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While two-dimensional correlation spectra contain more information as compared to one-dimensional spectra, typical spectral

widths encountered in electron paramagnetic resonance (EPR) spectroscopy largely restrict the applicability of correlation tech-

niques. In essence, the monochromatic excitation pulses established in pulsed EPR often cannot uniformly excite the entire

spectrum. Here, this restriction is alleviated for nitroxide spin labels at Q-band microwave frequencies around 35 GHz. This is

achieved by substitution of monochromatic pulses by frequency-swept chirp pulses tailored for uniform excitation. Unwanted

interference effects brought by this substitution are analyzed for a pair of electron spins with secular dipolar coupling. Experimen-

tally, the dipole-dipole interaction can be separated from other interactions by a constant-time Zeeman-compensated solid echo

sequence called SIFTER. Such SIFTER experiments usually yield a one-dimensional dipolar spectrum. EPR-correlated dipolar

spectra can be obtained when the four pulses are replaced by chirp pulses. These two-dimensional spectra encode additional

information on the geometrical arrangement of the two spin labels. With the excitation parameters achieved by a home-built

Q-band spectrometer capable of frequency-swept excitation, unwanted interference effects can be largely neglected for the ex-

amined model compound with a spin-spin distance of 4 nm. The experimentally obtained correlation pattern conforms to the

expectation based on the inter-spin geometry of the investigated rigid model compound.

1 Introduction

Determination of distances in the nanometer range between

two electron spins is an important branch of pulsed elec-

tron paramagnetic resonance (EPR) spectroscopy. In partic-

ular, pairwise distance information gained from spin-labeled

biomacromolecules or systems containing paramagnetic co-

factors provides valuable insight into molecular structure and

function, even if the studied ensemble of molecules is em-

bedded in a disordered solid1–4. The pulse sequences used in

this context separate the dipolar electron-electron interaction

from other interactions. The term pulsed dipolar spectroscopy

(PDS) is often used to summarize all relevant pulse sequences.

To date, the four-pulse double electron-electron resonance

(DEER, also PELDOR) sequence5 is employed routinely for

that purpose. Other approaches, such as the six-pulse double-

quantum coherence (DQC) pulse sequence6, or the four-pulse

single frequency technique for refocusing (SIFTER)7, are ap-

plied less frequently. One reason for that is the broad excita-

tion bandwidth required for DQC and SIFTER as compared to

DEER. In fact, DEER intrinsically relies on selective pulses,

which excite only one of the two coupled spins. DQC and
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SIFTER on the contrary rely on non-selective pulses, which

are pulses that excite both coupled spin partners simultane-

ously - a requirement that is often difficult to achieve for a

sufficiently large fraction of all spin pairs in pulsed EPR with

monochromatic excitation pulses.

While all PDS pulse sequences establish controlled evolution

of the spins under the dipolar coupling, the underlying spin

dynamics are entirely different when using either selective or

non-selective pulses. The conceptual difference between the

two excitation types can be exemplified with a two-pulse Hahn

echo experiment performed on a two-spin system with weak

(secular) dipolar coupling8: If the two pulses for echo forma-

tion selectively excite one of the two coupled spins, the evo-

lution under the secular dipolar interaction is refocused by the

selective π pulse. If the two pulses excite both coupled spins

simultaneously, the non-selective π pulse fails to refocus the

evolution under the dipolar interaction. A Hahn echo formed

by non-selective pulses therefore features dipolar modulations

as a function of the inter-pulse delay, as demonstrated during

the early onset of pulsed EPR9.

These refocusing properties of non-selective and selective π
pulses constitute the principles of the various PDS pulse se-

quences: The DEER observer sequence employs selective π
pulses that refocus the dipolar evolution. Accordingly, time-

variable evolution under the dipolar coupling requires a de-

phasing mechanism, which is provided by the pump pulse that

selectively inverts the partner spin. For DQC and SIFTER, the

non-selective π pulses do not refocus the dipolar evolution,
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which inhibits deadtime-free PDS experiments. To establish

time-variable evolution under the dipolar coupling, a refocus-

ing mechanism needs to be introduced. For DQC, refocus-

ing of the dipolar evolution is achieved by forward/backward

transfer to double-quantum coherence. For SIFTER, the dipo-

lar evolution is refocused by a π/2 pulse applied in quadrature

to the excitation pulses, which is the principle of a solid echo

sequence10.

