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Pulsed Electron-Electron Double Resonance (PELDOR) has attracted considerable attention 

for biomolecular applications, as it affords precise measurements of distances between pairs 

of spin labels in the range of 1.5-8 nm. Usually nitroxide moieties incorporated by site-

directed spin labelling with cysteine residues are used as spin probes in protein systems. 

Recently, naturally occurring cofactors and metal ions have also been explored as 

paramagnetic spin species for such measurements. In this work we investigate the 

performance of PELDOR between a nitroxide spin label and a high-spin Mn2+ ion in a 

synthetic model compound at Q-band (34 GHz) and G-band (180 GHz). We demonstrate 

that the distances obtained with high-frequency PELDOR are in good agreement with 

structural predictions. At Q-band frequencies experiments have been performed by probing 

either the high-spin Mn2+ ion or the nitroxide spin label. At G-band frequencies we have 

been able to detect changes in the dipolar oscillation frequency, depending on the pump-

probe positions across the g-tensor resolved nitroxide EPR spectrum. These changes result 

from the restricted mobility of the nitroxide spin label in the model compound. Our results 

demonstrate that the high-spin Mn2+ ion can be used for precise distance measurements and 

open the doors for many biological applications, as naturally occurring Mg2+ sites can be 

readily exchanged for Mn2+. 

 

Introduction 

Determination of distances in the nanometer range is an 

important issue for structural characterisation of 

macromolecules. Pulsed Electron-Electron Double Resonance 

(PELDOR)1 has become a valuable method for such 

applications in material science and structural biology2,3 

allowing the determination of distances in the 1.5-8 nm range 

from measurement of the magnetic dipole-dipole coupling bet- 
a Goethe University Frankfurt am Main, Institute of Physical and 

Theoretical Chemistry and Center for Biomolecular Magnetic Resonance, 

Max von Laue Str. 7, 60438 Frankfurt am Main, Germany. E-mail: 

prisner@chemie.uni-frankfurt.de 

† Electronic Supplementary Information (ESI) available: EPR spectrum 

of compound 6. Phase memory time measurements on compound 4 at Q-

band and G-band frequencies and on compound 6 at Q-band frequencies. 

PELDOR time traces without background subtraction of compound 4 at 

Q-band, experimental parameters, background functions, experimental 

and fitted Pake patterns. Q-band EPR experiments upon pumping and 

detecting on Mn2+ ion spin system on compound 4 and on compound 6. 

Simulated PELDOR time traces at G-band frequencies on compound 4 

without background function, parameters of simulations. MS spectrum of 

compound 4. See DOI: 10.1039/b000000x/ 

ween two paramagnetic sites. So far, nitroxide spin labels 

specifically attached to proteins4 or nucleic acids5 have been 

used as paramagnetic probes in biological systems. Only a few 

examples have been reported, where naturally occurring 

paramagnetic cofactors, for example, amino acid radicals,6 

metal ions7 or iron-sulfur clusters8,9 were used for PELDOR 

measurements. Recently, chelate complexes with Gd3+ 10,11 or 

Mn2+ ions12 have been used as paramagnetic tags attached to 

proteins. Due to the high electronic spin multiplicity of these 

metal ions, it is beneficial to perform EPR experiments at 

higher magnetic field strengths.13 

 The Mn2+ ion is especially attractive for biological 

applications, since several enzymes14 and membrane proteins 

naturally contain this paramagnetic marker. Moreover, due to 

the very similar ionic radius and identical electric charge of 

Mn2+ and Mg2+ ions, Mn2+ can easily replace Mg2+, an essential 

cofactor for many enzymes, nucleic acid molecules and 

nucleotide binding domains.15 Thus, PELDOR in combination 

with Electron-Nuclear Double Resonance (ENDOR) 

spectroscopy, is an ideal tool for structural characterisation of 

such intrinsic metal sites in biomolecules, which in many cases 

undergo long range structural rearrangements and changes in 

the ligand sphere within the catalytic function.16,17 

 The high-spin Mn2+ ion has an electronic spin of S = 5/2. In 

addition the 100% naturally abundant 55Mn isotope has a 
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nuclear spin of I = 5/2. Such high-spin multiplicities lead to 

