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S1.  Re-analysis of B1/2 data in Weller et al. 
 

 

Fig. S1. Analysis of experimental 1/2B data (Table 1 of Ref. 1) for photo-induced electron transfer 

reactions of pyrene-h10 or pyrene-d10 with a variety of aromatic electron donors. (a) Experimental 

1/2B  values plotted against 
W
1/2B . The green line is the best linear fit: 

W
1/2 1/2(exp) 1.03B B= . Correlation 

coefficient: R = 0.993. (b) The same data plotted against ( )
1/2

2 2
A B +  with best linear fit: 

( )
1/2

2 2
1/2 A B(exp) 3.07B  = + . Correlation coefficient: R = 0.990. 
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S2.  Hyperfine interactions 
 

Nucleus Hyperfine tensor / mT Isotropic coupling / mT 

WHB1  

1.572 0.016 0.047 

1.605  0.016 1.516 0.063 

0.047 0.063 1.726 

FN5  

−0.099 −0.003 0.000 

0.523  −0.003 −0.087 0.000 

0.000 0.000 1.757 

WHE1  

−1.001 0.206 0.193 

−0.598  0.206 −0.442 0.307 

0.193 0.307 −0.352 

WNE1  

−0.053 0.059 −0.046 

0.322  0.059 0.564 −0.565 

−0.046 −0.565 0.453 

WHE3  

−0.571 0.161 0.196 

−0.488  0.161 −0.484 0.084 

0.196 0.084 −0.408 

FH81, 
FH82, 
FH83 

0.440 0.000 0.000 

0.440 0.000 0.440 0.000 

0.000 0.000 0.440 

FN10 

−0.015 −0.002 0.000 

0.189 −0.002 −0.024 0.000 

0.000 0.000 0.605 

FH1',  
FH1'' 

0.407 0.000 0.000 

0.407 0.000 0.407 0.000 

0.000 0.000 0.407 

FH6 

−0.201 0.033 0.000 

−0.387 0.033 −0.527 0.000 

0.000 0.000 −0.434 

WHZ2 

−0.443 0.127 0.149 

−0.364 0.127 −0.354 0.095 

0.149 0.095 −0.294 

WHD1 

−0.275 −0.157 −0.175 

−0.278 −0.157 −0.273 0.092 

−0.175 0.092 −0.285 

WN 

0.137 0.024 −0.006 

0.146 0.024 0.176 −0.012 

−0.006 −0.012 0.127 

WHH2 

−0.043 −0.074 −0.068 

−0.208 −0.074 −0.279 −0.032 

−0.068 −0.032 −0.303 
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FH71, 
FH72, 
FH73 

−0.142 0.000 0.000 

−0.142 0.000 −0.142 0.000 

0.000 0.000 −0.142 

WHA 

−0.054 −0.001 −0.007 

−0.093 −0.001 −0.037 0.047 

−0.007 0.047 −0.189 

FN3 

−0.043 0.000 0.000 

−0.038 0.000 −0.033 0.000 

0.000 0.000 −0.039 

FH9 

0.067 −0.025 0.000 

0.057 −0.025 0.108 0.000 

0.000 0.000 −0.005 

WHB2 

0.158 −0.008 0.039 

0.046 −0.008 −0.017 0.014 

0.039 0.014 −0.004 

WHZ3 

0.010 −0.064 −0.066 

−0.040 −0.064 −0.065 0.037 

−0.066 0.037 −0.065 

FH3 

−0.030 −0.003 0.000 

−0.019 −0.003 0.038 0.000 

0.000 0.000 −0.065 

WHN 

0.0182 0.0548 −0.0222 

−0.007 0.0548 0.0272 −0.0238 

−0.0222 −0.0238 −0.0261 

FN1 

−0.026 0.003 0.000 

−0.003 0.003 −0.023 0.000 

0.000 0.000 0.038 

 

 

Table S1.  Hyperfine coupling parameters of magnetic nuclei in FAD•− (F) and TrpH•+ (W), in order of 

inclusion in the quantum dynamics (QD) and improved semiclassical (SC) simulations. Standard 

PDB/IUPAC nomenclature is used, with the labelling scheme given in Fig. S2. Calculations were 

performed (by Dr Ilya Kuprov, Department of Chemistry, University of Southampton) using density 

functional theory in Gaussian‐032 at the UB3LYP/EPR‐III level, for the radical anion of 7,8,10-

trimethyl isoalloxazine (lumiflavin) in the case of FAD•− and the radical cation of a free tryptophan 

amino acid in the case of TrpH•+.3    
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Fig. S2. Atom labelling schemes for (a) FAD and (b) TrpH radicals. 
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S3.  Computational methods 

