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Abstract 

Half-Integer High Spin (HIHS) systems with zero-field splitting (ZFS) parameters below 1 

GHz are generally dominated by the spin |─1/2>→|+1/2> central transition (CT). Accordingly, 

most pulsed Electron Paramagnetic Resonance (EPR) experiments are performed at this 

position for maximum sensitivity. However, in certain cases it can be desirable to detect higher 

spin transitions away from the CT in such systems. Here, we describe the use of frequency 

swept Wideband, Uniform Rate, Smooth Truncation (WURST) pulses for transferring spin 

population from the CT, and other transitions, of Gd(III) to the neighbouring higher spin 

transition |─3/2>→|─1/2> at Q- and W-band frequencies. Specifically, we demonstrate this 

approach to enhance the sensitivity of 1H Mims Electron-Nuclear Double Resonance (ENDOR) 

measurements on two model Gd(III) aryl substituted 1,4,7,10-tetraazacyclododecane-1,4,7-

triacetic acid (DO3A) complexes, focusing on transitions other than the CT. We show that an 
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enhancement factor greater than 2 is obtained for both complexes at Q- and W-band 

frequencies by the application of two polarising pulses prior to the ENDOR sequence. This is 

in agreement with simulations of the spin dynamics of the system during WURST pulse 

excitation. The technique demonstrated here should allow more sensitive experiments to be 

measured away from the CT at higher operating temperatures, and be combined with any 

relevant pulse sequence.  

Introduction 

Electron-Nuclear Double Resonance (ENDOR) spectroscopy is a widely applied pulsed 

Electron Paramagnetic Resonance (EPR) technique to determine the electronic and geometric 

properties of paramagnetic centres coupled to magnetically active nuclei.[1,2] In particular,  

1H ENDOR spectroscopy has found a wide range of uses in areas ranging from atomistic 

structure determination in protein samples[3–6] to the investigation of the electronic properties 

of superconducting quantum dots.[7,8] 1H ENDOR can provide, in favourable conditions, 

electron-proton distances and proton orientational arrangement, and is therefore of high 

importance in revealing the structure-function relationships of the active sites of many 

metalloenzymes and biomimetic models thereof.[9–12] 

 Gadolinium(III) complexes are routinely used as spin labels at Q- and W-band 

frequencies for long-range distance determination by pulsed dipolar EPR, namely Double 

Electron-Electron Resonance (DEER), primarily due to in-cell stability[13–15] and the absence 

of orientation selection.[16,17] More recently, Gd(III) labels have been employed for short-

range ENDOR based distance measurements in model systems and proteins.[18,19] Gd(III), a 

half-integer high spin (HIHS) (S = 7/2) ion, is characterised by a relatively small zero-field 

splitting (ZFS) and therefore its low temperature (frozen solution) spectrum is dominated by a 

narrow |─1/2>→|+1/2> central transition (CT) at Q- and W-band at temperatures above 5 and 

10 K respectively. The higher spin transitions usually appear as a broad featureless background 

of relatively low intensity onto which the sharp CT is superimposed. ENDOR measurements 

are usually carried out at a magnetic field corresponding to the maximum intensity of the EPR 

spectrum, namely the CT. However, there are instances where ENDOR measurements 

targeting the higher spin transitions of HIHS systems are of interest as they can facilitate the 

disentanglement of overlapping spectral signals, and resolve coupling to nuclei with |mI| > ±1/2 

(e.g. 17O) allowing the nuclear quadrupole interaction to be determined.[20] Specifically, 

assignment of ENDOR transitions to higher spin manifolds of Gd(III) can give direct readings 
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of the anisotropic hyperfine constant, T⊥, allowing the Gd(III) interaction with outer sphere 

water molecules in MRI contrast agents to be determined.[21] Furthermore, the sign of the 

hyperfine interaction can be readily determined by selective excitation of specific EPR 

transitions away from the CT in HIHS systems.[22,23] Alternatively, if the |mS| = ±1/2 

contribution to the Gd(III) ENDOR spectrum is of sole interest, a measurement away from the 

CT can be subtracted from a measurement targeting the CT to give a spectrum solely dependent 

on the coupling of the nuclear transitions within the |mS| = ±1/2 manifold.[24] However, unless 

such measurements targeting the higher spin manifolds of Gd(III) are carried out at high fields 

and/or very low temperatures that increase the populations of these transitions, they can suffer 

from low signal-to-noise ratios (SNR) and long measurement times. The small spectral width 

of the employed detection pulses further limit sensitivity of ENDOR measurements targeting 

higher spin manifolds, and are often orders of magnitude lower than the width of the transitions. 

