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Supplementary Information

Coherent pump pulses in Double Electron Electron Resonance
Spectroscopy

Claudia E. Tait,* and Stefan Stoll,*¢

1 Additional experimental considerations

1.1 Characterization of the excitation and detection path-
ways

The spectrometer transfer function was determined through nuta-
tion experiments as reported in reference!. The nutation experi-
ments were performed using the pulse sequencef, -7 -5 —7—7
with delays 7' = 5ps and T = 200ns and § and # pulse lengths of
32ns and 64 ns, respectively. A two-step phase cycle on the first
pulse was used. The length of the first pulse, ,,, was varied from 0
to 200 ns in 2 ns increments. The frequency was varied in 10 MHz
increments in the range from 33.750 GHz to 34.100 GHz and in
5MHz increments in the region from 33.840 GHz to 33.970 GHz.
The measurements were performed at magnetic fields corre-
sponding to the maximum of the nitroxide spectrum for each
sample and under the same conditions as for the DEER and echo
transient measurements.

The nutation frequencies v, were determined from the maxi-
mum of the magnitude FT spectrum computed after apodization
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Fig. S1 Plot of the resonator profile determined using nutation experi-
ments. The 3 dB points are highlighted and the loaded Q-value Q, cal-
culated as the ratio of the centre frequency and 3 dB bandwidth is given.
The observer and pump frequencies are indicated by the blue and red
line, respectively. A nitroxide echo-detected field sweep converted to a
frequency axis is shown for comparison. The shown resonator profile cor-
responds to the conditions used for the recording of the echo transients
shown in the main text.
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with an exponential window and zero-filling. The resulting res-
onator profile is shown in Fig. S1. The magnitude transfer func-
tion over the whole frequency range was approximated by ex-
tending the experimental transfer function with an ideal transfer
function of an RLC series circuit! with resonance frequency and
loaded Q-value Q;, determined by fitting of the experimental data
(Vres = 33.904 GHz, Q1 = 272). The imaginary part of the transfer
function was computed by Hilbert transform. !

The video amplifier after the mixer in the spectrometer’s de-
tection pathway is characterized by a non-flat frequency response
in the band of interest.2 Therefore, the frequency response for a
video bandwidth set to 200 MHz and a series of different video
gain settings (0, 12, 24, 30, 36, 42 and 48 dB) was measured by
connecting the AWG output to the video amplifier input, program-
ming a 1 us rectangular pulse at frequencies varying in the range
from 0 MHz to 200 MHz with 1 MHz increments and recording
the output (10 averages). The input signal amplitude was ad-
justed to give approximately the same output amplitude for each
of the video gain settings; this output amplitude was compara-
ble to the amplitude of the recorded echo signals. The amplitude
at each frequency was determined by fitting with a cosine func-
tion. The resulting frequency response was divided by the result
of a reference measurement of the AWG output. The resulting
frequency response functions for different video gain settings are
shown in Fig. S2.
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Fig. S2 Frequency response of the video amplifier set to a video band-
width of 200 MHz and different video gain settings. The frequency re-
sponse was measured experimentally as described in the text.
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1.2 Optimization of the sech/tanh pulse parameters

The amplitude and frequency modulation functions of a
sech/tanh pulse are given by:*

B (t) = B sech (Br) €y

v(t) = %BWootanh(ﬁt) )

where B"** is the maximum B field, f is a truncation parameter,
BW.. is the pulse bandwidth for tanh (f7) (the pulse sweeps over
the range +£BW../2) and ¢ is defined in the range from —z,/2 to
+1p/2. The pulse length of the sech/tanh was chosen to be ap-
proximately equal to t4;,/4, where t4;; is the dipolar evolution pe-
riod corresponding to the expected inter-spin distance. This was
shown to be the longest pulse length that would not lead to sig-
nificant distortions of the DEER trace.! Due to the limited power,
the longest possible pulse length was chosen and the pulse ampli-
tude was set to full scale. For the four-pulse DEER experiments
on a sample with a 3.5 nm inter-spin distance (HCN2-Trip8bcore
complex doubly spin-labelled on HCN2 at residues S563C and
R635C>) a 200ns sech/tanh pump pulse was used. The five-
and seven-pulse DEER experiments were performed on a sample
with a longer main inter-spin distance of about 4.4 nm (HCN2-
Trip8bcore complex doubly spin-labelled on HCN2 at residues
V537C and R635C°) to allow an increase of the pulse length to
400 ns without introducing too significant distortions to the DEER
trace.