From an experimental viewpoint, a purely selective or a purely

non-selective excitation pulse is difficult to implement. In

DEER, for instance, there is often overlap between the EPR

spectra of the two coupled spin partners, especially if the same

type of spin label is used. In addition, the excitation bands

of the pump and observer spins often also entail considerable

spectral overlap. Accordingly, some spin partners within the

studied ensemble are excited non-selectively by either pump

or observation pulses. The resulting multitude of residual

dipolar evolution pathways has been analyzed recently11.

For non-selective excitation pulses, as used in DQC and

SIFTER, the width of the coupled spins’ EPR spectra often

exceeds the excitation bandwidth attainable with monochro-

matic pulses. These experiments therefore often perform non-

ideally due to spectrally non-uniform excitation pulses. With

monochromatic excitation pulses, best performance has been

achieved using intense π pulses with durations as short as 4 ns

at microwave frequencies up to 18 GHz4.

Recently, technological advances allowed to incorporate

shaped microwave pulses with enhanced excitation band-

width into pulsed EPR spectroscopy, as exemplified with opti-

mal control pulses12 and frequency-swept passage pulses13,14

at X-band microwave frequencies (9 GHz). Such schemes

utilize arbitrary waveform generators, previously applied in

continuous-wave EPR experiments15, EPR imaging16 and

quantum computation17,18, and can thus exceed excitation

bandwidths that were accessible with monochromatic excita-

tion by composite pulses19. To date, the majority of exper-

iments for EPR spectroscopy purposes were performed us-

ing frequency-swept passage pulses at frequencies up to Q

band (35 GHz). Owing to the swept frequency during the

pulse, we refer to these pulses as chirp pulses throughout

this work. The broad bandwidth achievable with this class

of pulses made it a widely used building block in NMR spec-

troscopy20. The passage of the excitation field through res-

onance can be described analytically using Landau-Zener-

Stückelberg-Majorana (LZSM) theory21,22. Accordingly, the

nominal flip angle can be predicted23. Throughout this work,

this nominal flip angle is referred to as βLZSM. Note that for

βLZSM → 180◦, the chirp pulse realizes an adiabatic passage.

For βLZSM significantly below 180◦, it is more appropriate to

refer to a non-adiabatic passage. Note that, in the end, βLZSM

is just a more experimentally oriented way of referring to the

adiabaticity factor Qcrit
24 of a passage pulse.

In EPR spectroscopy, such pulses have been used to improve

DEER experiments13,14,25, including extensions to population

transfer in high-spin systems26 and extensions to multi-pulse

DEER27 to realize PDS with dynamical decoupling28. For

PDS with non-selective pulses, chirp pulses were shown to

yield substantial improvement in data quality of SIFTER ex-

periments29. In particular, a large dipolar modulation depth

on the order of 95% has been achieved for X-band SIFTER,

which confirms non-selective broadband excitation for the ma-

jority of coupled spin pairs. At Q band, limitations in power

and bandwidth constrained the dipolar modulation depth to

10%.

Moreover, multi-dimensional correlation spectroscopy over

broad bandwidths beyond 100 MHz became feasible using

chirp pulses. While initial experiments correlated longitudinal

relaxation and nuclear modulation to the FT EPR spectrum30,

the methodology has been extended to obtain two- and three-

dimensional spectra which correlate the FT EPR spectrum to

electron spin echo envelope modulation (ESEEM) frequencies

due to coupled nuclei31.

An important distinction between chirp pulses and monochro-

matic pulses arises from the spin dynamics during the pulse.

While a chirp pulse passes through the EPR spectrum, differ-

ent transitions are excited at different times. This can cause

unwanted frequency dispersion and interference, which may

lead to different results as compared to experiments performed

with monochromatic pulses that excite all transitions simulta-

neously23,32,33. As an example, a two-pulse echo with chirp

pulses requires a π/2 pulse that has twice the duration of the

π pulse to refocus the resonance offset without frequency dis-

persion34,35. Another relevant example is four-pulse DEER

with a chirp pump pulse, where the pump pulse duration needs

to be short compared to dipolar evolution periods to keep

the frequency dispersion negligible13. This limitation may

be circumvented by refocusing the frequency-dispersed dipo-

lar evolution using an even number of pump pulses in multi-

pulse DEER14. An effect related to chirp excitation has also

been observed in three-pulse EPR-correlated ESEEM experi-

ments31, where the resulting correlation spectra no longer had

the symmetry that one would expect for monochromatic exci-

tation pulses36.

