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Figure S1. Schemes of triphenylmethyl radicals 



 
 

Figure S2. Schemes of nitroxide radicals 



 
 

 

 Figure  S3.  Scheme of semiquinone radicals and  macrocyclic conjugated radicals



 
 

 

  Figure  S4.  Radicals based on graphene nanoribbons  and carbon nanotubes



 

 

Figure S5. Bloch sphere illustra�ons of spin dynamics and spin manipula�on (A) Spin relaxa�on process described by T1. Green dots 

represent par��ons of electron spins on |0⟩ and |1⟩ spin states. The blue arrow on the le� marked with “B” represents the external 

magne�c field. (B) Spin decoherence process described by Tm. (C) Rabi oscilla�on. 



 

Characteriza�on methods for T1, Tm, and Rabi oscilla�ons 

Radical qubit characteriza�on, including T1, Tm, and manipulability, relies on pulse electron paramagne�c 

resonance (EPR) spectroscopy. Pulse EPR spectroscopy ini�alizes the electron spin using a sta�c magne�c field via 

the Zeeman effect, manipulates it with transient oscillatory magne�c fields generated by a sequence of microwave 

pulses, and reads out the final state through free induc�on decays or spin echoes. T1 could be measured by inversion 

recovery or satura�on recovery pulse sequences, which transform the spin to a nonequilibrium state and monitor 

the relaxa�on process (Figure S6C, D). Tm is most o�en characterized by a Hahn echo decay pulse sequence that 

generates a superposi�on state and monitors its decoherence during a free evolu�on period (Figure S6A).1,2 Tm may 

be improved by dynamical decoupling strategies that suppress the influence of environmental magne�c noise.  

The manipulability is demonstrated via Rabi oscilla�ons, which show an oscillatory rela�onship between 

superposi�on and the dura�on of a nuta�on pulse (Figure S5C).5 Prac�cally, molecules displaying quantum 

coherence always show Rabi oscilla�ons in nuta�on experiments (Figure S6B). Thus, a radical that exhibits long T1 

and Tm could be qualified as a qubit.1,2 

Figure S6. Schemes of pulse sequences (A) Hahn echo sequence. (B) Nuta�on sequence. (C) Inversion recovery sequence. (D) 

Satura�on recovery sequence. Green rectangles represent pulses whose turning angles are marked above them, and orange objects 

represent spin echoes. 

  



 

 

Figure S7. Influence of solvent deutera�on on 1/T1 (Reproduced from Ref. 6 with the permission from Elsevier, copyright 2014) 
  



 
 

Influence of the Larmor frequency on the electron spin dynamics of stable organic radical qubits 

The Larmor frequency (ω) describes the frequency of spin precession in an external magnetic field (B), which 

reflects the Zeeman splitting (EZ) dictated by the g-factor of spin system and the change of spin state (∆𝑆), 

𝐸𝑍 = ℏ𝜔 = 𝑔𝜇𝐵𝐵∆𝑆 

where ℏ is the reduced Planck constant, 𝜇𝐵 is the Bohr magneton, and ∆𝑆 is +1 for an organic mono-radical. In 

typical EPR experiments, ω is fixed within a narrow range of frequency to match the resonant frequency of the 

microwave cavity. The resonant frequency is conventionally represented by the microwave band of the EPR 

instrument, with L-band centered at 1 GHz, S-band 3.5 GHz, X-band 9.8 GHz, Q-band 34 GHz, and W-band 94 GHz. 

Electron spins with different Larmor frequencies might couple with different phonon modes, which in turn 

affects spin relaxation processes. Raman, Orbach, and local-mode processes typically involve phonons whose 

frequencies are well above the Larmor frequency of spin, so these processes are frequency-independent.1,2 In 

contrast, direct and thermally activated processes that involve low-frequency phonons typically show significant 

frequency dependence. The former monotonically increases with rising Larmor frequency, whereas the latter has a 

maximum value that appears when 𝜔𝜏𝑐 = 1 where 𝜏𝑐 is the correlation time of the thermally activated process.7,8 

For example, for a nitroxide radical, PDT (Figure S2), dissolved in a mixture of water and glycerol, 𝜏𝑐 =

1.0 × 10−10 𝑠. Hence, the thermally activated process is the most pronounced at the frequency 𝜈 =
𝜔

2𝜋
= 1.6 𝐺𝐻𝑧. 