rather complex EPR spectra in disordered systems at low 

magnetic fields.18 However, at higher magnetic field, when the 

electron Zeeman splitting is considerably larger than the Zero-

Field Splitting (ZFS), the six allowed hyperfine lines of the 

central electron spin transition (|mS = –1/2, mI> → |mS = 1/2, 

mI>) become narrow and indicative. The line narrowing of the 

central transition can be assessed by second-order perturbation 

theory. This reveals that the linewidth scales inversely with the 

external magnetic field as D2/B0, assuming a ZFS asymmetry 

parameter of E = 0.18 Moreover, the intensities of the forbidden 

hyperfine transitions (∆mS = ±1 ∆mI = ±1 and ∆mS = ±1 ∆mI = 

±2) become significantly reduced.18 Thus, the EPR spectrum of 

a disordered Mn2+ system simplifies considerably at higher 

magnetic field. 

 The EPR signals resulting from the different electron spin 

sublevels (|mS,mI> → |mS±1,mI>) of the Mn2+ ion all have 

different transition moments. Therefore, the Rabi oscillation 

frequency of the central electron spin transition of an Mn2+ ion 

spin system is 3 times higher compared to a nitroxide electron 

spin (S = 1/2) at high magnetic fields. These differences in 

transition moments can be used to separate the different 

electron spin transitions by their Rabi nutation frequencies.19 

However, this phenomenon further complicates pulsed EPR 

experiments, especially at low magnetic fields, as spectrally 

overlapping allowed and forbidden transitions are all excited 

simultaneously by the microwave pulses, although to a different 

extent. 

 Here we performed PELDOR measurements at two 

magnetic field strengths (1.2 T and 6.4 T corresponding to 

electron excitation frequencies of 33.7 GHz (Q-band) and 180 

GHz (G-band), respectively) on a nitroxide-Mn2+ model 

compound in order to investigate in detail the performance of 

this experiment while pumping either on the nitroxide spin 

system or Mn2+ ion spin system. 

Results and discussion 

Synthesis 

The synthesis of the model compound 4 with a distance of 

approximately 2.7 nm between the unpaired electron of the 

nitroxide and the Mn2+ ion20-22 is schematically represented in 

Fig. 1. Sonogashira coupling of 1 with 4’-(4-ethynylphenyl)-

2,2’:6’,2’’-terpyridine 2 yielded the nitroxide substituted 

terpyridine ligand 3. The heteroleptic Mn2+-terpyridine complex 

4 was obtained as the hexafluorophosphate by mixing 

equimolar amounts of 3 with [Mn(terpyridine)Cl2] and 

precipitation under excess of NH4PF6. 

 
Fig. 1. Scheme of the synthesis of the ligand 3 and the model 

compound 4. Reagents and conditions: (i) 4’-(4-ethynylphenyl)-

2,2’:6’,2’’-terpyridine 2, Pd(PhCN)2Cl2, CuI, TBAB, P(Ph)3, 

Et2NH/THF, room temperature, 16 h. (ii) (a) [Mn(terpyridine)Cl2], 

MeOH/CH2Cl2, 45 – 50 °C, 1.5 h; (b) NH4PF6, MeOH. 

EPR spectroscopy 

The PELDOR experiments on the heteroleptic Mn2+-terpyridine 

complex 4 were performed at Q-band (33.7 GHz) and G-band 

(180 GHz) frequencies. The field-swept echo-detected EPR 

spectra at both frequencies are shown in Fig. 2. At Q-band 

frequencies (Fig. 2 left) a broad and featureless EPR signal 

from the Mn2+ ion spin system can be observed with the 

comparably narrow nitroxide EPR signal superimposed. 

Despite the fact that pulse lengths (32 ns) and repetition time 

(0.8 ms) were optimised for the much faster relaxing Mn2+ ion 

spins in this experiment, the nitroxide signal still shows a larger 

relative intensity. The sample temperature was set to 5 K in 

order to achieve longer transversal relaxation (T2) time for 

Mn2+ ion spins, as the latter limits the length of the observable 

time window. The Mn2+ ions hyperfine lines of the central 

electron spin transition |–1/2, mI> → |1/2, mI> are not resolved 

at Q-band frequencies which indicates the presence of relatively 

large ZFS parameters for this molecule. In another study of 

Mn2+ bis(terpyridine) complexes it was found that the ZFS 

parameter D is strongly dependent on the structure of the 

terpyridine moiety and on the solvent.23,24 ZFS parameters for 

the Mn2+ bis(terpyridine) complex in acetonitrile were given as: 

D = –1.54 GHz and E = 0.3 GHz.23 Attaching a nitroxide linker 

to one of the terpyridine moieties, as is the case with the 

heteroleptic Mn2+-terpyridine complex 4 and using 2-

Methyltetrahydrofuran as solvent may lead to different ZFS 

parameters. An EPR spectrum of compound 6 (scheme is 

presented in Fig. S1) a derivative of compound 4 without the 

nitroxide moiety is shown in Fig. S2. 

