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Table S1: ZFS splitting parameter D and the full width half height estimated from the central lines of the ED-FS spectra 10 

recorded at T=10 K at Q and W-bands. It should be noted that FWHH depends on solvent and whether the complex is measured 

as such, or as attached to another molecule. The literature should be consulted for details.  

1 ZFS determined for Gd-ruler (2.1 nm) and Gd-ruler (6.0 nm) was found to be identical within the uncertainty intervals. 
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Compound 𝑻𝒎
𝒂 (s) 𝑨𝟏(%) 𝑻𝒎

𝒃 (s) 𝑨𝟐(%)  10% 

signal1(s) 

Gd-ruler (6.0 nm) 4.6±0.3 45±2 13.7±0.1 55±2 18.2 

Gd-ruler (2.1 nm) 9.1±0.3 78±2 13.7±0.1 22±2 20.6 

 

Table S2: Echo decay parameters derived from the fit of the experimental data shown in Fig. S2a. The data were fitted to the 

sum of two exponential functions with fixed exponents of 1 and 2 and defined by the fitting function:  

 

 25 

The fit was excellent (R2 = 0.9999 and RMSE = 0.0020) and values for A1, A2, Tm
a and Tm

b for this fit are shown in the table. 

Examination of the residual shows white noise at the end of the trace and a small modulation related to the electron dipolar 

coupling at the beginning of the trace.  

1 Corresponds to the time, from the /2 pulse, at which the echo has decayed to 10% of its initial value. These values are more 

representative of the echo decay. 30 

 

Compound 𝑻𝟏
𝒂(s) 𝑨𝟏(%) 𝑻𝟏

𝒃(s) 𝑨𝟐(%) 𝑻𝟏(s)1 

Gd-ruler (6.0 nm) 15.5±0.3 40±2 45.7±0.3 60±2 31.3±0.3 

Gd-ruler (2.1 nm) 14.8±0.3 29±2 53.1±0.3 71±2 36.8±0.3 

 

Table S3: Inversion recovery parameters derived from the fit of the experimental data shown in Fig. S2b, performed for both 

samples. The data were well fitted (R2 = 0.9999 and RMSE = 0.0025) by a sum of two exponential functions defined by the 

fitting function. 35 

 

 

Values for A1, A2 and T1
a and T1

b for this fit are given in the table. 

1T1 values derived from a mono-exponential fitting function are also shown for comparison (with goodness of fit parameters 

R2 = 0.9980 and RMSE = 0.0140). 40 
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Offset1 
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Pump3  

(ns) 
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SRR4 
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(%) 

Echo 

SNR 

Time  

averaging 

Number of 

averages5 

Sensitivity 

measure6 

Gd-ruler (2.1 nm) 

240 

(P1O1) 

32 8 1.2 172 0.980 2.9 2000 0h28min 

(192 scans) 

9600 4.50 

240 

(P2O2) 

32 8 1.2 172 0.980 0.7 5000 24h20min 

(9980 scans) 

499000 0.38 

 

Table S4: Q-band experimental settings parameters used for DEER measurements on Gd-ruler (2.1 nm) shown in Fig. S7, and 

the associated modulation depths obtained by fitting the DEER data with DeerAnalysis (2019) (Jeschke et al., 2006). The 

interpulse delay 1 was set to 380 ns for all experiments. The sensitivity measure is defined as the echo SNR multiplied by the 50 

modulation depth divided by the square root of the total number of echo measurements. It should be noted that this does not 

take into account differences in excitation bandwidth of pump and observer pulses, which for Q-band measurements were 

partially limited by resonator bandwidth. 