The pulse parameters for the sech/tanh pump pulse were de-

termined using the optimization method described in reference3:
Map = AppV (0) =V (0) — V(1) was calculated for pump pulses with
different frequency offsets Av with respect to a fixed observer
frequency, bandwidths BW.. and 8 parameters by recording two
points of the DEER trace, V(0) at time fpggr = 0 and V (tpggrr)
at a later time. A set of parameters maximizing the modulation
depth Ayp without significant excitation bandwidth overlap was
chosen, resulting in the pump pulse parameters Av = 75MHz,
BW., = 70 MHz and B = 4/, used for the four-pulse DEER mea-
surements reported here.

For the pump pulse optimization of five- and seven-pulse DEER,
further experiments were performed to determine the depen-
dence of the pulse inversion efficiency on the different pulse pa-
rameters. The echo intensity for an inversion recovery sequence
was recorded as a function of the offset of the sech/tanh pulse
centre frequency for a range of different pulse lengths, BW.. and
B parameters. Pulse parameters leading to the largest uniform in-
version of spins within the excitation bandwidth were chosen and
further optimized using the same method as for the four-pulse
DEER pump pulse optimization. The final pump pulse parameters
were 1, = 400ns, Av = 60 MHz, BW.. = 35 MHz and 8 = 6/1.
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Fig. S3 (A) Four-pulse DEER pump pulse optimization experiments. The normalized intensity of the n,p parameter (see reference?®) is shown as
a function of the frequency offset Av, bandwidth BW.. and B parameter of a 200 ns sech/tanh pulse. n,p was calculated as V(0) — V(rpger,), /.€. as
the difference in intensity between the DEER echo at time zero and at a later time pger, = 1us. (B,C) Five- and seven-pulse DEER pump pulse
optimization experiments. The normalized intensity of the n,p parameter is shown as a function of frequency offset Av and bandwidth BW.. of a
400 ns sech/tanh pulse in B. The echo intensity for an inversion recovery sequence at the centre frequency of the resonator dip (inversion pulse
-T—-%—t—n—1,T=>5ps, 1= 200ns) is shown in C as a function of the frequency offset of sech/tanh pulses with different bandwidths BW.. (left),
different pulse lengths 7, (middle) and different values of the truncation parameter 8 (right).
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2 Echo simulations

2.1 Pulse excitation profiles

The pulse excitation profiles calculated for the pulses used in
the echo simulations, i.e. rectangular 32ns 5 and 64 ns 7 pulses
at the observer frequency and a rectangular 64ns = pulse or a
200 ns sech/tanh inversion pulse at frequency offsets of 70 MHz
and 75 MHz, respectively, are compared in Fig. S4 A and B. The
pulse excitation profiles calculated for Gaussian observer pulses
with a 80ns and 160 ns pulse length and a 32ns and 64 ns full
width at half maximum (FWHM) for § and x pulses, respectively,
are compared with the excitation profile of the sech/tanh inver-
sion pulse at a frequency offset of 75 MHz in Fig. S4 C. The pulse
excitation profile calculations were performed by taking the ex-
perimental power levels and the spectrometer transfer function
into account. The less-than-full inversion by the sech/tanh pulse
was due to the limited amount of power.

As an experimental measure of the inversion efficiency for dif-
ferent frequency offsets, the intensity of the echo in an inversion
recovery sequence was recorded as a function of frequency off-
set of the initial inversion pulse for both the 64ns monochro-
matic rectangular pulse and the 200 ns sech/tanh pulse used in
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Fig. S4 Simulated pulse excitation profiles (M, /M) for the pulses in a
DEER sequence with rectangular (A and B) or Gaussian (C) observer
pulses and a rectangular (A) or sech/tanh (B and C) pump pulse. The
pulse parameters are the following: rectangular 7 and = observer pulses
with pulse lengths of 32 ns and 64 ns, Gaussian 5 and & observer pulses
with 80 ns and 160 ns pulse lengths and 32 ns and 64 ns full widths at half
maximum (FWHM), rectangular pump pulse with 64 ns pulse length and
a frequency offset of Av = 70 MHz, sech/tanh pump pulse with BW,, =
70MHz, B = 4/1p and a frequency offset of Av = 75 MHz. The excitation
profiles are compared to a simulation of a Q-band nitroxide spectrum.
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Fig. S5 Echo intensity at the end of an inversion recovery sequence (in-
version pulse -7 — % —t—n—1, T = 1us, 7= 200ns) as a function of
the frequency offset of a 64 ns rectangular pulse or the 200 ns sech/tanh
pulse used in the DEER experiments. The detection sequence was at
Vops = 33.860 GHz and By = 1208.9 mT. The centre frequency of the in-
version pulse was varied in the range +100 MHz with 1 MHz increments.
The calculated excitation profile for the sech/tanh pulse is shown in grey
for comparison.