 
 
Fig. 2. Field-swept echo-detected EPR spectrum of the heteroleptic 
Mn2+-terpyridine complex 4. 

Left - Spectrum recorded at Q-band frequencies and a temperature of 5 

K; arrows at the field positions A and B illustrating the probe and pump 
positions for the PELDOR experiments. Pulse lengths and repetition 

time of the pulse sequence are optimised for the Mn2+ ion spin system 

at field position B.  
Right - Spectra recorded at G-band frequencies and a temperature of 10 

K. Upper spectrum: pulse lengths and repetition time of the pulse 

sequence are optimised for the Mn2+ ion spin system at one of the 
central hyperfine lines. Lower spectrum: pulse lengths and repetition 

time of the pulse sequence are optimised for the nitroxide spin system 

at the position of maximum absorption in the nitroxide spectrum. The 
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sets of arrows at field positions 1 and 2 illustrate the pump and probe 

excitation positions used for the PELDOR experiments. Within each set 

(1 or 2) the arrows up and down represent the probe and pump positions 
respectively. 
 Field-swept echo-detected EPR spectra of the heteroleptic 

Mn2+-terpyridine complex 4 at G-band frequencies are shown 

in Fig. 2 on the right side. As described previously, the 

linewidth of the central electron spin transitions narrow at 

higher fields. Therefore, the sextet of hyperfine lines for this 

transition can clearly be resolved at G-band frequencies (Fig. 2 

upper right spectrum). Since the overall Mn2+ ion spectral shape 

is very smooth and reveals no characteristic features related to 

the ZFS, a broad statistical distribution of the ZFS parameters 

of the Mn2+ ion of the compound 4 must exist. A similar broad 

statistical distribution of the ZFS parameters was also observed 

for the Gd3+ complexes in frozen solution.25 The overlapping 

EPR spectra corresponding to the Mn2+ ion and nitroxide spins 

can be distinguished by changing the length of the pulses and 

the experimental repetition time because of the different 

transition moments and longitudinal relaxation times (T1) of the 

two species. Such a procedure has already been demonstrated 

for the Gd3+-nitroxide spin system at X- and Q-band 

frequencies.26 

 PELDOR experimental time traces of the heteroleptic Mn2+-

terpyridine complex 4 at Q-band frequencies are presented in 

Fig. 3 together with respective fits. In both cases, when probing 

either on the Mn2+ ion or nitroxide spin systems, pronounced 

dipolar oscillations are visible, reflecting the rigid structure of 

compound 4. 

 
Fig. 3. Background-corrected PELDOR time traces obtained at Q-band 

frequencies. The solid lines are experimental time traces, the dotted 

lines are the fits by Tikhonov regularisation.29 The upper row shows the 
PELDOR time traces and distance distribution functions obtained by 

pumping on position A (nitroxide, as depicted in Fig. 2) and probing on 

position B (Mn2+). The lower row shows the traces for pumping on 
position B (Mn2+) and probing on position A (nitroxide). The pump-

probe frequency difference is 90 MHz in both cases. Both experiments 

are performed at 5 K. The peak at 2.1 nm marked by the asterisk is 
described in the text. 

 

 For PELDOR experiments at Q-band frequencies a 90 MHz 

offset between pump and probe frequencies was used. This 

separation is the upper limit that could be achieved with the 

experimental setup. This value was chosen such that when 

probing the Mn2+ ion spins and pumping on the maximum of 

the nitroxide spectrum, a negligible amount of nitroxide spins 

are excited by the detection pulses. Excitation of the nitroxide 

spins by the detection pulses would reduce the modulation 

depth. Moreover, we assume that level mixing of the dipolar 

coupled Mn2+-nitroxide spin system, due to the pseudo-secular 

terms of the dipolar coupling Hamiltonian, could be 

significantly minimised by choosing a pump-probe frequency 

offset that considerably exceeds the dipolar coupling constant. 

