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S1 Additional experimental details

S1.1 Resonator characterisation

The resonator profiles of the Bruker MD5 dielectric resonator
used at X-band and the home-built Q-band TE011 cylindrical
resonator1 were characterised by performing nutation exper-
iments at a series of different microwave frequencies follow-
ing the procedure outlined in reference 2 (see Fig. S1). The
nutation experiments were performed either at maximum mi-
crowave power (high power attenuator at 0 dB) on a sam-
ple of a similar triad also containing a stable S = 1

2 radical

Fig. S1 Resonator profiles at X-band and Q-band characterised
based on nutation experiments. The top panel compares the profile
of the X-band resonator measured using a similar sample containing
a stable radical (dark blue) with the scaled profile measured using
selective excitation at lower microwave power on the spin-correlated
radical pair of BDX-ANI-NDI (light blue). The bottom panel com-
pares the profiles of the Q-band resonator measured with selective
excitation for the BDX-ANI-NDI and TTF-ANI-PI samples. The pro-
files are compared to the spectral widths of the trEPR spectra and
the 3 dB bandwidths are indicated.

S1

Electronic Supplementary Material (ESI) for Physical Chemistry Chemical Physics.
This journal is © the Owner Societies 2024



formed as a degradation product over time under laser exci-
tation or on the same sample using a lower microwave power
(high power attenuator at 15 dB) and selective excitation on
the spin-correlated radical pair itself. Both approaches gave
qualitatively similar results (Fig. S1).

S1.2 Pulse optimisation
Initial experiments aimed at the detection of the out-of-phase
echo of spin-correlated radical pairs were performed with
rectangular pulses programmed on the spectrometer’s internal
Stripline Pulse-Forming Unit (SPFU) channels or generated by
the AWG. The two types of pulses for a sequence with nominal
pulse lengths of 8 ns and 16 ns were recorded on the transmit-
ter monitor path and are compared in Fig. S2. The 8 ns pulse
programmed on the SPFU channels was found to be shorter
than the programmed length and to show more significant
deviations from the rectangular shape compared to the same
pulse programmed on the AWG. This reduction compared to
the programmed length of the first pulse in the sequence is
likely to contribute to the observation of out-of-phase echoes
on spin-correlated radical pairs reported in the literature with
nominal tp( π

2 )− 2tp(π) pulse sequences, despite the theoreti-
cal prediction of the absence of an echo for this combination
of flip angles and a maximum out-of-phase echo for a flip an-
gle of π

4 for the first pulse.3,4 These observations have previ-
ously also been attributed to distortion of the pulses by the
resonator.5 For pulses programmed on the AWG, we found
excellent agreement between the theoretical predictions and
the optimised pulse amplitudes in the two-pulse out-of-phase
echo sequence for the two triad molecules investigated here.

The optimal pulse amplitudes for all experiments were de-
termined by recording the echo as a function of the amplitude
of pulses programmed on the AWG channel and maximising

Fig. S2 Comparison of rectangular pulses of 8 ns and 16 ns lengths
programmed on the Stripline Pulse-Forming Unit (SPFU) channels
or the SpinJet AWG of a commercial Bruker spectrometer recorded
in transmitter monitor mode. The top panel shows the results for
sequences programmed with the same amplitude for both pulses,
the bottom panel shows the optimal pulse amplitudes maximising
the out-of-phase echo by adjusting the overall microwave power in
the case of the SPFU channel and by individually optimising the
amplitude of the two AWG pulses.

the in-phase or out-of-phase echo for experiments with se-
lective and non-selective excitation, respectively. For exper-
iments with non-selective excitation, the amplitudes of the
first and second pulse of the echo sequence were optimised
individually. Examples of pulse amplitude optimisation ex-
periments performed for BDX-ANI-NDI and TTF-ANI-PI with
monochromatic rectangular and frequency-swept pulses are
shown in Fig. S3. For the experiments with rectangular pulses,
the detection phase was set based on the in-phase echo for
a sequence with selective microwave pulses, taking the spin
polarisation of the spectrum into account. For the frequency-
swept pulses, an additional phase correction was necessary af-
ter data acquisition on account of the dynamic Bloch-Siegert
shift.6,7