In the present work, we extend our methodology of FT EPR

correlation spectroscopy with chirp pulses to Q-band frequen-

cies and to systems with dipolar coupling. In particular,

we aim for EPR-correlated PDS with nitroxides using the

SIFTER pulse sequence. As compared to the established one-

dimensional techniques, EPR-correlated dipolar spectra are

advantageous to identify relative spin orientations, as stud-

ied theoretically within the context of EPR-correlated DQC

experiments37. Experimentally, however, it has not yet been

feasible to correlate the dipolar frequencies to the entire FT

EPR spectrum due to the overall experimental bandwidth lim-
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ited to roughly 100 MHz4,38.

This paper is organized as follows. First, the experimental

methods and calculations performed within this study are out-

lined in Section 2. Then, results and discussion follow, where

the performance of Q-band FT EPR with nitroxides is pre-

sented in Section 3.1. This capability is applied to a pair of

nitroxides in Section 3.2, where chirp effects in the dipolar

evolution of a two-pulse chirp echo are studied. A SIFTER

pulse sequence for FT EPR purposes is introduced and ana-

lyzed in Section 3.3, which includes experimental data that

shows pronounced correlations between the EPR and the dipo-

lar spectrum.

2 Materials and Methods

2.1 Instrumentation

The UWB spectrometer used in this work is a high-power Q-

band extension of our home-built X-band UWB spectrome-

ter30. The basic topology of the spectrometer at Q band is

analogous to the X-band implementation. In particular, the in-

put to this spectrometer is a digital realization of the pulse

sequence to be synthesized by an 8 GSa/s arbitrary wave-

form generator (AWG). The oscillation frequencies of the

pulses output by the AWG lie within a 1− 2 GHz frequency

range. By mixing with a frequency-adjustable reference os-

cillator around 33 GHz, the pulse sequence is up-converted

to the desired Q-band frequency window. During detection,

the same reference oscillator is used for down-conversion of

spin echoes at Q band back to the 1− 2 GHz frequency win-

dow. The outputs of the spectrometer are digitized and aver-

aged transients of the relevant spin echo, which are evaluated

further digitally30.

The Q-band microwave transceiver has a similar layout as the

X-band microwave transceiver. A detailed description of the

Q-band transceiver is provided in the ESI. For efficient use

of the nominal 200 W output power of the microwave ampli-

fier over a broad bandwidth, a home-built loop-gap resonator

with quality factor QL = 120 accepting 1.6 mm outer-diameter

sample tubes was employed.

2.2 Pulse sequences

All experiments were performed at 50 K at a repetition rate

of 3 ms. All chirp pulses swept their frequency over a range

of ∆ f = 500 MHz and compensated for the experimental res-

onator profile ν1( f ) by adaptation of the frequency modula-

tion function13. The pulses had durations of either 128 or 64

ns. Independent on the pulse duration, the leading and trailing

flanks of the pulse were smoothened during 30 ns by a quarter

period of a sine33.

The SIFTER pulse sequence is formally parameterized by

(π/2)x − τ1 − (π)x − τ1 − (π/2)y − τ2 − (π)x − τ2 − echo and

is illustrated further below in Fig. 3. The pulse delays τ1 and

τ2 were varied with a step size of 12 ns, which resulted in a 24

ns time increment of the dipolar evolution time t. In total, the

time t was stepped from −19.704 µs to 19.704 µs using 1643

points. The echo position 2(τ1+τ2) was varied to characterize

and average residual modulations, starting from 40 µs using

an increment of 392 ns for 12 datasets (see also ESI). The ac-

quisition of one dataset required 2.3 hours and already led to

a very large signal-to-noise ratio (SNR).

The phases of the second, third and fourth pulse were varied

according to the reported 16-step phase cycle7. The four chirp

pulses had durations of 128, 128, 128, and 64 ns, which cor-

responds to a 2:2:2:1 scheme. The rationale for this choice is

given below.