the DEER experiments. ! The results are compared in Fig. S5. The
result for the sech/tanh pulse is compared to a simulation of its
inversion profile. Even though the sech/tanh pulse used is not
adiabatic and does not achieve full inversion, the effect of this
pulse on spins over a wide bandwidth leads to a significant in-
crease in modulation depth in the DEER experiment with respect
to a monochromatic rectangular pulse (see Fig. 6 in the main ar-
ticle).

2.2 Fourier transforms of echoes generated by coherent
pump pulses

The Fourier transforms of the two- and three-pulse echoes gener-

ated by different combinations of monochromatic rectangular ob-

server pulses and rectangular or sech/tanh pump pulses, shown

in Fig. 4 in the main article, are shown in Fig. S7.
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Fig. S6 Experimentally recorded echo generated by a 32ns § pulse
at vops (33.83 GHz) and a sech/tanh pulse (1p = 200 ns, BW.. = 70 MHz,
B =4/1p) centred at an offset frequency Av = +75 MHz (top trace, bottom
panel) and corresponding simulations (bottom trace, bottom panel) per-
formed for an ideal sech/tanh pulse, the sech/tanh pulse recorded using
the spectrometer’s transmitter mode (TM) and receiver mode (RM). The
corresponding pulse shapes are shown in the top panel.
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A Fourier transforms of observer sequence echoes
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B Fourier transforms of additional echoes for a coherent rectangular pulse at the pump frequency
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C Fourier transforms of additional echoes for a coherent sech/tanh pulse at the pump frequency
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Fig. S7 Fourier transforms of the experimental (blue) and simulated (red) two- and three-pulse echoes generated by 32 ns and 64 ns rectangular 7 and
7 pulses at the observer frequency (A), by rectangular pulses at the observer frequency and a 64 ns rectangular « pulse at a coherent pump frequency
(Av =+70MHz) (B) and by rectangular pulses at the observer frequency and a 200 ns sech/tanh pulse (BW.. = 70 MHz, B = 4/1,) at a coherent pump
frequency (Av = +75MHz) (C). The echoes are labelled as in Table 1, where 1, 2 and 3 stand for the first (3), second () and third () observer pulse
of a four-pulse DEER sequence, respectively. The corresponding echoes are shown in Figure4 of the main text.
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2.3 Pulse distortions 2.4 Echoes for Gaussian observer pulses

As discussed in the main text, the experimental echo transients, The full set of two- and three-pulse echoes with Gaussian observer
especially for sequences containing sech/tanh pulses, showed a pulses and the corresponding Fourier transforms are shown in
lower weighting of the contributions at higher frequencies com- Fig. S8.

pared to the corresponding simulations. One of the possible

reasons for this discrepancy is a distortion of the pulses in the

transmitter. This was investigated by recording the experimental

sech/tanh pulse shapes in the transmitter mode (bypassing up-

conversion, amplification, resonator and receiver front end) and

receiver mode (bypassing the protection switch and X-band LNA)

of the spectrometer (see SI Fig. S6). The amplitude function of

both recorded pulses decays towards higher frequencies and the

relative intensities of different frequencies contributing to echoes

simulated using the experimental pulse shapes approach those

observed experimentally.