Fig. S3 Pulse amplitude optimisation experiments for monochro-
matic rectangular and frequency-swept pulses on BDX•+-ANI-NDI•−

and TTF•+-ANI-PI•− at X-band. Results are shown for a two-pulse
sequence of rectangular pulses of 16 ns and 32 ns length (left) and of
frequency-swept chirp pulses with a bandwidth of 75 MHz and lengths
of 128 ns and 64 ns (right). The out-of-phase echo transients are
shown as a function of pulse amplitude and the amplitude-dependent
integrated echo intensities for the first (P1) and second (P2) pulse
of the sequence are compared. The experiments were performed
at the field position corresponding to the maximum out-of-phase
echo (349.56 mT for BDX-ANI-NDI and 349.25 mT for TTF-ANI-PI
at 9.8 GHz).
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S2 Simulation parameters
The simulation parameters determined for BDX•+-ANI-NDI•−

and TTF•+-ANI-PI•− from a global fit of the X- and Q-band
transient EPR data and the out-of-phase ESEEM traces are re-
ported in Table S1 and Table S2. The starting values for the
orientation of the g principal axis systems were determined
from DFT calculations on radical fragments and are reported
with respect to the frame of the dipolar interaction in Table S1
and Table S2 and represented visually in Fig. S4.

Magnetic Interaction Parameters for BDX•+-ANI-NDI•−

g-values gx gy gz
BDX•+ 2.0057 2.0052 2.0023
NDI•− 2.0045 2.0045 2.0019
dipolar coupling d = 3.15 MHz
exchange coupling J = −0.01 MHz
line broadening HStrain = 16.2, 6.6, 10.8 MHz
Orientational Parameters
Euler angles α β γ

gBDX 178◦ 93◦ 177◦

gNDI 193◦ 88◦ 346◦

Table S1 Simulation parameters for BDX•+-ANI-NDI•−.

Magnetic Interaction Parameters for TTF•+-ANI-PI•−

g-values gx gy gz
TTF•+ 2.0030 2.0051 2.0142
PI•− 2.0051 2.0048 2.0020
dipolar coupling d = 2.95 MHz
exchange coupling J = −0.04 MHz
line broadening HStrain = 20, 7.8, 10.3 MHz
Orientational Parameters
Euler angles α β γ

gTTF 280◦ 44◦ 259◦

gPI 339◦ 74◦ 261◦

Table S2 Simulation parameters for TTF•+-ANI-PI•−.

Fig. S4 Molecular geometry of the BDX-ANI-NDI and TTF-ANI-
PI triads optimised by DFT and orientation of the g- and dipolar
principal axis systems predicted by DFT calculations.

S3 Supplementary echo experiments with
selective excitation

Fig. S5 shows the results of echo-detected field sweep ex-
periments with selective pulses performed on the TTF-ANI-
PI triad, the corresponding experiments on the BDX-ANI-NDI
triad are shown in Fig. 4 of the main text. The measure-
ments on TTF•+-ANI-PI•− confirm the conclusions drawn in
section 3.3 of the main text on the selectivity of the rectangu-
lar, Gaussian and E-BURP 2/RE-BURP pulses. Fig. S6 shows
the results of experiments performed with the universal rota-
tion π

2 U-BURP8 pulse combined with the RE-BURP universal
refocusing pulse. The E-BURP 2 and U-BURP pulses are de-
signed to have the same excitation profile, but while the E-
BURP 2 is strictly an excitation pulse transferring magnetisa-
tion from the z axis to the transverse plane, the U-BURP pulse
achieves a π

2 flip angle independent of the initial state.8 The
U-BURP pulse requires higher microwave amplitudes and was
reported to be more sensitive to instrumental shortcomings
in NMR applications.8 Our results show that the excitation
profile obtained with the U-BURP – RE-BURP sequence still
exhibits sharp edges, but, compared to the results with the
E-BURP 2 – RE-BURP sequence (see Fig. 4 for BDX-ANI-NDI
and Fig. S5 for TTF-ANI-PI), the profile deviates from the de-
sired top-hat shape at the centre. Based on echo transients
recorded at different pulse amplitudes, this deviation is not
caused by flip angle miscalibration, which was reported as
a possible cause for suboptimal performance of this class of
amplitude-modulated selective pulses.8