In general, the contribution from the pseudo-secular terms is 

larger for a dipolar coupled pair of high-spin centres compared 

to a pair of spin-1/2 centres, as demonstrated for a Gd3+-Gd3+ 

system.27 However, if only one centre in the pair has a high spin 

quantum number, the contribution from the pseudo-secular 

terms is reduced, as proposed for a Gd3+-nitroxide pair 

compared to a Gd3+-Gd3+ system.28 It is assumed, that this 

situation will also apply for the Mn2+-nitroxide system studied 

here. 

 Orientation selection effects at Q-band frequencies are 

expected to be negligible. When pumping and probing at the 

maximum of the nitroxide EPR spectrum the orientation 

selectivity is poor at this frequency. In the case of pumping and 

probing Mn2+ the orientation selectivity is also assumed to be 

small due to a broad statistical distribution of the ZFS 

parameters. Therefore, a Tikhonov regularisation with the 

complete Pake pattern as the integral kernel function29 can be 

used to determine the distance between two spins within the 

molecule. DeerAnalysis29 has been used to obtain the distance 

distribution functions in both cases. 

 The PELDOR time trace obtained by probing the nitroxide 

and pumping on the Mn2+ spins (Fig. 3 lower row), revealed a 

narrow distance distribution with a single distance of 2.65 nm 

and a full width at half maximum of only 0.15 nm (The 

Fourier-transformed Pake pattern is shown in Fig. S3). When 

pumping on the nitroxide and probing the Mn2+ spins          

(Fig. 3 upper row), the same distance of 2.65 nm was extracted 

from the dipolar evolution function. A Tikhonov regularisation, 

performed with DeerAnalysis 2013 with a regularisation 

parameter of 0.01, was used in both cases. Validation using 

different fitting conditions for the background function 

provided an error of about 0.05 nm. Hence, the extracted 

distance is in good agreement with the predicted interspin 

distance of 2.7 nm. 

 The distance distribution pattern obtained from the 

PELDOR time trace by probing the Mn2+ spins contains a ghost 

peak at a 2.1 nm (asterisk in Fig. 3). A possible explanation of 

this is the occurrence of nuclear modulation effects in the 

PELDOR trace (a two-pulse ESEEM experiment is depicted in 

Fig. S2 of the supporting information). Due to the short 

transversal relaxation time of Mn2+ spins, tau-averaging was not 

used in the PELDOR experiment, as it would reduce the 

signal/noise ratio. Control experiments were performed where 

pump and probe pulses were applied only on the Mn2+ of 

compound 4 or compound 6. A detailed explanation of these 

experiments is given in section 4 of the supporting information. 

These experiments revealed oscillations which are likely to also 

be present in the PELDOR time trace obtained by probing the 

Mn2+ spins. Another possible explanation may be insufficient 

fulfillment of the high-field approximation at Q-band 

frequencies, so that ZFS induced contributions to the secular 

term of the dipolar coupling Hamiltonian,28 occur in the 

PELDOR time trace when probing the Mn2+ spins. Such effects 

are not included in the standard analysis of PELDOR time 

traces.  

 The appearance of additional satellite peaks in the distance 

distribution pattern has also been observed at X- and Q-band 

PELDOR experiments of a Gd3+-nitroxide spin system.26 The 

features were attributed to a violation of the high-field 
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approximation and, for a part of the molecular ensemble, to 