 The commercial availability of fast Arbitrary Waveform Generators (AWGs) has 

afforded pulse shaping capabilities previously unachievable on the timescales of an EPR 

experiment.[25] This has allowed for the development of pulse shaping techniques that permit 

polarisation transfer between EPR transitions for signal enhancement in HIHS systems. These 

techniques were originally developed for transferring polarisation from satellite transitions to 

the CT in quadrupolar NMR.[26,27] When applied to EPR, polarisation transfer was shown to 

give a signal enhancement of 85% in DEER distance measurements measured on a Gd(III)-

Gd(III) ruler with a ZFS parameter < 1 GHz.[28] To achieve this, adiabatic frequency swept 

pulses were designed to pre-polarise the system by altering the equilibrium populations of the 

EPR transitions before application of the DEER sequence. Prior to this, it had been reported in 

a Mn(II) doped in MgO (S = 5/2) system that a low powered microwave pulse over the 

|─3/2>→|─1/2> transition, in combination with a rapid magnetic field sweep, transfers spin 

population to the CT of Mn(II) resulting in a polarisation enhanced spectrum, with subsequent 

polarised ENDOR measurements showing a maximum signal enhancement of 50%.[29]  

In this work, we present the generation of adiabatic and bandwidth tuned frequency 

swept and Wideband, Uniform Rate, Smooth Truncation (WURST) amplitude modulated 

pulses at Q-band (33.93 GHz) for enhanced echo sensitivity when detecting on the 

|─3/2>→|─1/2> EPR transition of a model Gd(III) aryl substituted 1,4,7,10-

tetraazacyclododecane-1,4,7-triacetic acid (DO3A) complex (1) (Figure 1) at 4.5 K. Similar 

measurements were also carried out at W-band (94.9 GHz) on a Gd(III) BrPsPy-DO3A 

complex (2) (Figure 1) at 11.5 K. The enhancement achieved from transferring spin 
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polarisation from the CT to the |─3/2>→|─1/2> transition by means of a pre-polarising shaped 

pulse was demonstrated in Hahn Echo-Detected Field Swept (EDFS), stimulated EDFS, and 

1H Mims ENDOR sequences, with consistent enhancement factors across different 

experimental timescales. Further, the controlled generation of polarisation using two 

consecutive frequency swept and WURST amplitude modulated pulses on either side of the 

|─3/2>→|─1/2> transition transferred polarisation from both the CT and a portion of the 

|─5/2>→|─3/2> and |─7/2>→|─5/2> transitions, resulting in an increased enhancement of the 

detection spin echo on the |─3/2>→|─1/2> transition. 

Experimental 

Sample preparation 

Chemical structures of the studied Gd(III) complexes are presented in Figure 1. Complex (1) 

was synthesised according to the procedure described in the SI (Section S1), while complex 

(2) was prepared as described previously.[30] For Q-band measurements, a 200 µM solution 

of (1) in D2O/d8-glycerol (20% v/v) was placed in a 1.8 mm quartz tube (outer diameter, O.D.). 

For W-band measurements, a 200 µM solution of (2) in D2O/d8-glycerol (20% v/v), was placed 

in a 0.6 mm (inner diameter, I.D.) quartz capillary. 