S3



Fig. S5 X-band echo-detected field sweep experiments with selective pulses on TTF-ANI-PI. The echo transients were recorded as a function
of magnetic field with two-pulse sequences consisting of rectangular 100 ns and 200 ns pulses (a), Gaussian 200 ns (tFWHM = 75 ns) and 400 ns
(tFWHM = 150 ns pulses (b), and a sequence consisting of an 800 ns E-BURP 2 and a 1600 ns RE-BURP pulse (c). The in- and out-of-phase
echo transients and the corresponding Fourier transforms are shown as a function of magnetic field (blue = positive signal/absorption, red =
negative signal/emission). The in-phase (dashed line) and out-of-phase (solid line) contributions to the echo and echo FT extracted at the
highlighted field position (349.4 mT) are also shown. The spectrum constructed from the sum of field-dependent echo FTs is compared to the
trEPR spectrum.

Fig. S6 X-band echo-detected field sweep experiments with a selective 800 ns U-BURP and a 1600 ns RE-BURP pulse for BDX-ANI-NDI and
TTF-ANI-PI. The field-dependent in- and out-of-phase echo transients and echo FTs are shown as well as the in-phase (dashed line) and
out-of-phase (solid line) contributions to the echo and echo FT at the highlighted field position (349.4 mT). The spectrum constructed as a
sum of field-dependent echo FTs is compared to the trEPR spectrum.
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S4 Echo dependence on delay after
photoexcitation

The spin-correlated radical pairs in BDX-ANI-NDI and TTF-
ANI-PI probed in pulse EPR experiments are formed by charge
separation induced by the laser flash preceding the microwave
pulse sequence and occurring on timescales of fractions of a
nanosecond.9 The radical is initially formed in a singlet state,
which is not an eigenstate of the spin system, and is therefore
characterised by both a non-equilibrium population distribu-
tion and the presence of zero-quantum coherence. Fig. S7
shows the echo transients at tDAF values of 20 ns and 560 ns as
a function of magnetic field for the two triad molecules, show-
ing significant differences in the echo transients as well as in
the echo-detected field-swept spectra, which only exhibit the
expected shape for the longer tDAF.

Fig. S8 shows the echo recorded as a function of the delay
after photoexcitation (tDAF) for BDX•+-ANI-NDI•− and TTF•+-
ANI-PI•− at a magnetic field corresponding to the maximum
out-of-phase echo. The echo shape changes significantly in the
first 50 ns: for BDX•+-ANI-NDI•− it includes a negative contri-
bution absent at longer delay times and for TTF•+-ANI-PI•−

the negative contribution is more pronounced at early times
after laser excitation. At a tDAF value corresponding approx-
imately to the length of the interpulse delay τ, an additional
weak signal is observed in the echo transient at 2τ from the
start of the microwave sequence. Both of these observations
are due to the presence of zero-quantum coherence imme-
diately after generation of the radical pair, which affects the
echo signal and leads to formation of a double-quantum echo
after conversion of the zero-quantum coherence into double-

quantum coherence by the first microwave pulse, evolution of
the double-quantum coherence during τ and conversion to de-
tectable single-quantum coherence by the second microwave
pulse.3 The zero-quantum coherence in radical pairs dephases
relatively quickly, and can therefore be neglected in the anal-
ysis of the experiments performed in this paper with tDAF =
560 ns.

Fig. S8 Out-of-phase echo as a function of the delay between laser
excitation and the first microwave pulse for BDX-ANI-NDI (left)
and TTF-ANI-PI (right). The experiments were performed with mi-
crowave pulse lengths of 12 ns and 24 ns and an interpulse delay τ of
306 ns at a magnetic field of 349.4 mT and 349.1 mT for BDX-ANI-
NDI and TTF-ANI-PI, respectively. The echo transients recorded as
a function of tDAF are shown in the bottom panel and selected tran-
sients at tDAF values of 20, 312 and 560 ns are compared in the top
panel.