The amplitudes of the four SIFTER pulses were set up by

maximizing the echo amplitude while incrementing pulse am-

plitudes. First, the amplitudes of the two π/2 pulses were op-

timized concurrently. Then, the two π pulses were optimized,

one after another.

2.3 Product operator calculations

Product operator formalism39 was used to analyze the fre-

quency dispersion resulting from chirp excitation. The cal-

culations were performed in Mathematica using the SpinOp

library40. Within the scope of this study, a two-spin system

with weak dipolar interaction was considered, hence

Ĥ0 = Ω1Ŝ1, z +Ω2Ŝ2, z +ωddŜ1, zŜ2, z (1)

where the resonance offsets Ωi, in a frame rotating with the

inital frequency of the sweep, and the coupling ωdd have units

of angular frequencies.

A monochromatic non-selective pulse with flip angle β fol-

lowed by a delay τ is calculated as

σ̂1

β (Ŝ1, x+Ŝ2, x)−−−−−−−→ σ̂m, 2
τĤ0−−→ σ̂m, 3 (2)

To incorporate the chirp pulse, a linear frequency sweep with

inverse sweep rate k = tp/(2π∆ f ) was considered. Accord-

ingly, the basic pulse-delay building block in Eq. (2) was re-

placed by two consecutive pulses with timing determined by

kΩi, where the first pulse excites spin 1 and the second pulse

spin 2:

σ̂1
kΩ1Ĥ0−−−−→ σ̂2

β Ŝ1, x−−−→ σ̂3
k(Ω2−Ω1)Ĥ0−−−−−−−−→ σ̂4

σ̂4

β Ŝ2, x−−−→ σ̂5
(τ−kΩ2)Ĥ0−−−−−−−→ σ̂6 (3)

For multi-pulse sequences, such blocks were concatenated and

the inverse sweep rate k was scaled according to the relative

pulse duration of each chirp pulse. For the 2 : 1 chirp echo
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tation between the coupled spins needs to be considered. In

particular, excitation of the first spin selects a certain orienta-

tion of the excited spin. In presence of orientational correla-

tions, this also constrains the possible orientations of the cou-

pled partner spin. For the present consideration on frequency

dispersion, this selection of mutual orientations is neglected.

As a consequence, an approximation to δ12 can be calculated

based on the nitroxide lineshape and the time-frequency pro-

file of the excitation pulse. The resulting distribution of δ12

is shown by the gray curve in Fig. 2b. The large probabil-

ity amplitude at short times originates from spins with small

resonance offset, which is most probable in the vicinity of the

principal nitroxide peak. Orientational correlations, which we

neglected at this point, will modify the shape of the δ12 distri-

bution. Nevertheless, the overall spread of δ12 times remains

bound to δ12 < 50 ns, as obtained here.

With the spread in δ12 over a time range of up to 50 ns, it is

possible to get a boundary for the second cosine factor in Eq.

(4). For the first cosine factor, the sum δ12 +δ1/2 is relevant.

The distribution of this sum is shown by the green curve in

Fig. 2b. Interestingly, the spread of this distribution is compa-

rable to the spread over 50 ns in the summands. Moreover, the

distribution has a rather well defined centered peak with full

width at half maximum (FWHM) of 12 ns. The reason for this

is the interdependence between δ1 and δ12. In fact, the sum

δ1 + δ12 cannot exceed the duration of the first pulse, which

holds for any frequency modulation function.

As a result of the δ1 +δ12 distribution, 50 ns is an upper limit

for the spread of the time argumented in all the cosine factors

for the two-pulse chirp echo. This corresponds to an inverse

timescale of 20 MHz and must be fast compared to ωdd/(2π).
This is clearly the case for spin pairs with distances r > 3.7
nm, where dipolar frequencies are below 2 MHz. Given that

the first cosine factor has only an FWHM of 12 ns, it may

even be possible to obtain significant modulations for dis-

tances down to 2.5 nm. However, the asymmetry between

the evolution of spin 1 and spin 2 due to the additional cosine

factor becomes significant at these shorter distances. In fact,

this was confirmed by simulations of the interference effect re-

sponsible for the additional term, which were performed using

pulsing conditions that are comparable to our experiment23.