 

Figure 1: Model Gd(III) complexes investigated for polarisation transfer experiments at Q-

band (1) and W-band (2), noting the ZFS parameter, D, of each complex. 
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Spectroscopic measurements 

All EPR measurements at Q-band were performed at 4.5 K on a Bruker ELEXSYS E580 

spectrometer equipped with a fully over-coupled Bruker EN 5107D2 resonator, a Bruker 

SpinJet AWG, and a liquid helium flow cryostat (CF935, Oxford Instruments), using AWG 

pulses as discussed in detail below. All pulses were amplified via a pulsed travelling wave tube 

(TWT) amplifier (150 W). Initially a resonator profile was obtained from transient nutation 

experiments at variable frequency detecting on the Gd(III) signal maximum of complex (1) 

(1218.7 mT at 33.93 GHz). The length of the first pulse (p) was incremented (p–T–π/2–τ–π–τ–

echo) in 2 ns time steps over a period of 200 ns and T = 5 μs to ensure that any coherences 

generated by the first pulse had decayed before the detection sequence (Figure S.3.2). The 

maximum nutation frequency υ1 (and corresponding B1) was found to occur at 33.93 GHz and 

at this frequency rectangular microwave pulses of π/2 = 8 ns and π = 16 ns, generated through 

the AWG, were optimally tuned with an AWG amplitude of 4%, corresponding to a υ1 of 31.25 

MHz. The maximum achievable υ1 at this frequency, at 100% AWG amplitude, was 250 MHz, 

as measured from the resonator profile. Reference Hahn EDFS (π/2–τ–π–τ–echo) and 

stimulated EDFS (π/2–τ–π/2–t– π/2–τ–echo) with no pre-polarising pulses were recorded using 

these pulses, with τ = 400 ns, t = 13 μs and a repetition time of 7.5 ms. Radiofrequency (RF) 

π-pulses were amplified using a 2 kW RF amplifier. The RF π-pulse was tuned by a transient 

RF nutation experiment on the proton line at 51.6 MHz, where the length of the RF π-pulse 

was incremented in 100 ns steps (π/2–τ–π/2–trf–T–π/2–τ–echo) where trf + T = 20 μs (Figure 

S.3.2). 1H Mims ENDOR experiments in the absence of pre-polarisation were recorded for 

reference using the sequence π/2–τ– π/2–trf–π/2–τ–echo where trf = 13 μs, and the length of the 

RF π-pulse = 11 μs. For the polarisation transfer experiments, two polarisation pulses were 

used which were swept +300 to +100 MHz (pulse A), or –300 to –100 MHz (pulse B), relative 

to the detection frequency (33.93 GHz). These were compensated to the cavity profile as 

described in the results section. Final optimisation was carried out by performing a nutation 

experiment of the amplitude of the off-resonance shaped pulse (πAWG–T–π/2–τ–π–τ–echo), with 

T = 2 μs, at a field position that placed this pulse resonant with the CT; 1225.8 mT for pulse A 

and 1211.6 mT for pulse B (further details available in SI). The amplitude chosen for the 

experiment corresponded to the maximum in the detected echo. The polarisation enhancement 

was confirmed by measuring Hahn EDFS and stimulated EDFS with either one or both of the 

shaped pulses using the sequences P–T–π/2–τ–π–τ–echo and P–T–π/2–τ–π/2–t–π/2–τ–echo, 

where P, the polarisation sequence can be either shaped pulse A (πAWG, A), shaped pulse B (πAWG, 
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B), or both separated by a 200 ns gap (πAWG, A–200 ns–πAWG, B) and T = 2 μs to ensure that any 

on-resonance coherences generated by the shaped pulses had decayed. Full details of the 

polarisation pulses (pulse A and pulse B) are given below and their parameters given in Table 

S.3.2 (Supporting Information). The Mims ENDOR sequence was preceded by either one or 

two shaped polarisation pulses with a delay of T = 2 μs between the end of the final polarisation 

pulse and the beginning of the ENDOR sequence. In the case of two polarisation pulses, a delay 

of t = 200 ns was placed between them (πAWG, A–t–πAWG, B–T–π/2–τ–π/2–trf–π/2–τ–echo). RF 

frequencies were sampled using both stochastic and non-stochastic (linearly swept) RF π-

pulses within the spectral region of interest. 50 scans were collected for ENDOR measurements 

in all cases. Mims ENDOR datasets were phased to minimise the imaginary component before 

plotting and were collected with 1 shot per point and a step size of 10 KHz. 