effects arising from excitation of transitions other than the        

|-1/2> ↔ |1/2>.26 In the case of the Mn2+-nitroxide system 

studied here it is assumed that the central electron spin 

transition, including forbidden 55Mn hyperfine transitions, is 

excited to a much larger extent than the other electron 

transitions. A detailed study of the distortions in PELDOR 

induced by ZFS and ZFS distribution when the high-field 

approximation is violated has been performed on Gd3+ 

species.28 It was shown, that the ratio 3D/gµB0 defines the 

magnitude of distortions appearing in PELDOR for the Gd3+-

nitroxide spin system. Larger ZFS parameters induce a higher 

degree of level mixing and thus deviations from the normal 

undistorted case. This is particularly dramatic when the external 

magnetic field is not aligned along the canonical orientations of 

the ZFS frame. Nevertheless, for the cases where the ratio 

3D/gµB0 is 2/3 (corresponding to a D value of 2 GHz at X-band 

frequencies) it was shown that the dipolar frequency pattern 

reveals only modest deviation from the expected pattern. These 

distortions appear as an artificial broadening of the distance 

distribution without significant shifts of the mean distance. For 

the D values ≤ 600 MHz at X-band frequencies the distortions 

are negligibly small. For the data obtained at Q-band 

frequencies distortions of the distance distribution were 

expected to be negligible, and a conventional analysis of the 

PELDOR time traces can be safely applied for values of          

D < 2 GHz.28 The values given above are specific for Gd3+ 

however analogous results are expected for high-spin Mn2+.28 

 The Q-band data presented here indicate that for the    

Mn2+-nitroxide complex only weak distortions in the PELDOR 

trace are induced by ZFS. This does not lead to a shift of the 

mean distance within the experimental error, nor to broadening 

of the distance distribution. However, a detailed study of the 

high-field approximation violation in high-spin Mn2+ systems 

has yet to be performed in more detail. 

 As expected, the modulation depth λ is much lower when 

pumping on Mn2+. In this case a modulation depth of only 2% 

was achieved under our experimental conditions. A detailed 

calculation of the excitation efficiency is complicated because 

of spectral overlap and the fact that spectral shape, population 

and nutation frequencies differ for all the individual electron 

spin transitions. In addition, the hyperfine coupling of the Mn2+ 

electronic spin system with the 55Mn nuclear spin system and 

ZFS causes level mixing (|mS,mI> and |mS,mI±1>; |mS,mI> and 

|mS,mI±2>)18 further complicating the picture especially at Q-

band frequencies. Nevertheless, a rough approximation can be 

done by comparing the pump pulse excitation width with the 

overall spectral width. A pump pulse length of 20 ns 

corresponds to an excitation bandwidth of about 40 MHz and 

the overall Mn2+ linewidth is 8D+5A (from first order 

perturbation theory). Assuming a ZFS parameter D of about 1.5 

GHz and hyperfine coupling of about 250 MHz, this 

corresponds to a Mn2+ spectral width of 13.25 GHz. This rough 

analysis predicts a value of λ = 1%. Although, this 

approximation is rather imprecise, it roughly corresponds to the 

experimentally observed value of 2%. 

 In the other case, when pumping on the nitroxide spin 

system, a modulation depth of 11% was experimentally 

achieved. At Q-band frequencies the nitroxide spectral width is 

about 280 MHz, leading to a pump efficiency of about 30% 

when pumping on the maximum of the spectrum. B1 

inhomogeneity of the Q-band resonator leads to a value of 25% 

for the modulation depth. This has been experimentally 

observed for nitroxide biradicals with our experimental setup. 

Therefore, the experimental λ value observed on the 

heteroleptic Mn2+-terpyridine complex 4 is roughly a factor of 2 
less than expected. 

 To investigate orientation selection effects for a high-spin 

Mn2+ ion coupled with a nitroxide spin, we performed 

PELDOR experiments at G-band frequencies, where the 

anisotropy of the nitroxide g-tensor is fully resolved (as shown 

in Fig. 2 lower right spectrum). Two PELDOR experimental 

time traces for different pump positions on the nitroxide 

spectrum and probing the Mn2+ (Fig. 2) spins are depicted in 

Fig. 4 together with corresponding simulations based on the 

geometry of the molecule. 

 The experimentally observed modulation depths at both 

pump positions at G-band are a factor of 2.8 smaller compared 

to the predictions (analysis is described below). The fact that 

the observed modulation depths upon pumping on the nitroxide 

are smaller compared to the predictions both at Q- and G-band 

frequencies, indicates that the sample might also contain Mn2+ 

complexes that are not covalently coupled to the nitroxide 

moiety. This is supported by the appearance of a peak with m/z 

corresponding to Mn2+ bis(terpyridine) complex in the ESI 

mass spectrum (Fig. S7). A reduced modulation depth was also 

observed for a Gd3+-Gd3+ spin system.27 It has been 

hypothesised that for this spin system the effect is caused by the 

influence of pseudo-secular terms of the dipolar coupling 

Hamiltonian that contribute to the PELDOR signal. However, 

in the case of the Mn2+-nitroxide system studied here this effect 

is assumed to be negligible. 