A Echoes for Gaussian observer pulses and a coherent sech/tanh pulse at the pump frequency
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Fig. S8 Experimental (top) and simulated (bottom) two- and three-pulse echoes (A) and the corresponding Fourier transforms (B) obtained from
sequences with Gaussian observer pulses, with pulse lengths of 80 ns and 160 ns and FWHM of 32 ns and 64 ns for £ and = pulses, respectively, and
a 200 ns sech/tanh pulse (BW.. = 70 MHz, B = 4/1,) at a coherent pump frequency (Av = +75MHz). The echoes are labelled as in Table 1, where 1,
2 and 3 stand for the first (%), second (r) and third () observer pulse of a four-pulse DEER sequence, respectively. Two-pulse echoes were recorded
and simulated with a delay 7 equal to 600 ns, three-pulse echoes with a first delay of 600 ns and a second delay of 1800 ns. The simulations were
performed as described in the main text and the time axis, intensity and phase was adjusted individually to match the experiment.
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2.5 Relative echo intensities

The relative intensities under different experimental conditions of
echoes generated by three-pulse sequences, where one of the re-
focusing pulses is replaced by a pulse at a different frequency,
were analysed by performing simulations using the same pro-
cedure as described in section 5.3 of the main text. A 200ns
sech/tanh pulse with a bandwidth BW., of 70 MHz and a 8 param-
eter of 4/t, was used for the simulations. The pulse amplitudes
were adjusted to obtain flip angles of Z, 7 and 7 for the three
pulses of the sequence.®

The observer pulse lengths or the frequency offset between
observer and pump frequencies were varied to determine the
changes in relative echo intensities for decreasing extents of ex-
citation bandwidth overlap. The results of the simulations are
shown in Fig. S9. The echo simulations show that, in the pres-
ence of significant overlap between the excitation bandwidths of
the observer and pump pulses, the intensity of the refocused echo
can become comparable to the intensity of the stimulated echo,
while for small excitation bandwidth overlap the refocused echo
intensity can become an order of magnitude smaller compared to
the corresponding stimulated echo.

The integrated echo intensities of the three primary echoes, the
stimulated and the refocused echoes (normalized to give unitary
integral for the primary echo PE,;) are compared in the panels on
the right of Fig. S9. A comparison of the normalized integrated

intensities of the stimulated and refocused echoes with the nor-
malized overlap integral of the excitation profiles of the two-pulse
primary echo sequence and of the sech/tanh pulse shows that the
integrated intensity of the refocused echo is approximately pro-
portional to the excitation profile overlap and decays relatively
quickly as the observer pulse length or the frequency offset is in-
creased. The integrated intensity of the stimulated echo however
decays much more slowly and the stimulated echo still exhibits
considerable intensity (ca. 10% of the intensity of the PE;, echo)
even for a very small overlap of the excitation profiles of the corre-
sponding pulses. Since the simulations were performed without
taking relaxation into account, experimentally the echo intensi-
ties of the stimulated (at 7 + 27), the refocused (at 27) and the
two primary echoes (at 27 + t and 27 + 27) with respect to the
echo intensity of the first primary echo PE;, (at 27) are expected
to be progressively decreased due to relaxation during the differ-
ent delays up to the point of refocusing.

A Echo simulations for a three-pulse sequence with varying observer pulse lengths
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Fig. S9 Excitation profiles of the initial two-pulse sequence and of the sech/tanh pulse (left), stimulated and refocused echo simulations (middle,
normalized to the maximum intensity of the stimulated echo) and integrated echo intensities (right) as a function of observer pulse lengths ranging from
tr = 20-100 ns (t% = 10-50ns, blue to red) (A) and as a function of the frequency offset between observer and pump frequency ranging from Av =
30-100 MHz (blue to red) (B). The simulations are performed for a three-pulse sequence with 7 and = monochromatic rectangular observer pulses and
a 200 ns sech/tanh pulse with a bandwidth BW.. of 70 MHz and a 8 parameter of 4 /1,. For (A) the central frequency offset for the pump pulse was set to
75MHz and the observer pulse length was varied; for (B) the observer pulse lengths were set to 32 ns and 64 ns for the 7 and = pulses, respectively,
and the central frequency offset of the pump pulse was varied. The inter-pulse delays were 600 ns (7) and 1800 ns (T'). For the comparison of integrated
echo intensities, the calculated signal was normalized by division with the integral of the primary echo PE;,. The normalized integrated intensities for
the stimulated and refocused echo are compared to the normalized integral of the pulse excitation profile overlap in the insets.
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3 Four-pulse DEER

3.1 Four-pulse DEER under different experimental condi-
tions

The dependence of the intensity of the echo crossing artefacts on
the experimental conditions of the DEER experiment was inves-
tigated by decreasing the excitation bandwidth overlap by either
increasing the frequency offset between observer and pump fre-
quencies or by using Gaussian observer pulses.