Experimentally, the dipolar modulation of the FT EPR spec-

trum for our model compound with 4 nm spin-spin distance

is shown in Fig. 2c. As one would expect for this spin-spin

distance and our pulses, no apparent frequency dispersion in

the dipolar modulation pattern is visible for frequency offsets

below 50 MHz. However, at frequencies beyond 50 MHz, the

modulation pattern is altered considerably. The reason for this

are correlated spin-spin orientations, which will be analyzed in

more detail in the next section using the SIFTER experiment.

Note that the two-pulse chirp echo sequence applied here is

not only modulated by dipolar frequencies, but also contains

nuclear ESEEM frequencies and a decay due to loss of phase

coherence. Even though rather pronounced dipolar modula-

tions are possible with this pulse sequence, these additional

contributions complicate the extraction of reliable distances.

Moreover, the dipolar modulations may be a complication if

chirp ESEEM techniques31 are applied to systems involving

multiple electron spins with dipolar coupling.

3.3 EPR-correlated SIFTER

The SIFTER pulse sequence using non-selective monochro-

matic pulses is shown on the top row of Fig. 3. The pulses ➀

and ➂ are π/2 pulses in phase quadrature and realize the solid

echo subsequence to refocus the evolution under the dipolar

coupling. The pulses ➁ and ➃ are π pulses and refocus the

resonance offset. For the two-spin system, as defined in Eq. 1,

the echo at tdet = 2(τ1 + τ2) is modulated according to7

〈

Ŝy,i

〉

(tdet) = cos(ωdd(τ1 − τ2)) (6)

where the label i stands for either S1 or S2.

In order to implement the SIFTER pulse sequence with chirp

pulses for 2D correlation spectroscopy, the sequence is de-

signed to refocus the resonance offset for spin echoes free of

frequency-dispersion. This constrains the relative pulse dura-

tions of the four pulses and led to the choice of a 2 : 2 : 2 : 1

scheme. The time-frequency profiles of the four pulses are

shown in the second row of Fig. 3.

The basic idea behind this scheme is that pulse ➂ should not

affect the evolution of the resonance offset, as it is the case

for SIFTER with monochromatic pulses. This implies that the

spin echo produced by pulses ➀ and ➁ must have the same

frequency dispersion as pulse ➂. In the row labeled ’Offset’

in Fig. 3, the frequency dispersion of this echo is shown in

orange. For a non-dispersed echo at the detection position, the

pulse durations of the last two pulses must therefore obey a

2 : 1 relation. For the first two pulses, there are actually vari-

ous solutions for generating an echo with frequency dispersion

over a normalized duration of 2. One could, for instance, also

use 4 : 3 : 2 : 1 or 3 : 2.5 : 2 : 1, these schemes do, however,

prolong the durations of the first two pulses.

An important experimental aspect of this pulse sequence is

that there are two π pulses for refocusing of the resonance off-

set. In fact, the subsequence realized by pulses ➀, ➁, and ➃

acts on the resonance offset in the same way as a 2 : 2 : 1 refo-

cused primary echo sequence. This 2 : 2 : 1 sequence has been

given the acronym ABSTRUSE and has been shown to mu-

tually compensate dynamical phase shifts introduced by each

of the π pulses47. Experimentally, this reduces signal losses

originating from spectral and spatial inhomogeneities in the

dynamical phase shift, which, in principle, allows for almost

perfect refocusing pulses in the adiabatic limit23.

To analyze the dipolar evolution during this 2:2:2:1 sequence,
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quency of the intended SIFTER oscillation. To separate these

residual modulations, we recorded SIFTER data at 12 differ-

ent echo positions 2(τ1 + τ2) (see Section 2.2 for details). In

this way, the phase of the SIFTER oscillation remained un-

changed, whereas the phase of the residual modulations was

varied over a full oscillation period. Accordingly, averag-

ing the 12 datasets effectively canceled those residual mod-

ulations, as can be recognized by the absence of such half-

frequency modulations in the data shown in Fig. 4 and also in

2D EPR-correlated SIFTER data (see ESI). Moreover, varia-

tion of the residual modulations allowed to quantify the mod-

ulation depth of these unwanted pathways. In particular, the

residual modulation at the beginning of the trace due to im-

perfections in ➃ had a peak-to-peak modulation amplitude of

3.5%. The residual modulation at the end of the trace due to

imperfections in ➁ had a peak-to-peak modulation amplitude

of 6%. The larger modulation amplitude due to ➁ can be re-

lated to the smaller nominal tilt angle βLZSM of pulse ➁ as

compared to pulse ➃ (157◦ vs 165◦).