 W-band measurements were carried out on a home-built spectrometer at 11.5 K.[31] 

Echo decays and EDFS measurements were acquired with a two-step phase cycle and the 

microwave pulses were set to π/2 = 15 ns and π = 30 ns, with τ = 500 ns, and a repetition time 

of 1 ms. The magnetic field was chosen either to observe at the CT (3418 mT at 94.9 GHz) or 

where the contribution of the |─3/2>→|─1/2> transition (3412 mT at 94.9 GHz) is dominating. 

The bandwidth of the ENDOR cavity (Figure S.3.3, Supporting Information) was measured 

using a nitroxide solution at 50 K and a nutation sequence as described above, and was further 

scaled to the Gd(III) ν1 value according to a nutation experiment carried out on the CT at the 

centre of the resonator profile. 1H Mims ENDOR experiments were recorded using the 

sequence π/2–τ–π/2–trf–π/2–τ–echo. Additional delays of 200 ns before and 4 μs after the RF 

π-pulse were added in order to avoid artefacts from ring-down effects. RF π-pulses were 

amplified using a RF amplifier (TOMCO BT02000-GammaS RF amplifier, peak envelope 

power 2kW). The RF π-pulse length was 28 μs and was tuned by a transient RF nutation 

experiment on the proton line at 144.5 MHz (Figure S.3.3). RFs were sampled stochastically 

within the spectral region of interest. For the polarised experiments, two WURST pulses (pulse 

C: 94.5 GHz to 94.84 GHz and pulse D: 94.96 GHz to 95.4 GHz), relative to the observation 

frequency of 94.9 GHz, were applied followed by a time delay of T = 2 μs between the end of 

the final polarisation pulse and the beginning of the corresponding pulse sequence. The shaped 

pulses were not corrected for the cavity profile. The detailed parameters of the polarisation 

pulses are given in Table S.3.3, Supporting Information. 10 scans were collected for ENDOR 

measurements at the CT whereas 40 scans were collected at the |─3/2>→|─1/2> transition. 
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Mims ENDOR datasets were collected with 1 shot per point, two-step phase cycling, and a step 

size of 25 KHz.  

Spectral simulations, the generation of bandwidth compensated shaped pulse files, 

spectral analysis and plotting of data was performed in MATLAB R2020a, using EasySpin 

5.2.30 simulation software. All files are available in the repository detailed in the SI. 

Results and discussion 

Q-band 

In order to optimise polarisation transfer using shaped frequency swept pulses, it was 

necessary to determine the resonator cavity profile so as to generate polarising pulses that 

compensate for the available bandwidth and non-linear power profile of the resonator at 

different frequency offsets. This was not implemented in the W-band measurements, where the 

cavity profile is significantly flatter and more uniform (Figure S.3.3). In each pre-polarised 

experiment targeting the CT, the detection pulses set to the |─3/2>→|─1/2> transition were 

placed at the centre of the resonator profile (33.93 GHz) and the shaped frequency swept pulses 

offset between ±100 to ±300 MHz. The adiabaticity factor of the linear frequency swept 

WURST amplitude modulated pulse, at its minimum, is defined as:  

𝑄𝑚𝑖𝑛 =
𝜔1

2𝑡𝑝

∆𝜔
 

where ω1 is calculated from the measured υ1 nutation frequency (in MHz) for the central 

transition of the Gd(III) spin system according to 𝜔1 = 2𝜋𝜐1/√𝑆(𝑆 + 1) − 𝑚𝑠(𝑚𝑠 + 1), tp is 

the pulse length, and Δω is the given spectral bandwidth.[25] For Qmin ≥ 5, quantitative 

inversion is achieved for a spin-1/2 system, however lower values of Qmin can be used in high 

spin systems as the transition moment on individual transitions is larger.28 It should also be 

noted that if the value of 𝜐1 at a specific offset falls below that required for adiabatic inversion 

this can be partially compensated by considering the resonator profile in the pulse design 

(further details available in SI, Figure S.3.4). All shaped polarisation pulses satisfying the 

adiabatic condition were generated using the EasySpin[32] pulse function. The polarisation 

pulses used were linear frequency swept pulses with a WURST amplitude envelope of the 

form: 