Four-pulse DEER traces recorded with rectangular observer
pulses and a sech/tanh pump pulse at central frequency offsets
of 75 MHz and 95 MHz are compared in Fig. S10. The intensity of
the echo-crossing artefacts is much reduced for the trace recorded
with the larger frequency offset, but they are still present, as can
be seen particularly well in the quadrature part of the trace. Since
the observer frequency was shifted away from the centre of the
resonator dip to increase Av, the echo intensity for the DEER ex-
periment with the larger frequency offset was smaller, as reflected
by the decreased signal-to-noise ratio of that trace.

A four-pulse DEER trace recorded with Gaussian observer
pulses is compared to the trace recorded with rectangular ob-
server pulses in Fig. S11. Echo transients recorded for two pump
pulse positions are also shown for both types of observer pulses.
The echo transients show that the intensity of the crossing pri-
mary echoes is reduced almost to the noise level for Gaussian
observer pulses, however the stimulated and delayed echoes still
have sufficient intensity to lead to visible distortions of the DEER
trace.
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Fig. S10 Comparison of the in-phase (top) and quadrature (bottom) parts
of four-pulse DEER traces recorded with a coherent 200 ns sech/tanh
pump pulse at frequency offsets of Av = 75 MHz and Av = 95 MHz with-
out phase cycling. The two measurements were performed at observer
frequencies of 33.860 GHz and 33.840 GHz, respectively. The magnetic
field was set to 1208.9 mT, corresponding to the maximum of the nitrox-
ide spectrum at the central pump frequency, in both cases. Additional
experimental details are given in section 5.

3.2 Phase cycles for four-pulse DEER

The efficiency of the different types of phase cycles described for
four-pulse DEER (see Table 2 in the main text) is visualized in
Fig. S12.
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echoes is indicated by arrows.
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on the type of echo and are labelled according to Table 1.
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4 Multi-pump-pulse DEER

4.1 Five-pulse DEER

The different echoes generated in a five-pulse DEER sequence
with two coherent pump pulses, the corresponding coherence
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Fig. S13 (A) Positions of the echo crossings in the forward five-pulse
DEER experiment with the following inter-pulse delays 7, = 2.1us, ©» =
2.4pus and r, = 800ns. The pulse sequence is plotted along the y-axis
with pulse positions represented by dashed lines. The standing echoes
of the observer sequence are shown in grey and the different types of
echoes induced by the pump pulses are shown in different shades of
blue following the same colour code as in Fig. 3. Five-pulse DEER
traces recorded with different phase cycles are shown in the top panel
(The traces are offset to allow better comparison.). The crossing po-
sitions of the most intense moving echoes with the detected refocused
echo (PEj,rs, position shown in red) are highlighted and tentatively as-
signed. (B) Echo transients recorded for three positions of the moving
pump pulse. The different echoes are labelled according to Table S1 and
the direction of movement for crossing echoes is indicated by arrows.

transfer pathways, the echo positions and crossing times are re-
ported in Tables S2 and S1 for the reverse and forward five-pulse
experiment, respectively.

The efficiency of the different types of phase cycles described
for the two versions of the five-pulse DEER (see Table 2 in the
main text) is visualized in Fig. S14 and Fig. S15.
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Table S1 Echoes, coherence transfer pathways, positions and crossing
times fpeeR cross With the refocused echo (PEr3) for forward five-pulse
DEER. (PE = primary echo, SE = stimulated echo, r = refocused, d =
delayed). The time axis of the DEER experiment is given by rpggr =