Fig. S7 Comparison of echo-detected field sweep experiments for BDX•+-ANI-NDI•− (a) and TTF•+-ANI-PI•− (b) recorded at X-Band
with rectangular pulses of 12 ns and 24 ns lengths and delays after flash (tDAF) of 20 ns (left) and 560 ns (right). The in- and out-of-phase
echo transients and the corresponding echo Fourier transforms are shown as a function of magnetic field in the 2D plot (blue = positive
signal/absorption, red = negative signal/emission). The in-phase (dashed line) and out-of-phase (solid line) contributions to the echo and
echo FT extracted at the field position marked by the horizontal line (349.4 mT for BDX•+-ANI-NDI•− and 349.3 mT for TTF•+-ANI-PI•−) are
also shown and compared to the calculated excitation profile of the π pulse. The spectrum constructed from the sum of the echo FTs at the
different magnetic field positions is compared to the trEPR spectrum.
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S5 Supplementary echo-detected field
sweeps for non-selective excitation

Fig. S9 compares the field-dependent in-phase and out-of-
phase echo transients, echo Fourier transforms and the echo-
detected field-swept spectra obtained for TTF-ANI-PI with
two-pulse chirp sequences with different bandwidths, 75 MHz
and 100 MHz. The experimental results show clear differences
between results obtained with the two pulse bandwidths. The
spectrum obtained for the chirp pulses with the smaller band-

width more closely resembles the spectrum obtained with
short monochromatic rectangular pulses (Fig. 6a) and still ex-
hibits contributions from an in-phase echo at low fields, in-
dicative of selective excitation of TTF•+ radicals at these field
positions. The increased out-of-phase echo contributions ob-
tained across the spectrum with the larger bandwidth chirp
pulse indicate improved broadband excitation, as discussed in
the main text.

The results of echo-detected field sweep experiments per-

Fig. S9 Comparison of experimental and simulated echo-detected field sweep experiments for TTF•+-ANI-PI•− recorded at X-Band with chirp
pulses of different bandwidths: (a) 75 MHz and 128 ns and 64 ns lengths (b) 100 MHz and 256 ns and 128 ns lengths. The in- and out-of-phase
echo transients and the corresponding echo Fourier transforms are shown as a function of magnetic field in the 2D plot (blue = positive
signal/absorption, red = negative signal/emission). The in-phase (dashed line) and out-of-phase (solid line) contributions to the echo and
echo FT extracted at the field position marked by the horizontal line (349.3 mT) are also shown and compared to the calculated excitation
profile of the π pulse. The spectrum constructed from the sum of the echo FTs at the different magnetic field positions is compared to the
trEPR spectrum.

Fig. S10 Comparison of echo-detected field sweep experiments for TTF•+-ANI-PI•− recorded at Q-Band with rectangular pulses of 8 ns and
16 ns lengths (a) and chirp pulses with a bandwidth of 200 MHz and 256 ns and 128 ns lengths and (b) and the corresponding simulations. The
in- and out-of-phase echo transients and the corresponding echo Fourier transforms are shown as a function of magnetic field in the 2D plot
(blue = positive signal/absorption, red = negative signal/emission). The in-phase (dashed line) and out-of-phase (solid line) contributions to
the echo and echo FT extracted at the field position marked by the horizontal line (1210.5 mT) are also shown and compared to the calculated
excitation profile of the π pulse. The spectrum constructed from the sum of the echo FTs at the different magnetic field positions is compared
to the trEPR spectrum.
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formed with monochromatic rectangular and frequency-swept
pulses at Q-band for TTF-ANI-PI are shown in Fig. S10 to-
gether with the corresponding simulations. The experiments
were performed for a τ value corresponding to a negative
out-of-phase echo. The experimental results obtained with
rectangular pulses contain a significant contribution from an
in-phase echo in addition to the out-of-phase echo. Excitation
with chirp pulses leads to an increased out-of-phase echo con-
tribution, while still exhibiting a clear in-phase contribution.
The gz region of the spectrum is characterised by a low signal
intensity, but clearly consists of an in-phase echo contribution
for both rectangular and chirp pulses.