Besides the suppression of these weak residual modulations

by averaging, there may still be room for reducing the mod-

ulation amplitude in the first place. In particular, the pulses

➁ and ➃ did not have maximum pulse amplitude due to the

pulse optimization scheme employed here (see Section 2.2).

For best artifact suppression, the pulse amplitudes should be

maximized for best inversion performance. However, it must

be noted that the two π pulses realize the aforementioned AB-

STRUSE scheme, such that it is possible to mutually compen-

sate the transient Bloch-Siegert phase shifts exerted by each of

the two frequency-swept refocusing pulses. In general, such

a compensation is advisable, since transient phase shifts po-

tentially cause signal loss arising from spatial inhomogeneity

of the driving field ν1. As we have shown recently23, the dy-

namical phase shift exerted by a frequency-swept refocusing

pulse is proportional to the adiabaticity factor Qcrit. To avoid

signal losses due to non-compensated transient phase shifts

while maximizing suppression of the residual modulations,

one should therefore only use the maximum available field

strength for pulse ➃, while keeping pulse ➁ at a field strength

reduced by
√

2. At maximum field amplitude for pulse ➃, our

spectrometer can actually realize βLZSM = 173◦ for the 64 ns

pulse.

For 2D EPR-correlated SIFTER data, the echo transients were

processed by two-dimensional Fourier-transform. Upon the

first FT along the EPR dimension, a Gaussian background de-

cay has been fitted to EPR-correlated SIFTER traces. Due

to an artificial contribution of quartz in the EPR spectrum

(see below), subtraction of this Gausssian background decay

yielded the best results. Before computing the second FT

along the SIFTER dimension, the remaining constant offset

was subtracted. Due to the long dipolar evolution window,

it was also possible to use a Chebychev window to apodize

EPR-correlated SIFTER traces for improving spectral quality

(see ESI). With a shorter dipolar evolution window, such an

apodization may no longer be admissible.

The magnitude of the 2D correlation spectrum obtained ac-

cording to the above description is shown in Fig. 5a. The FT

EPR spectrum on the right hand side corresponds to the real

part of the FT at t = 0 and approves refocusing of the reso-

nance offset. However, around an EPR offset of −80 MHz,

an unusual peak in the FT EPR spectrum is observed (see ar-

row). This peak is related to E’ centers in quartz of the sample

tube, which we often see at concentrations below 100 µM.

This quartz artifact caused the peak around zero dipolar fre-

quency observed at the corresponding position in the 2D cor-

relation pattern and also influenced the amplitude of the main

dipolar ridge around ±0.8 MHz. In addition to this artifact

caused by quartz, background correction resulted in a discon-

tinuity in dipolar spectra around the zero frequency.

Other than these artifacts, the 2D correlation spectrum

encodes the frequency splitting between dipolar doublets

throughout the entire EPR spectrum. The SIFTER projection

above the correlation spectrum resembles a Pake pattern. The

dependence of the dipolar coupling on EPR frequency is due

to orientational effects, as illustrated in the following. In par-

ticular, normalized SIFTER data at three distinct EPR frequen-

cies labeled i, ii and iii are illustrated in Figs. 5b and c in time

domain and in frequency domain, respectively. The positions

within the EPR spectrum are indicated by the horizontal mark-

ers in the correlation spectrum in panel (a). Positions i and iii

correspond to canonical orientations along the x and z axis in

the nitroxide PAS, respectively. At position ii a multitude of

spin orientations contribute to the EPR spectrum.

In order to relate the orientations of the nitroxide to the spin-

spin orientations, the structure of the nitroxide-ruler is shown

in Fig. 5d. The two vectors labeled i and iii denote the ori-

entations of the static magnetic field with respect to the ruler.