𝐴𝑊𝑈𝑅𝑆𝑇 = 1 −  |sin
𝜋𝑡

𝑡𝑝
|

𝑛𝑤𝑢𝑟𝑠𝑡

 

(1) 
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where nwurst = 5, tp = 100 ns, t = [-tp/2, +tp/2]. The final shaped pulses are frequency swept 

from [+300, +100] (pulse A) or [─300, ─100] MHz (pulse B) relative to the detection 

frequency [0 MHz], and are compensated for the resonator bandwidth within the EasySpin 

pulse function (Figure S.3.5).  

 

Figure 2: Experimental Hahn EDFS (a) and stimulated EDFS (b) spectra of complex (1), and 

corresponding pre-polarised pulse sequences (pulse B), at 4.5 K (33.93 GHz) with no pre-

polarising pulse (blue) or one optimised pre-polarising pulse (pulse B, orange). The conditions 

for optimal pre-polarisation were determined by an amplitude sweep of echo intensity at 

1211.6 mT (arrows) and 33.93 GHz (Figure S.3.6). 

Initial measurements investigated the enhancement observed in a simple Hahn Echo 

detection sequence optimised for (1) in deuterated solvent (τ = 400 ns) (Figure 2a). At a field 

position of 1211.6 mT (33.93 GHz), where the detection pulses target the |─3/2>→|─1/2> 

transition (arrows, Figure 2), an enhancement factor of ca. 2 was obtained. A stimulated EDFS 

spectrum with time delays relevant to a Mims ENDOR experiment with a RF π-pulse length of 

11 μs (i.e. a time delay of 13 μs between the second and third π/2 pulses) was recorded and 

showed significant retention of polarisation, with an enhancement of 1.72 at the same field 

position (Figure 2b). It should be noted that in the field swept spectra the polarisation pulse 

applied is only fully on-resonance with the CT at a field position of 1211.6 mT. At other field 

positions this pulse is resonant with other parts of the spectrum and other polarisation pathways 

(2) 
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may be occurring. This explains the reduction in polarisation, observed further away from the 

CT in these spectra. 

Simulations of the temporal evolution of spin polarisation on the detected transition 

during the application of the polarising pulse were performed with home-written Matlab scripts 

using the Spidyan[33] library, as described previously,[28] and used elsewhere to simulate 

pulse EPR experiments with arbitrary waveform generated excitation pulses.[34] For fitted 

ZFS parameters of complex (1) of D = 730 MHz and E = 140 MHz, a weighted Gaussian 

distribution of D values with a FWHM of 830 MHz accounting for the strain in D, and powder 

averaging over different orientations of the ZFS tensor with respect to the external magnetic 

field (full details in SI), the simulated evolution of polarisation in the rotating frame agreed 

well with the experimental enhancement seen in the initial field swept measurements, 

demonstrating polarisation transfer from the CT to the neighbouring |─3/2>→|─1/2> and 

|+1/2>→|+3/2> transitions during the frequency swept WURST pulse (Figure 3). Spidyan 

simulations further corroborated previous results demonstrating a loss in polarisation 

enhancement upon a larger strain in the ZFS distribution,[28] most likely as a result of first-

order broadening of these transitions (Figure S.2.1). Further to this, larger D values also 

resulted in decreased polarisation, limiting the efficiency of polarisation transfer from the CT 

to higher spin transitions for complexes with D > 1 GHz (Figure S.2.2).  

 

Figure 3: a) Overlay of Hahn EDFS (blue) in the absence of a polarisation pulse of complex 

(1) and excitation profiles of the detection (rectangular, 16 ns) π-pulse (orange) and 

polarisation pulse, (pulse B, yellow) plotted as a function of the offset from the detection 

frequency (33.93 GHz). b) Spidyan simulations showing the polarisation on each EPR 

transition of complex (1) during the evolution of the polarising pulse (pulse B), noting similar 

levels of polarisation for both the |─3/2>→|─1/2> and |+1/2>→|+3/2> transitions, 
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calculated for Q = 5, where Q is the critical adiabaticity value of the shaped pulse defined at 

its minimum as Qmin (Equation (1)). 