 In the G-band data the modulation depth and frequency 

differ between the two PELDOR time traces taken at positions 

1 and 2. This indicates orientation selection in the time traces 

when pumping on the nitroxide. Therefore, the analysis of the 

PELDOR time traces cannot be done by Tikhonov 

regularisation with the complete Pake pattern as the integral 

kernel function. Thus, simulations of the two PELDOR time 

traces at G-band frequencies were performed using the known 

orientation of the nitroxide moiety compared to the direction of 

the linker22 and the excited orientations of the nitroxide with 

respect to B0 (calculated with EasySpin30 software, shown as 

insets in Fig. 4) upon pumping at position 1 or 2 (Fig. 4). The 

simulations used a fixed interspin distance of 2.7 nm (dotted 

lines in Fig. 4) and a Gaussian distance distribution width of 

0.15 nm. The modulation depths of the simulations were 

corrected to those achieved experimentally to allow better 

visualisation (dash-dotted lines in Fig. 4). 

 For the simulation of the orientationally selective G-band 

experiments the geometry between the nitroxide moiety and the 

dipolar axis was taken from the structure predictions (Fig. 1). 

Flexibility of the linker and the rotation of the nitroxide moiety 

around the linker axis of the complex was not explicitly 

included but only modeled by a Gaussian distance distribution, 

adjusted to fit the experimentally observed damping of the 

dipolar oscillations. Nevertheless the dipolar oscillation 

frequencies observed experimentally upon pumping on 

different positions in the nitroxide spectrum as well as the 

relative modulation depths are reproduced nicely by the 

simulations (the simulated time traces without background are 

depicted in Fig. S8). 

 It is important to note, that the orientation selection 

analysis, which takes only the secular term of the dipolar 

coupling Hamiltonian into account, reproduced very well the 

experimentally observed dipolar oscillation frequencies and the 

ratio of the modulation depths at different selected spectral 

positions of the pumped nitroxide spin system. 
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 Fig. 4. PELDOR time traces at G-band without background 
subtraction. The solid lines represent experimental data; the dotted lines 

represent the simulation with calculated modulation depths and with the 

fixed interspin distance of 2.7 nm; the dash-dotted lines is the 
simulation where Gaussian distance distribution was included and 

experimental modulation depths were adapted to the experimental 

values. The pump-probe frequency offset is set to 60 MHz. The 
intermolecular background function used for the simulations is adjusted 

to fit the experimental data. Insets to the figure show the excited 

orientations of the nitroxide spin system in the g-tensor frame. 

 

Experimental 

Synthesis of the heteroleptic Mn2+-terpyridine complex 4 

General. All reactions were performed with exclusion of air 

under argon, employing standard Schlenk techniques. Reagent-

grade solvents and chemicals were used without further 

purification, except where stated otherwise. Dry solvents were 

purchased (Aldrich, ACROS) and thoroughly degassed prior to 

use. Diethylamine (ACROS) was freshly distilled from CaH2. 

Solvents and reagents for Sonogashira cross-couplings were 

degassed by freeze-pump-thaw cycles. 4’-(4-Bromophenyl)-

2,2’:6’,2’’-terpyridine 531, [Mn(terpy)Cl2]
32 were synthesised 

according to the literature cited. 4’-(4-Ethynylphenyl)-

2,2’:6’,2’’-terpyridine 2 was obtained from 4-

ethynylbenzaldehyde33 by the method of Winter and 

coworkers.34 Synthesis of 1-oxyl-2,2,5,5-tetramethyl-pyrrolin-

3-carboxylic acid 4’-iodobiphenyl-4yl-ester 1 as well as the 

equipment for analytic observations were already described 

elsewhere.35 

 

 (1-Oxyl-2,2,5,5-tetramethyl-pyrrolin-3-carboxylic acid-

(4’-(4-[2,2’:6’,2’’]terpyridin-4’-yl-phenylethynyl)-biphenyl-

4-yl)-ester) 3. Bis(benzonitrile)dichloropalladium(II) (43 mg, 

0.11 mmol) and 1-oxyl-2,2,5,5-tetramethyl-pyrrolin-3-

carboxylic acid 4’-iodobiphenyl-4yl-ester (367 mg, 0.75 mmol) 

were suspended in 150 mL diethylamine. Addition of 15 mL 

THF resulted in a yellow solution. To the stirred mixture CuI 

(26 mg, 0.13 mmol) and tetrabutylammoniumbromide (50 mg, 

0.15 mmol) were added, followed by a solution of 4’-(4-

ethynylphenyl)-2,2’:6’,2’’-terpyridine (250 mg, 0.75 mmol) 