This is in good agreement with the experimental observation where 1/T1 shows the maximum at 1.5 GHz (Figure 

S8B).7 

As discussed in the main text, spin relaxation processes in fluid solution mainly include tumbling-induced spin 

rotation and modulation of anisotropic interactions comprising of g-anisotropy, A-anisotropy, and dipolar coupling 

with solvent nuclei.1 According to the corresponding equation in Table S1, the spin rotation is independent of the 

Larmor frequency (Figure 5A), yet others are frequency-dependent (Figure 5B−D) and their salience is related to the 

tumbling correlation time (τR). For instance, Biller et al. acquired the room-temperature T1 of a series of nitroxide 

radicals at various frequencies (250 MHz to 34 GHz) in solutions whose τR values range from 4 to 50 ps.8 Take the 

PDT radical (Figure S2) as an example. When τR is 4 ps, the spin relaxation is predominantly governed by spin rotation, 

rendering T1 independent of frequency (T1 = 1.05 − 1.18 μs; Figure S8A). In contrast, as τR exceeds 15 ps, the 

dominant process shifts towards g- and A-anisotropy modulations. Meanwhile, the thermally activated process 

exerts its most substantial influence on T1 within the frequency range of 1 − 2 GHz. Consequently, as τR increases, 

the frequency-dependence of T1 becomes more and more salient. For example, when τR is 50 ps, T1 drops from 

approximately 4.5 μs at 250 MHz to approximately 0.28 μs at 34 GHz.7  

The frequency-dependence of Tm remains unclear. Shi et al found that the Tm of triphenylmethyl radicals only 

shows weak frequency-dependence within the range of 250 MHz – 1.5 GHz.9 Biller et al showed that nitroxide 

radicals exhibit decreasing Tm with increasing frequency from 250 MHz to 34 GHz.7 In contrast, Ghim et al observed 

that within the range of 1.8 – 19.4 GHz, the Tm of irradiated L- alanine radicals increases with increasing frequency.10 

From these observations, it seems that the frequency dependence of Tm may be different for different radicals 

and/or frequency ranges. A comprehensive and in-depth investigation into this phenomenon is needed. 



 

Figure S8. Influence of Larmor frequency on spin dynamics Frequency dependence of 1/T1 for PDT in solvents whose τR being (A) 4 ps 

and (B) 9 ps, respec�vely. Data used for these two simula�ons (black squares) are extracted from Ref8 for (A) and Ref  for (B). 

  



 
 

Table S1. The equation of typical spin relaxation mechanisms1,11,12 

Mechanism Equation 

Direct 𝐴𝐷𝑖𝑟𝐵4
𝑒ℏ𝜔 𝑘𝐵𝑇⁄

𝑒ℏ𝜔 𝑘𝐵𝑇⁄ − 1
 

Raman 𝐴𝑅𝑎𝑚 (
𝑇

𝛩𝐷
)

9

∫ 𝑥8 𝑒𝑥

(𝑒𝑥−1)2 ⅆ𝑥
𝛩𝐷

𝑇

0
 (sometimes 𝐴𝑅𝑎𝑚𝑇𝑚 with 𝑚 = 2 − 9) 

Orbach 𝐴𝑂𝑟𝑏

𝛥3

𝑒𝛥 𝑘𝐵𝑇⁄ − 1
 

Local mode 𝐴𝑙𝑜𝑐

𝑒ℏ𝜔𝑝ℎ𝑜𝑛𝑜𝑛 𝑘𝐵𝑇⁄

(𝑒ℏ𝜔𝑝ℎ𝑜𝑛𝑜𝑛 𝑘𝐵𝑇⁄ − 1)
2 

Thermally activated 𝐴𝑡ℎ𝑒𝑟𝑚

2𝜏𝑐
0𝑒𝐸𝑎 𝑘𝐵𝑇⁄

1 + 𝜔2𝜏𝑐
02

𝑒2𝐸𝑎 𝑘𝐵𝑇⁄
 

Tumbling-dependent 

∑  (𝑔𝑖− 𝑔𝑒)2
𝑖=𝑥,𝑦,𝑧

9𝜏𝑅
+

2

5
(

𝜇𝐵 𝜔

𝑔 𝛽
)

2
{

(∆𝑔)2

3
+ (𝛿𝑔)2} 𝐽(𝜔) 

+
2

9
𝐼(𝐼 + 1) ∑ (𝐴𝑖 − 𝑎𝑖𝑠𝑜)2 𝐽(𝜔)𝑖 +𝐶𝑠𝑜𝑙𝑣𝑒𝑛𝑡

𝜏𝑠𝑜𝑙𝑣𝑒𝑛𝑡

1+(𝜔𝜏𝑠𝑜𝑙𝑣𝑒𝑛𝑡)2 

Cross relaxation constant (temperature-independent) 