A slight diminution of the enhancement on the |─3/2>→|─1/2> transition was observed 

if the polarisation pulses are not correctly tuned to the B1 and bandwidth of the resonator cavity 

at the given frequency. This was most likely the result of oversaturation between spin manifolds 

by the shaped pulses, resulting in |ΔmS| ≥ 2 transitions. Such transitions have previously been 

directly observed in a DEER experiment, measuring a bis-Gd(III) system, for chirp pump 

pulses with high adiabaticity factors.[35] These |ΔmS| ≥ 2 transitions cause an effective 

overturning of the spin manifold into its neighbouring transition, thereby reducing the echo 

intensity at the EPR transition of interest. Therefore, we found for the Q-band measurements 

that it was imperative to measure and include the appropriate transfer function in the generation 

and application of the shaped polarisation pulse and it was also necessary to measure an 

amplitude sweep of the pulse as a function of echo intensity in order to achieve the highest 

sensitivity enhancement (Figure S.3.7). 
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Figure 4: a) Polarised Mims ENDOR pulse sequence. b) Non-polarised 1H Mims ENDOR 

spectra of complex (1) at the CT, 1218.7 mT (blue), and targeting the transition whose largest 

component is the |─3/2>→|─1/2> manifold, 1211.6 mT (orange) with τ = 400 ns at 4.5 K, 

showing splitting of the different spin manifolds as described in the main text. c) Non-polarised 

(blue) and optimally polarised (purple) averaged 1H Mims ENDOR spectra of complex (1) at 

a field position of 1211.6 mT (33.93 GHz), targeting the |─3/2>→|─1/2> transition, at 4.5 K.  

1H Mims ENDOR detecting on the CT of (1) showed splitting due to two different 

protons with a1 = 1 MHz and a2 = 1.4 MHz (Figure 4b, blue), while the averaged 1H Mims 

ENDOR spectrum (Figure 4c) targeting the |─3/2>→|─1/2> transition (individual plots with 

different τ values available in SI, Figure S.3.8) also showed contributions from the state with 

|mS| = 3/2. Pre-polarisation of the sequence with the tuned frequency swept shaped pulse (pulse 

B) gave an average enhancement factor of 1.82 at 1211.6 mT. Further, polarisation 

enhancements were consistent across a range of τ values (Figure S.3.9).  

 

Figure 5: a) Overlay of Hahn EDFS (blue) in the absence of a polarisation of (1) and excitation 

profiles of a detection π-pulse (rectangular, 16 ns, orange), for the stimulated echo sequence 

an 8 ns π/2 pulse was used, and polarisation pulses (pulse B - yellow, pulse A - purple) plotted 

as the offset from the detection frequency. b) Stimulated EDFS of complex (1) at 4.5 K (33.93 

GHz) without polarisation (blue), polarisation with pulse B (orange), polarisation with pulse 

A (yellow), and polarisation with both pulse A and pulse B (purple). 

The best results were obtained upon the application of two pre-polarising frequency 

swept pulses (pulse B and pulse A), transferring polarisation from both the CT and part of the 

|─5/2>→|─3/2> and |─7/2>→|─5/2> transitions (Figure 5a). In a stimulated EDFS sequence 
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the largest enhancements were seen at the |─3/2>→|─1/2> transition for pulse B and 

|+1/2>→|+3/2> for pulse A, while the application of both pulse B and A gave the greatest 

enhancement factors of 2.3 and 2.1 at each respective field position (1211.6 mT and 1218.7 

mT), compared to the non-polarised sequence (Figure 5b). The difference in enhancements 

between the two field positions is most likely due to the asymmetry in the CT and underlying 

transitions.  