Because the N-O bond is collinear with the inter-spin vector,

the canonical orientation along x in the nitroxide PAS corre-

sponds to a parallel alignment between the magnetic field and

the inter-spin vector. The dipolar interaction for such a config-

uration results in a splitting by twice the fundamental splitting

ωdd, which corresponds to the parallel singularity at the shoul-

ders of the Pake pattern. The canonical orientation along z in

the nitroxide PAS corresponds to a orthogonal alignment be-

tween the magnetic field and the inter-spin vector. In this con-

figuration, the dipolar interaction results in a splitting by the

fundamental frequency ωdd, which corresponds to the trans-

verse singularity at the horns of the Pake pattern. Note that

due to free rotation about the triple bonds, direction iii is not

necessarily perpendicular with respect to the paper plane, as

the structure in Fig. 5d would suggest. Nevertheless, direction

iii is always perpendicular with respect to the spin-spin vector,

as long as the residual flexibility of the linker43 is neglected.
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An additional relevant difference between DEER and 2D

SIFTER is the influence of pseudo-secular contributions of the

dipolar interaction on experimental data. Such contributions

originate from spin pairs, where the frequency separation is

comparable to the dipolar interaction, so that the weak cou-

pling approximation is no longer appropriate8. While spin

pairs that are not in weak coupling conditions can be sup-

pressed by the choice of the frequency separation between

pump and observer spins in DEER, this is not possible in

SIFTER7. As suggested previously37, the pseudo-secular

contribution in 2D correlation spectra provides additional in-

formation on the frequency separation between coupled spin

pairs. Provided that these contributions can be resolved exper-

imentally, information on the orientation of the coupled spin

partner could in principle be extracted from 2D SIFTER spec-

tra. However, an analysis of chirp effects related to pseudo-

secular contributions is out of the scope of the present work.

In particular, such contributions are most prominent at short

distances7, where our present analysis predicts considerable

perturbation of the dipolar evolution under the secular cou-

pling due to chirp effects.

In fact, the chirp effects are an important restriction of the

technique presented here. Spectrometers with reduced power

and bandwidth require longer pulses, which further constrain

the applicable distance range. In particular at frequencies

above Q band, where the principal components of the nitrox-

ide g-tensor become better resolved, EPR-correlated PDS with

chirp pulses may require advanced high-power instrumenta-

tion54,55. Clearly, a pulse sequence which refocuses both the

resonance offset and the dipolar coupling would significantly

alleviate this limitation. In this respect, previous considera-

tions on NMR with scalar coupling using chirp pulses41 may

gain relevance in EPR.

4 Summary

Highly uniform excitation with bandwidths beyond 100 MHz

became feasible at Q band using bandwidth-compensated

chirp pulses with a 200 W power amplifier. These pulses en-

able 2D correlation spectroscopy capabilities at Q band for ni-

troxides in disordered solids. In particular, we have shown for

the first time that the dipolar spectrum can be correlated to the

entire nitroxide spectrum. Importantly, these EPR-correlated

dipolar spectra do not only contain information on inter-spin

distances, but also on the orientation of the spin-spin vector

with respect to the molecular frames of the two nitroxide la-

bels37. For our investigated model compound, the experimen-

tal correlation pattern corroborates the expectation based on

the structure of the compound.

Thanks to the multiplex advantage of such 2D correlation ex-

periments, orientation information can be accessed in one sin-

gle experiment, whereas the established 1D techniques require

a combination of multiple experiments. Information on ge-

ometrical correlation within spin-labeled biomacromolecules

can therefore be obtained at a reduced experimental overhead.

Even if the problem of extracting the geometrical coordinates

from experimental data is likely to remain a very difficult

problem also with these techniques, the dispersion of Pake

singularities within the correlation pattern may provide quick

information on conformational flexibility.

An important limitation of the technique is potential inter-

ference in the dipolar evolution due to frequency-swept ex-

citation. In fact, multiple dipolar evolution pathways have

been identified based on pulse sequence calculations. Since

these pathways acquire slightly different phases, interference

between these pathways must be avoided. With the perfor-

mance of our AWG spectrometer, the pulse requires only 50

ns to sweep its frequency through the entire nitroxide spec-

trum. As a result, our approach is expected to provide reliable

data down to distances of 3.4 nm or even slightly below.
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gap resonator. Oliver Oberhänsli is acknowledged for the

construction of the resonator and mechanics support for the

Q-band extension. We thank Muhammad Sajid and Adel-

heid Godt for the synthesis of the rigid model compound and

Takuya Segawa as well as Yevhen Polyhach for fruitful discus-

sions. This work was supported by the Swiss National Science

Foundation (Grant No. 20020 157034).