Fig. S11 compares the echo transients, echo Fourier trans-
forms and echo-detected field-swept spectra obtained for
BDX-ANI-NDI and TTF-ANI-PI using chirp two-pulse echo se-

quences with upward and downward sweep direction. While
there are subtle differences in the appearance of the field-
dependent echo signals and echo Fourier transforms, the chirp
pulse sweep direction does not seem to significantly influ-
ence the appearance of the echo-detected field-swept spec-
trum. The corresponding out-of-phase ESEEM experiments
are discussed in section S6.4.

Fig. S11 Comparison of experimental and simulated echo-detected field sweep experiments for BDX•+-ANI-NDI•− and TTF•+-ANI-PI•−

recorded at X-Band with upward- and downward-swept chirp pulses. For BDX-ANI-NDI, a bandwidth of 75 MHz and 128 ns and 64 ns pulse
lengths was used for the upward (a) and downward (b) chirps. For TTF-ANI-PI, a bandwidth of 100 MHz and 256 ns and 128 ns pulse lengths
was used for the upward (c) and downward (d) chirps. The in- and out-of-phase echo transients and the corresponding echo Fourier transforms
are shown as a function of magnetic field in the 2D plot (blue = positive signal/absorption, red = negative signal/emission). The in-phase
(dashed line) and out-of-phase (solid line) contributions to the echo and echo FT extracted at the field position marked by the horizontal line
(349.4 mT for BDX•+-ANI-NDI•− and 349.3 mT for TTF•+-ANI-PI•−) are also shown and compared to the calculated excitation profile of the
π pulse. The spectrum constructed from the sum of the echo FTs at the different magnetic field positions is compared to the trEPR spectrum.
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S6 Out-of-phase ESEEM

S6.1 Product operator calculations for chirp
out-of-phase ESEEM

Some insights into the out-of-phase ESEEM experiment per-
formed with frequency-swept pulses involving sequential ex-
citation of the two coupled spins in the spin-correlated radical
pair can be obtained using the product operator formalism, in
analogy to a previous analysis of the effects of chirp excitation
in a two-pulse sequence performed on Boltzmann populated
weakly coupled radicals.10

The spin system is described by the simplified Hamiltonian

H0 = Ω1S1,z +Ω2S2,z +ωeeS1,zS2,z (S1)

where Ω1 and Ω2 are the resonance offsets in a frame rotating
at the initial frequency of the frequency-swept pulse and ωee

includes the dipolar and exchange coupling

ωee = d(3cos2
θ −1)− J (S2)

A spin-correlated radical pair resulting from charge sepa-
ration in an excited singlet state is formed in an initial state
σ(t = 0) = |S⟩⟨S|, which in terms of spin operators can be writ-
ten as4

σ0 =
1
4 1l−S1,zS2,z − 1

2 (S1,+S2,−+S1,−S2,+) (S3)

This initial state is characterised by longitudinal two-spin
order (S1,zS2,z) and zero-quantum coherence.4 If the delay
between photoexcitation and the start of any microwave
pulse sequence is sufficiently long to allow dephasing of the
zero-quantum coherence, the corresponding term can be ne-
glected. The initial state considered in the subsequent calcu-
lations is pure longitudinal two-spin order

σ0 =−S1,zS2,z (S4)

corresponding to equal population of levels ⟨2| and ⟨3| and no
population of levels ⟨1| and ⟨4| (see eq. (4) in the main text).

For a monochromatic rectangular pulse modelled as an
ideal pulse, the modulation expression in out-of-phase ESEEM
can be calculated as reported previously in reference 4

σ0
β (S1,x+S2,x)−−−−−−−→ H0τ−−→

π(S1,x+S2,x)−−−−−−−→ H0τ−−→ σ

(S5)

At time 2τ, the detectable contributions along x and y are
given by

σdet,x =− 1
4 sin(2β )sin(ωeeτ)(S1,x +S2,x) (S6)

σdet,y = 0 (S7)

The step-by-step evolution of the initial longitudinal two-spin

order to detectable x-magnetisation, as well as undetectable
antiphase coherence and zero- and double-quantum coher-
ence is shown pictorially in Fig. S12a.