Schulten-Wolynes semiclassical method (SW) 

Magnetic field effects were calculated as originally described by Schulten and Wolynes4 with Monte-

Carlo averaging over isotropic hyperfine fields in the two radicals.5 The spin Hamiltonian was of the 

form A B
ˆ ˆ ˆH H H= + , with: 

Q Q Q Q

, ,

ˆ ˆˆ
z j j

j x y z

H S h S
=

= +  , 

in which the first term accounts for the electron Zeeman interaction ( eB = − ) and the second the 

hyperfine interactions. Q
ˆ

jS  is the j-component of the electron spin operator for radical Q. The hyperfine 

fields, Q jh , were chosen randomly from normal distributions with mean zero and standard deviation 

Q . The triplet yield was obtained as:6 

( )
( )

2 24 4
S

T 22
1 1

ˆ1
n m n m

k
B n P m

k  = =

 = −
+ −

 , 

where n  and m  are eigenvalues of Ĥ , n  and m  are the corresponding eigenstates, and SP̂  is 

the singlet projection operator: 

S
A B

, ,

1 ˆ ˆˆ ˆ
4

j j

j x y z

P E S S
=

= −  . 

50,000 Monte-Carlo averages were used for each calculation of the triplet yield in Fig. 2. 1/2B  was 

obtained by interpolating ( )T B  (Section S4). 

Exact quantum spin dynamics method (QD) 

The spin Hamiltonian was again of the form A B
ˆ ˆ ˆH H H= + , but now with 

Q Q Q Q Q
ˆ ˆˆ ˆ

z i i

i

H S a= +  S I  

in which Qia  and Q
ˆ

iI  are respectively the isotropic hyperfine coupling constant and the nuclear spin 

operator of nucleus i in radical Q. The triplet yield was calculated as:7 

( ) ( ) ( ) ( )
2

T A A B B 2 (A) (A) (B) (B) 2

3 1 ˆ ˆ ˆ ˆ
4 ( )

q p q p
nm mn rs sr

p q n m r s m n s r

k
S S S S

Z k    
 = −

+ − + −
  

where  , , ,p q x y z , n, m and r, s label the eigenstates of AĤ  and BĤ , respectively, with eigenvalues 

(A)
n , (A)

m , (B)
r , and (B)

s , and ( )A A
ˆ ˆ

q q
nm

S n S m= , etc. Z  is the product of the dimensions of the 

nuclear Hilbert spaces of the two radicals. 1/2B  was obtained by interpolating ( )T B  (Section S4). 

The calculations were performed using MolSpin.8 
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Quantum mechanical Monte-Carlo method (QMMC) 
Calculations were performed using the QD method outlined above. The hyperfine coupling constants 

were chosen as described in the main text. 1500 radical pairs were simulated for each of the histograms 

in Fig. 3. 1/2B  was obtained by interpolating ( )T B  (Section S4). 

Improved semiclassical method (SC) 
Magnetic field effects were calculated as originally described by Manolopoulos and Hore9 and concisely 

summarised by Fay et al.10 The magnetic fields used for the interpolation procedure (Section S4) are 

given in Table S2. In each case, the singlet probability was integrated over 0  t  T with T = 10/k and 

time-step t = T/104. All calculations used a minimum of 106 Monte-Carlo samples. 

 

k / s−1 B / mT 

1 × 106 (isotropic) 0, 1.4, 1.8, 2.2, 2.6, 1000 

1 × 106 (anisotropic) 0, 2.0, 2.4, 2.8, 3.2, 1000 

1 × 107 0, 1.4, 1.8, 2.2, 2.6, 1000 

1 × 108 0, 1.9, 2.3, 2.7, 3.1, 1000 

3 × 108 0, 2.7, 3.1, 3.5, 3.9, 1000 

5 × 108 0, 3.6, 4.0, 4.4, 4.8, 1000 

1 × 109 0, 5.8, 6.2, 6.6, 7.0, 1000 

Table S2. Magnetic field strengths chosen for the interpolation procedure for the recombination rate 

constants in Fig. 4. 