References

1 G. Jeschke and Y. Polyhach, Phys. Chem. Chem. Phys., 2007, 9, 1895–

1910.

2 O. Schiemann and T. F. Prisner, Q. Rev. Biophys., 2007, 40, 1–53.

3 G. Jeschke, Annu. Rev. Phys. Chem., 2012, 63, 419–446.

4 P. P. Borbat and J. H. Freed, in Structure and Bonding, ed. C. R. Timmel

and J. R. Harmer, Springer Berlin Heidelberg, 2013, vol. 152, pp. 1–82.

5 M. Pannier, S. Veit, A. Godt, G. Jeschke and H. Spiess, J. Magn. Reson.,

2000, 142, 331 – 340.

6 P. P. Borbat and J. H. Freed, Chem. Phys. Lett., 1999, 313, 145 – 154.

7 G. Jeschke, M. Pannier, A. Godt and H. Spiess, Chem. Phys. Lett., 2000,

331, 243 – 252.

8 A. Schweiger and G. Jeschke, Principles of Pulse Electron Paramagnetic

Resonance, Oxford University Press, USA, 2001.

9 V. Yudanov, K. Salikhov, G. Zhidormirov and Y. Tsvetkov, Theor. Exp.

Chem., 1972, 5, 451–455.

10 J. Powles and P. Mansfield, Phys. Lett., 1962, 2, 58 – 59.

11 K. Salikhov and I. Khairuzhdinov, Appl. Magn. Reson., 2015, 46, 67–83.

12 P. E. Spindler, Y. Zhang, B. Endeward, N. Gershernzon, T. E. Skinner,

S. J. Glaser and T. F. Prisner, J. Magn. Reson., 2012, 218, 49 – 58.

13 A. Doll, S. Pribitzer, R. Tschaggelar and G. Jeschke, J. Magn. Reson.,

2013, 230, 27 – 39.

14 P. E. Spindler, S. J. Glaser, T. E. Skinner and T. F. Prisner, Angew. Chem.

Int. Ed., 2013, 52, 3425–3429.

10 | 1–11

Page 10 of 11Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



15 M. Tseitlin, G. A. Rinard, R. W. Quine, S. S. Eaton and G. R. Eaton, J.

Magn. Reson., 2011, 211, 156 – 161.

16 N. Devasahayam, R. Murugesan, K. Matsumoto, J. Mitchell, J. Cook,

S. Subramanian and M. Krishna, J. Magn. Reson., 2004, 168, 110 – 117.

17 J. S. Hodges, J. C. Yang, C. Ramanathan and D. G. Cory, Phys. Rev. A,

2008, 78, 010303.

18 G. D. Fuchs, V. V. Dobrovitski, D. M. Toyli, F. J. Heremans and D. D.

Awschalom, Science, 2009, 326, 1520–1522.

19 R. H. Crepeau, A. Dulic, J. Gorcester, T. R. Saarinen and J. H. Freed, J.

Magn. Reson., 1989, 84, 184 – 190.

20 M. Garwood and L. DelaBarre, J. Magn. Reson., 2001, 153, 155 – 177.

21 F. D. Giacomo and E. E. Nikitin, Phys. Uspekhi, 2005, 515.

22 J. W. Zwanziger, S. P. Rucker and G. C. Chingas, Phys. Rev. A, 1991, 43,

3232–3240.

23 G. Jeschke, S. Pribitzer and A. Doll, J. Phys. Chem. B, 2015, 119, 13570–

13582.

24 J. Baum, R. Tycko and A. Pines, Phys. Rev. A, 1985, 32, 3435–3447.

25 A. Doll, M. Qi, N. Wili, S. Pribitzer, A. Godt and G. Jeschke, J. Magn.

Reson., 2015, 259, 153 – 162.

26 A. Doll, M. Qi, S. Pribitzer, N. Wili, M. Yulikov, A. Godt and G. Jeschke,

Phys. Chem. Chem. Phys., 2015, 17, 7334–7344.

27 P. E. Spindler, I. Waclawska, B. Endeward, J. Plackmeyer, C. Ziegler and

T. F. Prisner, J. Phys. Chem. Lett., 2015, 6, 4331–4335.

28 P. P. Borbat, E. R. Georgieva and J. H. Freed, J. Phys. Chem. Lett., 2013,

4, 170–175.
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