Following the approach of Doll and Jeschke,10 the effect
of a frequency-swept pulse and its subsequent delay are com-
puted as

σ0
H0kΩ1−−−−→

βS1,x−−−→ H0k(Ω2−Ω1)−−−−−−−−→

βS2,x−−−→ H0(τ
′−kΩ2)−−−−−−−→

(S8)

In the case of the frequency-swept pulses of finite length, τ

is defined as the delay between the centres of the pulses, as
shown pictorially in Fig. 8 of the main text, and τ ′ = τ + 1

2 tp.
At the time of the echo, the following detectable contributions
remain

σdet,x =− 1
4 sin(2β )sin

(
ωee(τ

′− δ1
2 −δ12)

)
cos(ωee

δ12
2 )S1,x

− 1
2 sin(β )cos

(
ωee(τ

′− δ1
2 −δ12)

)
sin(ωee

δ12
2 )S1,x

− 1
4 sin(2β )sin

(
ωee(τ

′− δ1
2 −δ12)

)
S2,x

(S9)

σdet,y = 0 (S10)

Compared to the result obtained with ideal pulses, the S1,x

and S2,x contributions to the detectable signal are no longer
equivalent and the time argument of the modulation function
depends on the delays δ1 and δ12. The evolution pathways
during the chirp out-of-phase ESEEM experiment are repre-
sented pictorially in Fig. S12b, clearly showing the asymmetry
in evolution of the two spins arising from time-delayed exci-
tation during the first pulse. A more detailed discussion of the
resulting expressions and the effect on out-of-ESEEM traces
are included in the main text.

S6.2 Interference effects for chirp excitation in
out-of-phase ESEEM

The asymmetry in the evolution of coherences for the two dif-
ferent spins that results in the main differences between the
modulation expressions for out-of-phase ESEEM obtained for
a sequence of monochromatic rectangular pulses and a chirp
pulse sequence arises during the first chirp pulse. Fig. S13
shows the calculated single-, zero- and double-quantum co-
herence amplitudes as a function of time during the pulse,
the results for the whole range of orientations, for a selected
orientation with close to average dipolar coupling νdd and res-
onance frequency offset ∆ν , and for coherence amplitudes av-
eraged over all orientations are shown and compared to the
results expected after excitation with an ideal β = π

4 pulse.
Even though at the end of the first chirp pulse, the single-
quantum coherence amplitudes averaged over all orientations
only show small differences compared to the result obtained
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Fig. S12 Schematic pictorial representation of the evolution pathways of coherences in the out-of-phase ESEEM experiment modelled in
the framework of the product operator formalism for monochromatic rectangular (ideal) pulses (a) and for frequency-swept pulses (b). The
weights and modulation of the non-zero terms at the time of detection are included at the bottom, non-detectable contributions are shown in
a lighter shade.
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Fig. S13 Evolution of the amplitudes of the single-, zero- and double-quantum coherences during the initial chirp pulse of the out-of-phase
echo sequence for BDX•+-ANI-NDI•− and TTF•+-ANI-PI•− at X- and Q-band. The range of coherence amplitudes obtained for all orientations
in a powder are shown as coloured bands and the coherence amplitudes for a single orientation, closest to the average dipolar coupling and
average resonance frequency offset between S1 and S2, are shown as coloured lines in the top panel, the average over all orientations is shown
in the bottom panel (and in Fig. 8 in the main text). The dashed line indicates the coherence amplitudes after an ideal monochromatic π

4
pulse. At the top of the figure, the trEPR spectra and simulations of the individual radical spectra are shown as well as 3D polar plots of the
orientation-dependent dipolar coupling νdd and resonance frequency offset ∆ν. The pulses and the time-frequency profiles with highlighted
allowed transition frequencies of the four energy level system and corresponding time of excitation for the selected orientation are also shown.

with monochromatic rectangular pulses, larger deviations are
observed for individual orientations. In the case of TTF-
ANI-PI at Q-band, even the averaged coherence amplitudes
show clear differences for the two different spins and devi-
ations from the ideal behaviour expected with non-selective
monochromatic excitation. This is in agreement with the sig-
nificantly larger differences in the out-of-phase ESEEM traces
recorded for TTF-ANI-PI at Q-band with monochromatic rect-
angular and chirp pulses (Fig. 7 in the main text).