nh—1n.
Echo Pathway Position IDEER, cross
PE;y + - - - 21 —2n -
PE|» + + - - 27 -
PE,» 0+ — - T+ -
PE, + + + - 27 +21 -
PEy; 0+ + - T1+ 20 +1 IM+n—3n
PEy, 00 + — T 420 I+ —h
PE3 + o+ + o+ 41 +21 -
PEy3 0 + + + 3T +20m + 10 -
PE23 0O 0 + + 371 +2’L'2 -
PEp3 0O 0 0 + 3142 —1 T —bh
PE, 1 -+ - - 2t -
PE;,1p -+ + - 2(r +12) T+ T =20
PEpr3 -+ + + 2(t1+ 12+ 1) -
PE>1p - — 4+ - 21 T+
PEjor3 - - + + 2(11+ 1)
PE 31y - - -+ 2n -
PE,1p 0 - + - R R R L e 1)
PEp»13 0 -+ + 3n+2n-n -
PE,,13 0 - — + 30421 -2 -0 3T~ 3
PEZPI‘3 0O 0 — + 31+ 21 — 21 %Tl —h
PEp1o1p + - + - 2(t1+1) T
PE 113 + - + + 22114 —1) -
PElp'rpr3 + - - + 212114+ 1 —1 —[2) T — 28
PElzrpr3 + + - + 2(2’!,'1 + T —11) T —h
PE»1pT3 0 + — + 30 +2n -2 +0n tn—in
PE|prorprs  — + — + 2(+m—11+n) 0
dPEl[p’Zp] + - 0 - 2T+ —2h 2T+t
dPE[lpvz]p + 0 + - 2T +2t — 1t T — %12
dPE, [p23] + — 0 O 311+ 17— 28 -
dPE[1y2)3 + 0 + + AT +21 1 -
dPEl[p’p3] + — — 0 314+ -4 TI—Th—h
dPE[]pv 3 + 0 0 + 471 4+21 -t — 1 21 -2
PE|2p3) + + — 0 3I+n—1 TI—Th—h
PE[12p)3 + 4+ 0 + 41 +21 — 4 2T — 1
dPEp’[zpﬂ 0o+ -0 2T+ T —t + 1 ]
dPE[p’Zp]3 0 + 0 + 3420 -1+t T
dPE[lpvz]pQ 0o - + 2T 421 =2t +1 7%&
dPEl[p’zp] I3 - + + 2T+ 21 — 1 + 28 73
dPElpvr[2p3] - + 0 T +T—t+2h —T1—T+n
Elp'Z + 0 - - 2"L'l —In -
SEipp + 0 0 - 2+ -0 2n
SEip3 + 0 0 0 3tn—n .
SEi2p + + 0 - 21 +1 2n—n
SEi23 + + 0 0 3t +n -
SEip3 + 4+ + 0 3T+t T +T—t
SEpap 0o+ 0 - T+ +1 T +27 -2
SEp3 0O + 0 O 211+ +1h -
SEp p3 0+ + 0 204+ +H+0 T -2
SEops 0 0 + O 2T+ T+ T —h
SEip2Tp -0 + - 2+ T+ — %l‘z
SEippl3 -0 0 + 2T +20 —t +1 0
SEipnt3 -0 + + 20 +20+1h -
SEi2pI3 - - 0 + 27 +21 -1 —f
SEp2pl3 0 — 0 + 3420 -t -t T =2
SElpvzrprg + 0 - + 4T +21 -2t — 1 T — %12
SE(PElp‘)Zp -+ 0 - 1 +2n 271 +217, - 30
SE(pE1p)p3 -+ + 0 T+ T+ 420 T+ T — 30
SE(PEIP’)23 -+ 0 O T+ T+ 2t -
SE(pE12)p3 - -+ 0 T+ T+ T+ —h
SEpgpops 0 — + O 20+ 1 +1 T
SEppip)pls + — 0 + 41 +20% -1 —2n 271 =38
SEpEiprps + — + O 3+ 1+t —20 —TI+T+h
SE(sE1p2)p3 -0 + 0 T+ +h+0n TI+T -2
dSE]pv[2P3] + 0 -0 3In+n—t—n T — T — 2t
SE[1p2)p3 + 0 + O 34+ +t—h T+

10] 1-12

8-step phase cycle xxp [x]x, (x)

114 E

PE; )1, ]

14 J

0- i

205 00 05 1.0 1.5 2.0 25 3.0 3.5 4.0
toger (118)

16-step phase cycle xxp[x] [xp]x

114 §

PE,,1, |

PE,,
PE

P2 A

14 ]

04 : : : : : : : ; 4

-0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 40
tper (MS)

64-step phase cycle o [x]x;, (x)

1= = =]

PE,,15 |

05 00 05 1.0 1.5 2.0 25 3.0 3.5 4.0
tpger (1S)

Fig. S14 Visualization of the echoes removed in different phase cycles
for forward five-pulse DEER sequence. The positions of the echo cross-
ings in a five-pulse DEER experiment with 7, = 2.1us, 7, = 2.4 us and
t, = 800 ns are shown as in Fig. S13. The lines corresponding to echoes
removed by the phase cycle are shown in grey, the detected echo is
shown in red, and the echoes not removed by phase cycling are shown
in different shades of blue depending on the type of echo and are labelled
according to Table S1.