Spin dynamic simulations show that the total polarisation on the detected transition is 

higher than that seen in the experimental case (Figure 6b), most likely due to the fact that the 

frequency swept pulse (pulse A) is swept over a frequency range where the adiabatic condition 

may not be completely fulfilled for the length of the polarisation pulse used, even under 

bandwidth compensated conditions, resulting in a loss in the efficiency of polarisation transfer 

from the higher EPR transitions to the |─3/2>→|─1/2> transition. Spectrometers operating with 

non-resonant quasi-optical sample holders can provide instantaneous bandwidths of 1 GHz and 

may mitigate the reductions seen in polarisation transfer experiments by ensuring the adiabatic 

condition is met across the bandwidth of each tuned frequency swept polarisation pulse to give 

optimal sensitivity enhancement.[36] Further to this, it is noted that experimentally pulse A 

sweeps across a portion of both the |─5/2>→|─3/2> and |─7/2>→|─5/2> transitions, however 

from simulations it is suggested that most polarisation upon the application of pulse A is 

transferred from the |─5/2>→|─3/2> transition to both its neighbours. The experimental set-up 

and faster relaxation time of higher spin transitions coupled with the short Tm of complex (1) 

means that any polarisation of the |─7/2>→|─5/2> transition is not captured in the current 

experimental spectra. In polarised 1H Mims ENDOR experiments, enhancement of the signal 

was found to be over 2.3 at 1211.6 mT (Figure 6c). Using a non-stochastic linear RF sweep 

resulted in an increase in echo intensity in the case of the polarised spectrum without 

detrimental heating effects at the sample. While the echo intensity is enhanced, the ENDOR 

efficiency remains constant between non-polarised and polarised spectra as this is not 

dependent on the sensitivity of the experiment. Some orientation selectivity may be expected 

as the polarising pulse A only inverts a sub-section of spins from the higher spin transitions, 

however due to the large distributions in ZFS parameters this is not seen for the studied 

complex in frozen solution. However, this will probably be an important consideration for 

polarisation transfer in complexes with very anisotropic hyperfine couplings and small 

distributions in ZFS parameters. In the studied complex these effects are further abolished, 
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most likely due to the symmetrical nature, and hence reduced orientations, of the proton 

hyperfine interaction (Figure S.3.10). 

 

Figure 6: a) Polarised Mims ENDOR sequence with two polarising pulses. b) Spidyan 

simulations showing the polarisation on the spin transitions of complex (1) during the evolution 

of the polarising pulses (pulse B and A) c) Non-polarised non-stochastic RF pulse (blue), 

stochastic RF pulse (orange), polarised non-stochastic RF pulse (yellow) and stochastic RF 

pulse (purple) 1H Mims ENDOR spectra of complex (1) at a field position of 1211.6 mT (33.93 

GHz) at 4.5 K, with τ = 400 ns.  

W-band 

At W-band, polarisation transfer was investigated at 11.5 K using a Gd(III) BrPsPy-DO3A 

complex (2), which has been used previously to spin label proteins via native or engineered 

cysteines.[30] The complex has a ZFS constant of D = 1150 MHz which is ca. 60% larger than 

that of complex (1) used for Q-band measurements. The width of the higher spin transitions is 

therefore ca. 60% larger in (2), while the CT of both complexes have a similar width. The spin 

polarisation of the CT in W-band at 11.5K (n–1/2-n+1/2 ≈ 0.034) is comparable with that in Q-

band at 4.5 K (n–1/2-n+1/2  ≈ 0.033).[37] At W-band, the length of the polarisation pulses used 
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were optimised to be 2 μs for efficient spin inversion, significantly longer than that used at Q-

band due to the lower power available. Further, compensation of the pre-polarisation pulse 

shape for the cavity profile was not implemented at W-band. Under these conditions the value 

of variation in B1, measured for a spin-1/2 system, across the pulse frequency profile (Figure 

S.3.3) caused a variation in Qmin from ca. 0.06 on the far side of the polarisation pulse to ca. 