The assumptions behind modelling excitation during a
chirp pulse as sequential excitation of the individual spins of
the coupled pair using the product operator formalism relies
on a small coupling strength compared to the amplitude of
the microwave excitation field, so that both transitions of each
spin can be assumed to be addressed at the same time. The
calculations in Fig. S13 show that this is clearly not the case
for BDX-ANI-NDI at X-band, whereas it appears to be a rea-
sonable assumption for most orientations at Q-band and for
TTF-ANI-PI.

S6.3 Out-of-phase ESEEM simulations

The considerations detailed in the preceding sections appear
to at least qualitatively explain the trends observed in the ex-
perimental chirp out-of-phase ESEEM measurements. As an
additional verification for the attribution of the experimental
observations to actual consequences of chirp excitation rather
than experimental imperfections, we also performed full nu-
merical simulations as described in section 2.3 of the main
text. The simulated τ-dependent echo transients and echo

Fourier transforms as well as the simulated out-of-phase ES-
EEM traces are shown in Fig. S14. For the most part, they
show good agreement with the results and trends observed
experimentally (see Fig. 7 in the main text), any remaining
inconsistencies and deviations are very likely a consequence
of experimental aspects not included in the simulations, such
as imperfect resonator bandwidth compensation, distortions
of the pulses and spin response in the excitation and detec-
tion chains and nuclear ESEEM effects.

A more detailed comparison of experiments and simula-
tions for chirp out-of-phase ESEEM experiments on TTF-ANI-
PI with frequency-swept pulses of different bandwidths per-
formed at different positions in the spectrum is shown in
Fig. S15. Both experiments and simulations show that the
gain in modulation depth depends on the field position at
which the experiment is performed. For chirp out-of-phase
ESEEM experiments performed at the field position corre-
sponding to the centre of the spectrum (348.7 mT), and there-
fore maximising non-selective excitation of the full spectrum
with broadband pulses, an increased modulation depth is ob-
served compared to experiments with the same pulses per-
formed at the field position corresponding to the overall max-
imum of the out-of-phase echo (349.2 mT). On the other hand,
out-of-phase ESEEM experiments performed with monochro-
matic rectangular pulses achieve larger modulation depths at
the field position corresponding to the maximum of the out-
of-phase echo due to the non-uniform and narrower excita-
tion profile. The simulations also reproduce this trend and
show mostly reasonable qualitative agreement with the ex-
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Fig. S14 Simulations for out-of-phase ESEEM experiments with monochromatic rectangular pulses and frequency-swept pulses for BDX•+-
ANI-NDI•− and TTF•+-ANI-PI•− at X- and Q-band. The out-of-phase echo and the corresponding echo Fourier transforms are shown as
a function of the interpulse delay τ for both types of pulse sequences and the out-of-phase ESEEM traces resulting from integration in the
frequency-domain are compared at the bottom. The calculated pulse excitation profiles are compared to simulations of the spin-polarised
spectra of the two triads. The simulations were performed for magnetic fields of 349.3 mT (BDX-ANI-NDI) and 348.7 mT (TTF-ANI-PI) at
X-band (9.8 GHz), and 1210.5 mT (BDX-ANI-NDI) and 1210.4 mT (TTF-ANI-PI) at Q-band (33.96 GHz). At X-band, rectangular pulses of
16 ns and 32 ns length and chirp pulses with a bandwidth of 75 MHz and lengths of 128 ns and 64 ns or a bandwidth of 100 MHz and lengths of
256 ns and 128 ns were used for BDX•+-ANI-NDI•− and TTF•+-ANI-PI•−, respectively. At Q-band, rectangular pulses of 8 ns and 16 ns length
and chirp pulses with a bandwidth of 150 MHz and lengths of 128 ns and 64 ns or a bandwidth of 200 MHz and lengths of 256 ns and 128 ns
were used for BDX•+-ANI-NDI•− and TTF•+-ANI-PI•−, respectively.

perimental results, including a relatively accurate prediction
of the phase shift resulting from sequential excitation of the
two spins during the chirp pulse. However, the calculated
ratio of signal intensity between echo signals obtained with
monochromatic rectangular and frequency-swept pulses are
not in quantitative agreement with experiment. Distortions
of the pulses in the excitation chain, inconsistent pulse am-
plitudes between experiment and simulation and suboptimal
experimental resonator bandwidth compensation are likely
causes for the observed discrepancies, which however do not
significantly affect the overall conclusions.