Table S2 Echoes, coherence transfer pathways, positions and crossing
times 1peeR cross With the refocused echo (PEj»r3) for reverse five-pulse
DEER. (PE = primary echo, SE = stimulated echo, r = refocused, d =

delayed). The time axis of the DEER experiment is given by tpggg =
Hh—1n.
Echo Pathway Position IDEER, cross
PE|» + - - - 27 -
PEjp + 4+ - - 47 +21 21 T~
PE3p 0 + - 371 +27 — 24 %‘L’| —h
PE|3 + + 4+ - 471 4+21 -
PE)3 0 + + - 3114210 -
PEp3 0 0 + - 20+ 1 +1 T—h
PE;y + + + + 47 +21 + 2 -
PE;py 0o + + + 311421+ 20 -
PE,y 0 0 + + 2T+ T+t + 28 T — 3t
PE3py 0 0 0 + 2T+ T+ 28 -
PEurP -+ - = 2(1'1 +Tzft1) —1
PE|>r3 -+ + - (Tl +T2)
PE o1y -+ + + 2(t + ’L'z +1) -
PEipr3 - - + - 2(t+1n) T+ —h
PE pry - -+ + 2(t+10) T+ T -2
PE13I‘p’ - - - + 2t -
PEjprs 0 — + - T+ 21 3U+T -0
PEypry 0 - 4+ + T 4+2(t + 1) %‘Cl + 1 —2h
PE23I'P’ 0o - - + T +28 -
PEP3I’p’ 0O 0 — + 2T+ T — 1 +20 —T)+1h
PElzl‘pr3 + - + - 2(T1 +11) T —h
PErpry + - 4+ + 2(t1+t +1) T —28
PE o131y + - — + 2(11+1) -
PE1PI‘3rp’ + + - + 4t +27) — 2t + 21 T
PEzpr3rp, 0 + - + 37 +21 — 2t + 2t %‘L’|
PE]QI‘PI‘:;TP' -+ - + 2T + 21 — 2t + 2t 0
dPEl [2p3] + - 0 - 27 +1 27—t
PE[IZP]3 + 0 + - 3T+ +1 T +T—h
dPEl[zp v + — 0 O 2T+t + 1 27 —2h
dPE[lzp]pv + 0 + + 311+ 1+ +20 —T1+ T —3h
E1p3p) + - =0 271+ -
dPE[]B]pv + 0 0 + 371+ +2h -
dPEjp3y; + + - O 4T +27 -2t +1 T —3h
dPE[]p3]pv + + 0 + 4T+ 217 — 1 + 28 2T+t
dPEz[p3pv] 0O + — 0 37 +21 -2t + 1 %Tl — %12
dPE[2p3]pv 0o 4+ 0 + 3114+ 21 — 1 +28 T+
PE[ 15531 -0 - + T+ T —1 +2 —T1—T+h
dPE, [2p3)Tp’ - + + 2T +27 — 1 + 20 t
dPE]zr[p3p>] - + 0 2T +27 —2t1 + 1 —%12
SEi2p + 0 - - 3 +n—1 T—T—h
SE 23 + 0 0 -— 371+ -
SEjop + 0 0 O 3n+n+h -
SEip3 + + 0 - 47 421 — 1 21 —n
SEipp + 4+ 0 O 4T +27 —t + 1 27
SEj3p + + + 0 AT+ +1h -
SE1p3 0O + 0 - 311421 — 1 T —1h
SEzpp 0O + 0 O 342 -t +1 T
SEBp’ 0O+ + 0 311 +20+1h -
SEp3pr 0O 0 4+ O 2T+ T+t + 10 T — 28
SE12PI‘3 - 0 + - T+ +h T+~
SE 23ty -0 0 + T+ T+ 20 -
SE]Zprp’ -0 + + T+ T+t +20n T+ T —3n
SE1P3I‘p' - - 0 + 42 27 +21 —3h
SEppary 0 - 0 + T +1 + 20 T +27 — 3t
SE]ZprSrp’ + 0 - + 3T+ —11+28 TI—T+h
SE(pE12)p3 -+ 0 - 27+ 21 — 1 —1
SE(PE]Z)SP -+ + 0 2T +20 + 1 -
E(pE12)pp -+ 00 211 +21 11+ 0
SE pE1p)3p - -+ 0 211 +1 T+T -3
SE(pE 2p)3p 0O — 4+ 0 T +2t + 1 %Tl-‘y-fz—‘ilz
SE (P Elz)pgrp + - 0 + 2T+ + 28 21 — 3
SE (PE12rp)3p’ + — 4+ 0 2771 +2[1 +1n Ty — %tz
SE(SE12P)3P -0 + O TI+n+h+n T+ T 20
SE12[p3p] + 0 - 0 3+n—t1+h T —T
SE[12p)3p + 0 + O 3+ +t+h —T + T —2h
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Fig. S15 Visualization of the echoes removed in different phase cycles
for reverse five-pulse DEER. The positions of the echo crossings in a
five-pulse DEER experiment with 7, = 2.1 us, 7, = 2.4 us and r, = 400 ns
are shown as in Fig. 8. The lines corresponding to echoes removed
by the phase cycle are shown in grey, the detected echo is shown in
red, and the echoes not removed by phase cycling are shown in different
shades of blue depending on the type of echo and are labelled according
to Table S2.
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4.2 Seven-pulse DEER

