balian SJ; Aeppli G; Kay CWM; Witzel WM; 
Jeschke G; Monteiro TS Quantum Control of Hybrid Nuclear-Electronic Qubits. Nat. Mater 
2012, 12, 103–107. 10.1038/NMAT3499. [PubMed: 23202370] 

(24). Butler MC; Dumez J-N; Emsley L Dynamics of Large Nuclear-Spin Systems from Low-Order 
Correlations in Liouville Space. Chem. Phys. Lett 2009, 477, 377–381 Contents. 10.1016/
j.cplett.2009.07.017.

(25). Dumez J-N; Halse ME; Butler MC; Emsley L A First-Principles Description of Proton-Driven 
Spin Diffusion. Phys. Chem. Chem. Phys 2012, 14, 86–89. 10.1039/c1cp22662b. [PubMed: 
22086134] 

(26). Dumez J-N; Butler MC; Emsley L Numerical Simulation of Free Evolution in Solid-State 
Nuclear Magnetic Resonance Using Low-Order Correlations in Liouville Space. J. Chem. Phys 
2010, 133, 224501 10.1063/1.3505455. [PubMed: 21171685] 

(27). Kuprov I; Wagner-Rundell N; Hore PJ Polynomially Scaling Spin Dynamics Simulation 
Algorithm Based on Adaptive State-Space Restriction. J. Magn. Reson 2007, 189, 241–250. 
10.1016/j.jmr.2007.09.014. [PubMed: 17936658] 

Canarie et al. Page 7

J Phys Chem Lett. Author manuscript; available in PMC 2020 December 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(28). Hogben HJ; Hore PJ; Kuprov I Strategies for State Space Restriction in Densely Coupled Spin 
Systems with Applications to Spin Chemistry. J. Chem. Phys 2010, 132, 174101 
10.1063/1.3398146. [PubMed: 20459150] 

(29). Graham MJ; Krzyaniak MD; Wasielewski MR; Freedman DE Probing Nuclear Spin Effects on 
Electronic Spin Coherence via EPR Measurements of Vanadium(IV) Complexes. Inorg. Chem 
2017, 56 (14), 8106–8113. 10.1021/acs.inorgchem.7b00794. [PubMed: 28657714] 

(30). Ooi Tan K; Mardini M; Yang C; Ardenkjær-Larsen JH; Griffin RG Three-Spin Solid Effect and 
the Spin Diffusion Barrier in Amorphous Solids. Sci. Adv 2019, 5 (7), EAAX2743 10.1126/
sciadv.aax2743. [PubMed: 31360772] 

(31). Blumberg WE Nuclear Spin-Lattice Relaxation Caused by Paramagnetic Impurities. Phys. Rev 
1960, 119 (1), 79–84. 10.1103/PhysRev.119.79.

(32). Graham MJ; Yu C-J; Krzyaniak MD; Wasielewski MR; Freedman DE Synthetic Approach To 
Determine the Effect of Nuclear Spin Distance on Electronic Spin Decoherence. J. Am. Chem. 
Soc 2017, 139 (8), 3196–3201. 10.1021/jacs.6b13030. [PubMed: 28145700] 

(33). Witzel WM; Carroll MS; Cywiński A; Das Sarma S Quantum Decoherence of the Central Spin in 
a Sparse System of Dipolar Coupled Spins. Phys. Rev. B 2012, 86 (3), 035452(27). 10.1103/
PhysRevB.86.035452.

Canarie et al. Page 8

J Phys Chem Lett. Author manuscript; available in PMC 2020 December 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Hahn echo pulse sequence. For a decoherence experiment, the value of τ is increased and the 

decreasing echo amplitude is recorded.
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Figure 2. 
Prototypical molecular spin qubits used in this study. From left to right, TEMPO, d18-

TEMPO, and p1TAM.
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Figure 3. 
Experimental decoherence behavior of the molecules used in tins study (black), stretched 

exponential (SE) fits (gray), and the structure-based simulations (red). From top to bottom, 

approximately 10 μM p1TAM, 100 μM d18-TEMPO, and 200 μM TEMPO. The experiments 

were performed in 1:1 (w:w) H2O:glycerol at 20 K and ca. 33 GHz. The SE fits gave x 
values of 3.37, 2.81, and 2.77 and TM values of 5.37, 4.23, and 4.33 μs for p1TAM, d18-

TEMPO, and TEMPO, respectively.
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Figure 4. 
Illustration of the truncation parameters, which are the system size rSys (purple circle and 

arrow), the cluster sizes used (rust areas), and the clustering based on neighbor cutoff (green 

arrows).
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Figure 5. 
(a) Map of decoherence effects ΔTM of individual nuclei for TEMPO in H2O demonstrating 

which nuclei contribute most to the dephasing of the electron spin. The color scale 

corresponds to that in (b), with darker blue indicating larger values of ΔTM. (b) Individual 

ΔTM values as a function of distance (blue, left vertical scale) and calculated TM as a 

function of system size (red, right vertical scale).
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