0.6 in the vicinity of the observer frequency, while these values fall below the ideal value of 5 

for a spin-1/2 system, the high spin nature of Gd(III) reduces the required Qmin.
28 The 

parameters used for Hahn EDFS spectra recorded with two polarisation pulses preceding the 

sequence resulted in an enhancement factor of ca. 2.2 in spin echo intensity detecting on the 

|─3/2>→|─1/2> transition compared to the Hahn EDFS measured without polarisation pulses 

(Figure 7a). A similar enhancement factor at this detection frequency was observed using a 

stimulated EDFS sequence with time delays mirroring the Mims ENDOR sequence (Figure 

7b). Parameters for the frequency swept WURST amplitude polarisation pulses used at W-band 

are given in Table S.3.3.  
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Figure 7: a) Experimental non-polarised (blue) and polarised (orange) Hahn EDFS of (2). b) 

Experimental non-polarised (blue) and polarised (orange) stimulated EDFS of (2), showing 

the excitation profiles of a detection π-pulse (3412 mT, rectangular, 30 ns, yellow), for the 

stimulated echo sequence a 15 ns π/2 pulse was used, and of the pre-polarisation pulses (pulse 

C - purple, pulse D - green) as the frequency offset from the detection position. c) Non-

polarised 1H Mims ENDOR spectra of complex (2) at the CT, 3418 mT (blue) and targeting 

the |─3/2>→|─1/2> transition at 3412 mT (orange) with τ =300 ns at 11.5 K. d) Non-polarised 

(blue) and polarised (purple) 1H Mims ENDOR spectra of complex (2) recorded at 3412 mT at 

11.5 K. 

 The 1H Mims ENDOR spectra of (2) CT showed resolved splitting for 2 types of 

protons with a1 = 0.9 MHz and a2 = 1.45 MHz (Figure 7c, orange), consistent with the ENDOR 

spectra obtained at Q-band. 1H ENDOR spectra of similar Gd(III) tags at W-band have 

previously been reported.[38] In the ENDOR spectra recorded outside the CT the same pair of 

doublets are observed, and in addition the signals with splitting 3a1 and 3a2 appear, which 

correspond to the contribution from the state with |mS| = 3/2. Unexpectedly, recorded ENDOR 

spectra remain symmetric on both sides (Figure 7c), and the reason may be the spherical 

arrangement of the protons around the Gd(III).[39] For 1H Mims ENDOR spectra preceded by 

two polarisation pulses (pulse C and pulse D) placed either side of the |─3/2>→|─1/2> 

detection transition, an enhancement factor of ca. 2 was observed (Figure 7d). Similar to Q-

band measurements, the shape of the ENDOR spectrum was not affected by the use of 

polarisation pulses, the ENDOR efficiency remained the same, and the enhancement measured 

was consistent across a range of tau values (Figure S.3.11).  

Conclusions 

In conclusion, we have used frequency swept WURST amplitude pulses to pre-polarise 

1H Mims ENDOR spectra for signal enhancement of the |─3/2>→|─1/2> transition of two 

model Gd(III) complexes at Q- and W-band frequencies. It was found that transferring 

polarisation from both the CT and regions of the |─5/2>→|─3/2> and |─7/2>→|─5/2> 

transitions gave enhancement factors of the |─3/2>→|─1/2> transition over 2.3 at Q-band and 

ca. 2 at W-band. The increased sensitivity of the echo at this detection position following 

polarisation, alongside lower temperatures, should result in the ability for high SNR 

measurements in HIHS systems, where detection of higher EPR transitions away from the CT 

is desired, particularly in systems where the magnitude and strain in ZFS parameters are < 1 
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GHz. As higher temperatures are generally easier to achieve and maintain on standard EPR set-

ups, polarisation transfer from the CT can be seen as a means to mimic the gain in the 

Boltzmann distribution of the lower lying levels by thermal polarisation at high fields and low 

temperatures. Future applications of pre-polarisation away from the CT might include DEER 

with pump and detection frequencies set to be resonant either side of the CT in order to 

minimise spectral diffusion related to flip-flop transitions.[40] Additionally it may be possible 

to push the resolution of Gd(III)-19F ENDOR based distance measurements to smaller coupling 

values, while avoiding the extremely low temperatures normally needed for efficient thermal 

polarisation of the corresponding EPR transitions. For example, detecting on the 

|─3/2>→|─1/2> transition should give resolved splitting of poorly resolved long (< 1.5 nm) 

Gd(III)-19F intramolecular distances, with a greater than two factor gain in the signal intensity 

by pre-polarising the sequence. Current work is underway to demonstrate this in both model 

systems and in proteins.  
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