and triphenylphosphine (28 mg, 0.11 mmol) in 50 mL 

diethylamine and 10 mL THF. The resulting orange solution 

was stirred for 16 h at room temperature. All solvents were 

removed in vacuo and the remaining orange solid was treated 

with NH4Cl solution (1 M, 150 mL) and dichloromethane (150 

mL). The organic phase was washed with water and brine, dried 

(Na2SO4) and stripped from the solvent. The residue was 

recrystallised from methanol. A pale yellow solid was finally 

obtained by filtration. Yield: 313 mg (0.46 mmol, 62%). Anal. 

Calcd for 3 (C44H35O3N4 (667.78)): C, 79.14; H, 5.28; N, 8.39. 

Found: C, 78.68; H, 5.78; N, 7.76. ESI-MS: m/z 668.17 

([M+H]+). 

 

 ([4’-(4-Bromophenyl)-2,2’:6’,2’’-terpyridine][2,2’:6’,2’’-

terpyridine]manganese(II)-bis-hexafluorophosphate) 6. 4’-

(4-Bromophenyl)-2,2’:6’,2’’-terpyridine 5 (39 mg, 0.10 mmol) 

and [Mn(terpy)Cl2] (36 mg, 0.10 mmol) were dissolved in 15 

mL of methanol by stirring for 1 h. The resulting yellow 

mixture was heated to reflux for 4 h and filtered while still 

warm. To the filtrate 2 eq. of NH4PF6 (33 mg, 0.20 mmol) were 

added, which gave a pale yellow precipitate. After filtration the 

yellow solid was washed with methanol and diethyl ether and 

air dried. Yield: 52 mg (0.05 mmol, 50%). Anal. Calcd for 6 

(C36H25MnN6P2F12Br (966.41)): C, 44.74; H, 2.61; N, 8.69. 

Found: C, 44.50; H, 2.56; N, 8.68. 

 

 ([1-Oxyl-2,2,5,5-tetramethyl-pyrrolin-3-carboxylic acid-

(4’-(4-[2,2’:6’,2’’]terpyridin-4’-yl-phenylethynyl)-biphenyl-

4-yl)-ester][2,2’:6’,2’’-terpyridine]manganese(II)-bis-

hexafluorophosphate) ([Mn(terpy)(3)](PF6)2) 4. 

[Mn(terpy)Cl2] (14.7 mg, 0.041 mmol) was dissolved in 8 mL 

of methanol by warming up the mixture slightly. The ligand 3 

(27.1 mg, 0.041 mmol) dissolved in dichloromethane (3 mL) 

was added dropwise, resulting in an intensified yellow colour of 

the reaction mixture. The solution was warmed up to 45-50 °C 

for 30 min., after which a yellow solid precipitated. Stirring 

was continued at the same temperature for additional 60 min. 

After cooling to room temperature the solution was filtered. A 

solution of 4 eq. NH4PF6 (26.7 mg, 0.164 mmol) in methanol (1 

mL) was added to the filtrate and a yellow precipitate was 

formed. For complete precipitation the mixture was stored over 

night at 4 °C. A yellow solid was obtained by filtration, washed 

with cold methanol and dried in vacuo. Yield: 27 mg (0.022 

mmol, 53%). Anal. Calcd for 4 (C59H46MnN7O3P2F12 

(1245.91)): C, 56.88; H, 3.72; N, 7.87. Found: C, 57.74; H, 

3.89; N, 7.37. ESI-MS: m/z 477.1 ([M-2PF6]
2+); 1100.7 ([M-

PF6]
+). 