Stochastic Schrödinger equation method (SU(Z)) 

The spin Hamiltonian in this case was of the general form A B AB
ˆ ˆ ˆ ˆH H H H= + + , with 

Q Q Q Q Q

AB A B

ˆ ˆˆ ˆ ,

ˆ ˆˆ .

z i i

i

H S

H

= +  

=  

 S A I

S D S

 

QiA  is the hyperfine interaction tensor of nucleus i in radical Q and D is the dipolar coupling tensor, 

appropriate for FAD and Trp318 in pigeon cryptochrome 4a: 

0.039 0.432 0.175

/ mT 0.432 0.279 0.251

0.175 0.251 0.239

− 
 

= − − 
 
 

D . 

For the simulations with isotropic hyperfine interactions, ( )Q Q Q Q, ,i i i idiag a a a=A .  

Magnetic field effects were calculated as described by Fay et al.11 In each case, a single SU(Z) state was 

propagated using the Short Iterative Lanczos method,12 with a Krylov subspace dimension of p = 15. 

The vector of Krylov subspace coefficients 𝒄(𝑡) was propagated according to  

( ) ( )i dd e ,tt t t−+ = A
c c  
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where A is the Krylov subspace representation of the spin Hamiltonian generated via the Lanczos 

method. A new Krylov subspace was generated whenever the condition ( ) 5
1 / 10pc t −
− c  was met. For 

all SU(Z) calculations, the maximum integration time was 5 μs, using a timestep of 1 ns. 

S4.  Interpolation of T( )B  to obtain  1/2B  

 

Method B values for calculation of ΦT (B)  
Fitting function used for 

interpolation 

SW 
21 values equally spaced between 0 and 

10 mT 
3rd order polynomial 

QMMC 
20 values logarithmically spaced between 

0.1 and 10 mT 

3rd degree spline 

QD 

nnuc ≤ 12: 500 values logarithmically 

spaced between 10−11 and 10 mT 

 

nnuc ≥ 13: 21 values spanning 1 mT, 

centred at the B1/2 value for nnuc − 1 

SC 1.4, 1.8, 2.2 and 2.6 mT 2nd order polynomial 

SU(Z) 
Isotropic: 1.4, 1.8, 2.2 and 2.6 mT 

Anisotropic: 2.0, 2.4, 2.8 and 3.2 mT 
4th order polynomial 

 

 

Table S3. Summary of parameters and fitting functions used in the interpolation procedures to obtain 

B1/2 for the different simulation methods. In every case ΦT (B1/2) was obtained as: 

 

T T
T 1/2

( 0) ( 1.0 T)
( )

2

B B
B

 = +  =
 = . 
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S5.  Simulated magnetic field effects: SW method 
 

Field-dependence of T( )B  

 

Fig. S3.  (a) Magnetic field effects (SW method) from which the 1/2B  values in Fig. 2a were obtained 

by interpolation. AB  = 0.2 mT (violet) to 2.0 mT (red) in steps of 0.2 mT. (b) Simulated magnetic 

field effects from which the 1/2B  values in Fig. 2c were obtained by interpolation. k = 105.0, 105.5, 

106.0, 106.5, 107.0, 107.25, 107.5, 107.75, 108.0, 108.25, 108.5 s−1 (violet to red) (c) Simulated magnetic field 

effect from which 1/2B  = 2.51 mT (Table 1) was obtained by interpolation. 

 

 

Dependence of B1/2 on AB and A/B for various recombination rates 

(a) (b) 

 
 

Fig. S4.  (a) 1/2B  (SW method) plotted as a function of AB  for A  = B  for different values of the 

recombination rate constant, k (in s−1), as indicated. Apart from k = 108 s−1, 1/2B   2.11 AB . (b) 1/2B  

(SW method) plotted as a function of A B/   for AB  = 1 mT and different values of the 

recombination rate constant, k (in s−1), as indicated. 1/2B  increases markedly when k  107 s−1. 
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Dependence of B1/2 on k 

 

Fig. S5.  1/2B  (SW method) plotted as a function of k for A  = 0.70 mT and B  = 0.97 mT. The 

line is the best linear fit: 
8 1

1/2 / mT 2.15 / (2.27 10 s )B k − +  . Although the dependence of 1/2B  on 

k here is not as linear as for the SC calculation (Fig. 4b), the gradient is similar. 
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S6.  Simulated magnetic field effects: QMMC method 
 

Field-dependence of T( )B  

 

Fig. S6. Magnetic field effects (QMMC method). Each panel shows the average of 1500 calculations 

of T( )B  for k = 106 s−1 for model [FAD•− TrpH•+] radical pairs containing 3, 4, 5, 6, or 7 spin-½ 

hyperfine interactions per radical. Solid lines: 3rd degree spline fits to the calculated values of ΦT (B) 

(dots). Dashed lines: interpolations used to obtain B1/2 values.   