𝑇   temperature; 𝐵   magnetic field strength; ω  Larmor frequency; 𝛩𝐷   Debye temperature; 𝛥   energy of low-lying excited state; 
𝜔𝑝ℎ𝑜𝑛𝑜𝑛  energy of local phonon mode. 𝜏𝑐

0  pre-exponential factor; 𝐸𝑎  activation energy; gi  principle g value along the i axis; ge  g 

value of free electron; τR  tumbling correlation time; μB  Bohr magneton; ∆g = gzz – 0.5(gxx+gyy); δg = 0.5(gxx-gyy); 𝐽(𝜔) =
𝜏𝑅

1 + (𝜔𝜏𝑅)2; I  

nuclear spin; Ai  principle component of the nuclear hyperfine constant along the i axis in angular frequency units; aiso  the isotropic 
nuclear hyperfine constant; 𝜏solvent  correlation time for motion of the solvent relative to the radical; Csolvent  a function of the dipolar 
interaction with solvent nuclei. ADir, ARam, AOrb, Aloc, Atherm are pre-factors. 

 

  



 
 

Table S2. T1 and Tm of stable organic radical qubits 

Radicala 
Concentration 

/ mmol·L−1 
Frequency / 

GHz 
Solvent Temperature / K T1 / μs Tm / μs Reference 

Trityl-CH3 0.2 
9.5 

H2O   glycerol = 1 1 
100 1060 3.9 13 

294 16 2.2 
14 H2O   glycerol = 1 9 294 17 0.18 

H2O 294 15 8.7 

95 H2O   glycerol = 1 1 100 838 3.1 13 

Trityl-CD3 0.2 

9.5 

H2O   glycerol = 1 1 
100 955 4.8 13 

294 17 3.7 
14 H2O   glycerol = 1 9 294 19 0.24 

H2O 294 17 11 

95 H2O   glycerol = 1 1 100 756 4.5 13 

1.5 

H2O   glycerol = 1 1 294 15 4.2 

14 

H2O   glycerol = 1 9 294 18 0.21 

H2O 294 14 12.5 

3.1 
H2O   glycerol = 1 1 294 16 3.8 

H2O 294 16 13 

Finland 
trityl 

2.5 
9.5 

H2O   glycerol = 4 6 77 
1670b 

NAc 15 
95 1100b 

OX63 0.2 
9.5 

H2O   glycerol = 1 1 100 
1200 5.1 13 

95 979 4.5 13 

OX31 0.2 
9.5 

H2O   glycerol = 1 1 100 
1360 5.0 13 

95 1042 4.4 13 

FDAM1 NAc 

9.5 
MeOH 300 

14.3 7.6 

16 
34 12.6 2.8 

9.5 
H2O 300 

14.5 10.1 

34 NAc 4.7 

FDAM2 NAc 

9.5 
MeOH 300 

11.6 8.1 

16 

34 11.6 4.9 

9.5 
CH2Cl2 300 

12.3 9.6 

34 11.3 6.7 

9.5 
CHCl3 300 

11.0 8.6 

34 10.0 5.6 

9.5 
CH2ClCH2Cl 300 

10.5 6.0 

34 10.3 4.3 

9.5 
CH3CH2OH 300 

10.1 6.0 

34 10.0 3.1 

9.5 
Tert-butanol 300 

11.7 4.0 

34 12.2 1.4 

FDAM3 NAc 

9.5 
MeOH 300 

11.1 8.3 

16 
34 9.7 5.6 

9.5 
CHCl3 300 

9.9 8.4 

34 9.6 6.0 

OX63D 1 
9.5 

H2O   glycerol = 4 6 77 
3334b 

NAc 15 
95 5000b 

OX63D NAc 

9.5 
MeOH 300 

16.5 5.8 

16 

34 15.6 1.8 

9.5 
H2O 300 

16.0 7.3 

34 15.3 2.2 

9.5 
D2O 300 

16.1 7.6 

34 16.1 2.0 

DBT NAc 
9.5 

MeOH 300 
14.9 5 

16 
34 14.3 2.1 



 
 