Pulsed EPR experiments 

Pulsed EPR experiments were performed on a Bruker Elexsys 

E580 spectrometer using a ER5107D2 Q-band probehead and 

on a home built G-band EPR spectrometer.36,37 

 Q-band experiments were performed at a temperature of     

5 K. The field-swept echo-detected EPR spectrum was recorded 

with pulses of 32 ns length, the power of the π/2 and π pulses, 

respectively, was adjusted for maximum echo intensity of the 

Mn2+ ion spin system at the detection position B (see Fig. 2); 

the pulse separation (here the time between front edges of the 

pulses) was 120 ns; the experimental repetition time was 0.8 

ms. The four-pulse PELDOR sequence38 was used for both Q- 

and G-band experiments. A Q-band PELDOR experiment in 

which the nitroxide spin system was pumped (at the maximum 

of the spectrum, position A in Fig. 2) was performed with pulse 

lengths of 20 ns (pump pulse) and 32 ns (detection pulses); the 

dipolar evolution time window was 1.6 µs. The power of the 

pump pulse was adjusted for maximum inversion efficiency of 

the nitroxide spins and the power of detection pulses were 
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adjusted for maximum echo intensity at position B. The 

experimental repetition time was 0.408 ms. Identical pulse 

lengths and pulse separations were used for the Q-band 

PELDOR experiment where the Mn2+ spin system was pumped 

(corresponding to the position B in Fig. 2 left). The power of 

the pump pulse was adjusted for maximum inversion efficiency 

of the Mn2+ spin system, whereas the power of the detection 

pulses were optimised for maximum echo intensity of the 

nitroxide signal. The experimental repetition time was 8.16 ms. 

 All G-band EPR experiments were performed at 10 K. The 

field-swept echo-detected EPR spectrum, optimised for Mn2+ 

spin system (the upper spectrum in Fig. 2, right) were recorded 

with pulse lengths of 22.5 and 32.5 ns for π/2 and π pulses, 

respectively. The length of the π/2 pulse is more than half the 

length of the π pulse due to relatively long (about 5 ns) rise and 

fall time for pulses on the G-band spectrometer. The microwave 

power was 30 mW for both pulses. The pulse separation (here 

the time between falling edge of the first pulse and front edge 

of the second pulse) was set to 300 ns and the repetition time to 

1.1 ms. The adjustment of the pulse lengths was performed for 

maximum echo intensity at one of the 55Mn hyperfine lines of 

the Mn2+ central transition. For the field-swept echo-detected 

EPR spectrum optimised for the nitroxide spin system, the 

pulse lengths were 40 and 75 ns for π/2 and π pulses, 

respectively. The pulse separation was set to 300 ns and the 

experimental repetition time to 77.5 ms. For PELDOR 

experiments the detection pulse lengths were 20 and 27.5 ns 

and the pump pulse length was 65 ns. The microwave power 

was 60 mW for all pulses. The dipolar evolution time window 

was 1.5 µs and the experimental repetition time was 1.1 ms. 

Sample preparation for the EPR experiments 

2-methyltetrahydrofuran (MTHF) was used as a solvent 

(Sigma-Aldrich). Dissolution of the compound 4 was achieved 

by counter ion exchange with the non-coordinating tetrakis 

[3,5-bis(trifluoromethyl)phenyl] borate (BArF-
4). Sodium 

tetrakis [3,5-bis(trifluoromethyl)phenyl] borate (NaBArF-
4), 

obtained from Alfa Aesar, was added to a mixture of the 

heteroleptic Mn2+-terpyridine complex 4 and MTHF with 30 to 

40-fold excess. After adding NaBArF-
4 the solution became 

yellow coloured and was fully dissolved after 15 to 20 minutes 

of vortex mixing. The concentration of the compound for the 

EPR measurements was approximately 200 µM. For EPR 

measurements the sample was transferred to 1 mm inner 

diameter quartz tubes (Q-band) and 0.4 mm inner diameter 

tubes (G-band).  

Conclusions 

PELDOR experiments on a molecule containing a high-spin 

Mn2+ ion and a nitroxide spin system were performed at Q- and 

G-band frequencies. Analysis of the PELDOR data recorded at 

Q-band reveals an interspin distance of 2.65 nm, which is in 

good agreement with the distance derived from the crystal 

structures of similar compounds. The PELDOR data recorded 

at G-band frequencies show a dependence of the dipolar 

oscillation frequency on the position of the pump pulse within 

the spectrum. Simulations taking the orientation selection of the 

nitroxide spin system into account are in good agreement with 

the experimentally observed orientationally selective PELDOR 

oscillation frequencies. Our results demonstrate that the high-

spin Mn2+ ions can be used in conjunction with nitroxide spin 

labels for accurate distance determination. This provides 

interesting possibilities for applications to nucleotide binding 

domains of proteins and other biological systems. Extension of 

such studies to Mn2+-Mn2+ spin pairs is under investigation in 

our laboratory. 
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