 

 

 

 

 

  



12 

 

Additional QMMC histograms 

 

Fig. S7. 1/2B  distributions calculated using the QMMC method for model [FAD•− TrpH•+] radical 

pairs containing 3, 4, 5, 6, or 7 hyperfine interactions per radical, as indicated. The recombination 

rate constant, k, is (a) 106 s−1, (b) 107 s−1, (c) 108 s−1, and (d) 109 s−1. Panel (a) is a duplicate of Fig. 3 

in the main text. 
 

 

 

Fig. S8. Exponential extrapolation of the means of the 1/2B  distributions in Fig. S7. 
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S7.  Simulated magnetic field effects: QD method 
 

Field-dependence of T( )B  

 

Fig. S9. Magnetic field effects (QD method) from which the 1/2B  values in Fig. 4a were obtained by 

interpolation for model [FAD•− TrpH•+] radical pairs with k = 106 s−1 and (a) nnuc = 3, 7, 10, 12 and 

(b) nnuc = 12 – 15. Only the region between B = 1.48 mT and B = 2.52 mT is shown in (b) for clarity. 

Solid lines indicate the 3rd degree spline fits to calculated values of ΦT (B), which are indicated as 

dots in (b) but omitted in (a) due to the large number (500) of points. The dashed line in (b) indicates 

the interpolation used to obtain B1/2 for nnuc = 15.   
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Extrapolation of 1/2B  to nucn →  

 

Fig. S10.  QD values of 1/2B  in Fig. 4a extrapolated exponentially to nucn →  . (a) k = 1  108, (b) 

k = 3  108, (c) k = 5  108, (d) k = 1  109 s−1. 

 

 

 

S8.  Simulated magnetic field effects: SC method 

Interpolation to obtain 1/2B  

 

Fig. S11. Magnetic field effects (SC method) for model [FAD•− TrpH•+] radical pairs, corresponding 

to the nnuc = 27 points for the six rate constants shown in Fig. 4a. (a) k = 106, 107, 108 s−1. (b) k = 

3  108, 5  108, 109  s−1. Solid lines indicate the 2nd order polynomial fits to the calculated values of 

ΦT (B) (dots). The interpolations used to obtain B1/2 are indicated by dashed lines. 
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Comparison of 1/2B  from SC and QD methods 

 
Fig. S12. Comparison of 1/2B  calculated with nuc 27n =  using the SC method with the QD values 

extrapolated exponentially from nuc 4-15n =  to nucn →  . 

 

 

 

S9. Simulated magnetic field effects: SU(Z) method 
 

 

Fig. S13. Magnetic field effects (SU(Z) method) for k = 106 s-1 for model [FAD•− TrpH•+] radical 

pairs, corresponding to the nnuc = 16 points shown in Fig. 5. Solid lines indicate the 2nd order 

polynomial fits to calculated values of ΦT (B) (dots). The interpolations used to obtain B1/2 are 

indicated by dashed lines. 
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S10. Estimate of c for Cry4a 

The rotational correlation time of an approximately spherical globular protein can be estimated using 

Stokes’ law:13 

 
3
H

c
B

4π

3

r

k T


 =  (1) 

where  is the viscosity of the solvent and T is the temperature. Hr , the effective hydrodynamic radius, 

may be estimated from the specific volume of the protein, V, and the thickness of its hydration layer, 

Wr :13 

 

1/3

H W
A

3

4π

VM
r r

N

 
= + 
 

, (2) 

where M is the molar mass of the protein. Following Ref. 13 (eqns (1.44) and (1.45), page 21), we use 

V = 7.3  10−4 m3 kg−3 and Wr  = 1.6  10−10 m. For Cry4a (M = 64 kg mol−1) in 80:20 water:glycerol at 

5 C (Ref. 14),  = 3.2  10−3 J s m−3 (Ref. 15). Hence: 

 

 H 2.81nmr =   and  c 77.1ns = . (3) 
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