FBA3 NAc 

9.5 
MeOH 300 

19.5 6.5 

16 
34 19.2 3.6 

9.5 
CHCl3 300 

18.0 7.2 

34 17.6 4.5 

FP3 NAc 

9.5 
MeOH 300 

23.0 5.0 

16 
34 23.0 2.8 

9.5 
CHCl3 300 

26.4 4.5 

34 25.7 2.3 

FDME3 NAc 

9.5 
MeOH 300 

12.2 8.5 

16 
34 11.2 5.4 

9.5 
CHCl3 300 

11.4 9.1 

34 11.2 5.4 

BDPA 0.0007 9.5 Toluene Ambient temperature 12b 9.8b 17 

DPPH 0.012 9.5 Toluene Ambient temperature 2.0b 1.3b 17 

Galvinoxyl 0.0028 9.5 Toluene Ambient temperature 2.8b 2.1b 17 

Thianthre
ne 

< 0.5 9.5 TFA Ambient temperature 0.4b 0.4b 17 

mCTPO 0.25 9.5 H2O Ambient temperature 0.53 0.67 17 

PDT 0.25 9.5 H2O Ambient temperature 0.56 0.59 17 

2,5-
DTBSQ 

0.3 9.5 Ethanol Ambient temperature 7.8b 3.2b 

6 2,6-
DTBSQ 

0.3 9.5 Ethanol Ambient temperature 6.67 b 
NAc 

TMBSQ 0.3 9.5 Ethanol Ambient temperature 5.56b 

TEMPO 1.0 9.5 H2O  glycerol = 1 1 295b 2.00b NAc 18 

Tempone 0.3 9.5 H2O  glycerol = 1 1 100 100b 5b 19 

Tempol 3 9.5 Sucrose octaacetate 298b 19.95b NAc 

20 

 

DTBN 3 9.5 Sucrose octaacetate 250b 5.6b 0.40b 

TEIO 3 9.5 Sucrose octaacetate 300b 25.12b 0.63b 

TMIO 3 9.5 Sucrose octaacetate 300b NAc 1.26b 

TPHIO 3 9.5 Sucrose octaacetate 298b 56.23b 2.51b 

CTPO 3 9.5 Sucrose octaacetate 273b 15.85b 1.58 

tBuPyrr 3 9.5 Sucrose octaacetate 273b NAc 0.63 

PCTM 0.2-0.5 9.5 Toluene   CHCl3 = 4 1 298 10b 

NAc 21 TCSQ 0.2-0.5 9.5 Triacetin   HMPA = 2 1 298 10b 

DDBSQ 0.2-0.5 9.5 H2O   glycerol = 1 1 298 31.63b 

TTBP 0.53 9.1 H2O   glycerol = 1 1 298 10b NAc 22 

THSQ 0.5  9.5 Ethanol   glycerol = 4 1 298 31.63b 

NAc 23 2,5-TASQ 0.5  9.5 Ethanol   glycerol = 4 1 298 10b 

2,5-PSQ 0.5 9.5 Ethanol   glycerol = 4 1 298 10b 

PTTF powder NAc NAc 300b 1b 0.5b 24 

PtTTFtt 0.05 9.5 DCM 298 1.44b 0.34b 25 

(C6F5)2B(O

2C14H8) 
0.1 9.5 Toluene   CH2Cl2 = 9 1 100 4600 2.6 26 

BTI-xy 0.2 9.5 DMF   benzene = 1 1 10 6000b 1.3b 27 

BTR-C3 1 9.5 2-Methyltetrahydrofuran 
5 1098 6.8 

28 
110 23 2.8 

PDA NAc 9.5 powder 5 46900 0.77 29 

hydroxyl-
DICPO 

NAc 9.5 H2O   glycerol = 1 1 100 400b 3.2b 
30 

oxo-
DICPO 

NAc 9.5 H2O   glycerol = 1 1 100 400b 3.2b 

IA-DZD NAc 35 H2O   glycerol = 1 1 80 580 2.7 31 

NO-1     12 0.735  

NO-2 
NAc 9.5 Dried trehalose Room temperature 

30 0.730 32 
 NO-3a 17 0.750 



14 
 

NO-3b 17 0.730 

NO-3c 21 0.8 

NO-3d 22 0.630 

NO-4a 18 0.680 

NO-4b 14 0.650 

NO-5a 18 0.640 

NO-5b 16 0.740 

NO-6a 23 0.655 

NO-6b 16 0.730 

NO-7a 

NAc 9.5 
Trehalose   sucrose = 

9 1  
Room temperature NAc 

0.50b 
33 NO-7b 0.71b 

MTSL 0.34b 

NO-8a NAc  
Trehalose   sucrose = 

9 1  
295b 10b 1b 

34 

NO-8b NAc  
Trehalose  sucrose = 

9 1 
295b 10b 1b 

MTSSL NAc 9.5 H2O   glycerol = 1 1 
240b 10b 0.1b 

35 

 