1 Frequency separation between pump pulse set at position i (Pi) and observer pulse at position j (Oj). 

2,3 Observer and pump  pulse lengths. The observer /2 pulse was always half the observer  pulse.  55 
4 SRR is the shot repetition rate. 
5 Number of averages calculated as: number of scans * number of shots per point. 
6 The sensitivity measure is calculated as =

𝜆∗𝑆𝑁𝑅(𝐸𝑐ℎ𝑜)

(√𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑜𝑖𝑛𝑡𝑠 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑)
 where SNR (echo) is the ratio of the maximum 

echo height to the standard deviation of the noise. This is obtained by subtracting a smoothed fit from the data and then 

calculating the standard deviation from the resulting noise trace. The total number of points measured is the total number of 60 

averages per point multiplied by the number of points in a scan. 
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Fig. S1: a) CAD images of HiPER sample-holder showing the sample-holder cartridge mounted into the spring-loaded mount. 65 

b) Variation of the power level with respect to the frequency measured at different points in the transmit chain of HiPER. The 

measurements of the power output have been performed via couplers placed at the output of the multiplier (black), 1 W 

amplifier (blue) and 1 kW EIK amplifier (red). (Adapted from (Motion et al., 2017)). 
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Fig. S2: Experimental and fitted a) echo decay and b) inversion recovery data recorded at 10 K at the maximum of the ED-FS 

spectra of Gd-ruler (2.1 nm) and Gd-ruler (6.0 nm).  is the delay between the 
𝜋

2
 and  pulses in the echo decay pulse sequence 

and T is the delay between the inversion  pulse and 
𝜋

2
 -- observer sequence. In a) the initial value of  is set to 300 ns, and 

in b)  is fixed to 300 ns and the initial value of T is set to 100 ns. 75 
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 Offsets obs 

P1O1 120 MHz 11 ns 

P2O2 120 MHz 16 ns 

P3O3 420 MHz 11 ns 
 

 

 

 Offsets  obs 

P1O1 120 MHz 24 ns 

P2O2 420 MHz 12 ns 

P3O 800 MHz 8 ns 

P4O 900 MHz 12 ns 

PO5 840 MHz 12 ns 

PO6 900 MHz 12 ns 
 

 80 

 

Fig. S3: Primary DEER data of a) Gd-ruler (6.0 nm), and b) Gd-ruler (2.1 nm) recorded at different PO offsets. The background 

fitting used in DEER data analysis is shown in red. The frequency offsets corresponding to the different Pump/Observer 

positions are reported in tables next to each figure.  

 85 
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Fig. S4: ED-FS spectra of Gd-ruler (6.0 nm) sample with (left) simulated excitation profiles of the pump and observer pulses 

and (right) the associated field positions with respect to the highlighted central transition |−
1

2
⟩ → |

1

2
⟩. PO offsets: a) 120 MHz, 90 

b) 420 MHz. Note that pump frequencies are different although located at the central transition. The excitation plots in a) and 

b) are the same as those in the main text. They were added here for convenience. 
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Fig. S5: ED-FS spectra of Gd-ruler (2.1 nm) sample with (left) simulated excitation profiles of the pump and observer pulses 

and (right) the associated field positions with respect to the highlighted central transition |−
1

2
⟩ → |

1

2
⟩. PO offsets: a) 120 MHz, 95 

b) 420 MHz and c) 840 and 900 MHz. Note that pump frequencies are different although located at the central transition. The 

excitation plots are the same as those in the main text. They were added here for convenience. The black arrow indicates the 

position of 94 GHz, the nominal centre frequency of our W-band EIK amplifier, which has a bandwidth of just less than 1 

GHz. 
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Fig. S6: ED-FS spectrum of Gd-ruler (2.1 nm) with a) simulated excitation profiles of the pump and observer pulses separated 

by 800 and 900 MHz and b) the pump and observer pulse field positions with respect to the highlighted central transition 

|−
1

2
⟩ → |

1

2
⟩. The excitation plots are the same as those in the main text. They were added here for convenience. The black 105 

arrow indicates the position of 94 GHz, the nominal centre frequency of our W-band EIK amplifier, which has a bandwidth of 

just less than 1 GHz.  

 

 



11 

 

 
 

  

 110 

 

Fig. S7: a) Q-band ED-FS spectrum of Gd-ruler (2.1 nm) showing two different pump and observer position pairs, both with 

a PO offset of 240 MHz. The associated corrected background DEER data performed at P1O1 and P2O2 are shown in b) and c). 

Their corresponding distance distributions are shown in d). It should be noted that positioning both pump and observer on one 

side of the central transition was required by the limited bandwidth of the Q-band resonator. The Q-band data in Fig. S7c can 115 

be compared to the W-band data in Fig. 7a in the main paper, where the sensitivity was also 24 times larger.  
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