The potentially interfering echoes not removed by different phase
cycles in the seven-pulse DEER experiment are listed in Table S3
along with the corresponding refocusing times. The correspond-
ing echo positions during the DEER experiment are plotted in
Fig. S16.

32-step phase cycle x[x]x, (x) (xp) (cp)x
16 T T T T T T

14 1
PE 5131,

12+ e

Table S3 List of echoes not removed by different phase cycling schemes
in the seven-pulse DEER experiment (only standing echoes within 1,
from the detected echo and moving echoes crossing within the range
0<meer < T+ T+ 13— 119 —t — 130 are listed). The echoes, positions
and distance |tech0 —IPEyr31y \ between the echoes and the detected refo-
cused echo for standing echoes, and the crossing times fpggeR cross With
the refocused echo PE,r3r4 for the moving echoes are given. (PE = pri-
mary echo, SE = stimulated echo, r = refocused, d = delayed). The time
axis of the DEER experiment is given by tpggr = 71 + 72 + 73 — |11 | — |12 —
|3]. The delays #; and 13 are considered to be equal.

32-step phase cycle x[x]xp (x) (xp ) (xp)x

£ (us)

\
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e

o 1 2
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Fig. S16 Visualization of the echoes removed in different phase cycles
for the seven-pulse DEER sequence. The positions of the echo crossings
in a seven-pulse DEER experiment with 7, = 1.9us, » = 2.1us, 13 =
2.2us and r, = 200 ns are shown as in Fig. 9. The lines corresponding
to echoes removed by the phase cycle are shown in grey, the detected
echo is shown in red, and the echoes not removed by phase cycling are
shown in different shades of blue depending on the type of echo.

12] 1-12

Echo Position [fecho — 1PEorary |
PEler»u 2(T1 +T+ 13 —12) -2
PElzrp~r3rpwr4 2 (21] + Tz) 2 (‘L'l - ‘L'3)
PElzrva‘p"rpv”I‘4 2 (21’1 +T+1) 2(11 — 13 +1)
Echo Position IDEER, cross
1:’]'_7.121'1)m 2(1’1 +27+ 13— 2[1) TI—T+TB—0n
PElzrpver 2 (2’1’1 +210 4+ 13— 24 ) —h
PEjorprary 2(m+13+11) T +T+T—h
PEorprpTy 2(h+ 1w+ —10) —T 4+ T+ 17— 3h
PE12r3I‘p”1‘pm 2(171 +20+ 13— 1 —lz) TI—T+T+0h
PE|o131p714 2(+m+1n) T +TH—T3—h
PEjprprpmry 2(1+ 2+t + 1) T+ —T3+0h
PElzrpvr3rpvrpw 2 (2‘L’1 +27 + 173 — 2t — l‘z) (%)
PElzrp*I'31‘p”rpml‘4 (2[1 +12) 0

128-step phase cycle [xx][xp|x[xpxp](x)

Echo Position |techo —IPEhrary

PExsry T +27 + 213 7|

256-step phase cycle [x][x]xp[x]xpxp[x] (observer only)

Echo Position |techo —PEjpr3ny |

PElzrp’l‘3I'p”’I‘4 2 (21’1 + Tz) 2 (’L’l — ’L'3)
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