100b 400b 1b 

Spiro-
TOAC 

NAc 9.5 H2O   glycerol = 1 1 
240 

NAc 
0.1b 

100 3.2b 

Spiro-IA NAc 9.5 H2O   glycerol = 1 1 100 NAc 3.16b 36 

5-SASL NAc 

2.54 

DMPC 300 

1.34 

NAc 37 

3.45 2.06 

9.2 5.33 

18.5 6.98 

34.6 8.41 

12-SASL NAc 

2.54 

DMPC 300 

1.18 

NAc 37 

3.45 1.67 

9.2 4.41 

18.5 5.81 

34.6 6.11 

16-SASL NAc 

2.54 

DMPC 300 

0.69 

NAc 37 

3.45 0.92 

9.2 2.52 

18.5 3.46 

34.6 3.69 

NIT-
polypheny

lene 
NAc 9.4 Powder 300b 

1.43b 0.6b 
38 

NIT-GNRs 1.43b 0.2b 

GNRs-1 NAc 9.8 

Powder 
Room temperature 1b 0.3b 

39 

5 100b NAc 

Toluene 5 5000b 2b 

d-Toluene 5 10000b NAc 

CS2 80b NAc 100b 

GNRs-2 NAc 9.8 
d-Toluene 15b 

NAc 
10b 

39 
CS2 10b 20b 

GNRs-3 

NAc 

9.4 

Powder 10b NAc 1b 

40 

2±0.5 Toluene 

300b 

100b 6b 

2±0.5 d-Toluene 83b 6b 

2±0.5 CS2 83b 7b 

2±0.5 d14OTP 1000b 6b 

GNRs-4 

NAc 

9.4 

Powder 10b NAc 0.2b 
40 2±0.5 Toluene 

300b 
125b 4b 

2±0.5 d-Toluene 100b 3b 



 
 

2±0.5 CS2 100b 4b 

2±0.5 d14OTP 1000b 2b 

GNRs-5 

NAc 

9.4 

Powder 10b NAc 0.1b 

40 

2±0.5 Toluene 

300b 

91b 5b 

2±0.5 d-Toluene 250b 5b 

2±0.5 CS2 67b 5b 

2±0.5 d14OTP 1000b 3b 

NO2Ph-
SWCNTs 

NAc 9.5 d-Toluene 5 13000 1.2 41 

D3CM 
NAc 

9.26 

Powder 
100b 800b 1b 

42 

298b 20b 1b 

0.1 d8-Toluene 100b 1000b 4b 

3CM 
NAc Powder 

100b 600b 0.7b 

298b 15b 0.7b 

0.1 d8-Toluene 100b 1000b 2b 

D4CM 
NAc Powder 

100b 300b 0.8b 

298b 60b 0.6b 

0.1 d8-Toluene 100b 800b 4b 

4CM 
NAc Powder 100b 200b 0.2b 

0.1 d8-Toluene 100b 1000b 1b 
aAbbreviations are consistent with those in Figure S1-4; bvalue estimated from a figure in the reference; cnot available. 

 

  



Table S3. T1 and Tm of stable organic radical qubits integrated in solid-state systems 

Radicala Molar percentage Frequency / GHz Temperature / K T1 / μs Tm / μs Reference 

C50-LA90 1%e 
9.73 30 2102 0.186 

9.65 298 25.02 0.148 

C50-LA140 0.7%e 
9.73 30 3522 0.300 

9.65 298 29.62 0.213 

C50-LA400 0.4%e 
9.73 30 5173 0.377 

9.65 298 29.23 0.318 

MgHOTP 0.66% 9.4 
296 10.55 0.153 

296 21.61b 0.202b 

TAPPy-NDI 

0.01% 

9.4 

100 790 1.26 

296 30.2 0.49 

0.11% 
100 333 0.727 

296 11.8 0.484 

2.1% 
100 357 0.702 

296 15 0.397 

8.2% 
100 257 0.448 

296 11 0.283 

15% 
100 92.7 0.216 

296 7.7 0.108 

32% 
100 30.6 0.166 

296 1.68 0.150 

Ni-HATI_iPr 1% 9.7 100 3 c 0.09c 

Ni-HATI_vPr 0.3% 9.7 50 8c 0.08c 

Ni-HATI_nPr 0.4% 9.7 100 2 c 0.07c 

PTCM-Film 0.1% 9.26 
100 150c 1.5c 

298 35.6 1.08 

TEMPO 
SAM 

N/Ad 9.47 10 9200 13.53 

BTEV-BTR 

1% 

9 

80 386 4.39 

 

293 36 2.30 

5% 293 29 1.73 

10% 293 26 1.43 

20% 
80 75 1.86 

293 20 0.98 
aAbbreviations are consistent with those in corresponding references; bMgHOTP soaked in THF; cvalue estimated from a figure in 
the reference; dnot available; evalue estimated from the synthetic condition. 

43
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