S6.4 Chirp pulse sweep direction

The consideration of chirp effects on the results of out-of-
phase ESEEM experiments in section S6.1 and section S6.2
have demonstrated that the experimental results are affected
by the different nature of excitation between a sequence based
on monochromatic rectangular pulses and a chirp pulse se-

quence. As the differences between results obtained with the
two experiments can be traced back to the sequential exci-
tation of the two spin partners, this implies that differences
may arise for experiments performed with chirp pulses with
upward and downward frequency sweeps. This would af-
fect both the distributions in δ1 and δ12, and therefore the
observed phase shift, as well as the magnitude of interfer-
ence effects. Fig. S16 shows the distributions in δ1, δ12 and
1
2 δ1 + δ12 delays, the evolution of single-, zero- and double-
quantum coherence amplitudes during the first chirp pulse
and a comparison of experimental out-of-phase ESEEM results
and simulations obtained with upward- and downward-swept
chirp pulses for the BDX-ANI-NDI and TTF-ANI-PI triads at
X-band. An excellent agreement is obtained between the ex-
perimental results and the numerical simulations shown in
Fig. S16c and d, and the observed differences between exper-
iments with upward- and downward-swept pulses, especially
in the phase shift, can be explained by the differences in the
1
2 δ1 + δ12 distributions for the two different frequency sweep
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Fig. S15 Comparison of out-of-phase ESEEM experiments with monochromatic rectangular pulses and frequency-swept pulses of different
bandwidths for TTF•+-ANI-PI•− at X-band at two different magnetic fields: (a,b) 349.2 mT, corresponding to the maximum of the out-of-phase
echo, and (c,d) 348.7 mT, corresponding to approximately the centre of the spectrum. The out-of-phase echo recorded as a function of the
interpulse delay τ and the corresponding echo Fourier transforms are shown for both types of pulse sequences and the out-of-phase ESEEM
traces resulting from integration in the frequency-domain are compared at the bottom. The calculated pulse excitation profiles are compared
to the trEPR spectra of the two triads. Rectangular pulses of 16 ns and 32 ns length and chirp pulses with a bandwidth of 75 MHz and lengths
of 128 ns and 64 ns or a bandwidth of 100 MHz and lengths of 256 ns and 128 ns are compared.
S12



directions shown in Fig. S16a and b. No significant differ-
ences in the final orientation-averaged coherence amplitudes
at the end of the chirp pulses are observed for the two cases
considered here, implying that the results are not significantly
affected by interference effects resulting from sequential exci-
tation of coherences on transitions with common levels.

Interestingly, a closer inspection of the τ-dependent echo

Fourier transforms in Fig. S16c and d reveals noticeable dif-
ferences between experiments performed with upward- and
downward-swept chirp pulses, in particular for TTF-ANI-PI.
The oscillating increased and decreased intensities are slanted
in opposite directions, from low to high frequencies for the
upward chirp and from high to low frequencies for the down-
ward chirp. This is consistent with previous considerations

Fig. S16 (a,b) Distributions of δ1, δ12 and 1
2 δ1 + δ12 delays for BDX-ANI-NDI and TTF-ANI-PI with pulse sequences with upward- and

downward-swept pulses at X-band are shown on the top, the dashed line indicates 1
2 tp. The evolution of the amplitudes of the single-, zero-

and double-quantum coherences during the initial chirp pulse of the out-of-phase echo sequence averaged over all orientations is shown on the
bottom, the dashed line indicates the coherence amplitudes after an ideal monochromatic π

4 pulse (see Fig. S13 for details). (c,d) Out-of-phase
ESEEM with upward- and downward-swept chirp pulses for BDX•+-ANI-NDI•− and TTF•+-ANI-PI•− at X-band at magnetic fields of 349.3 mT
and 348.7 mT, respectively. The experimental out-of-phase echo and corresponding Fourier transform recorded as a function of τ for the
out-of-phase ESEEM sequences with upward and downward swept chirp pulses with a bandwidth of 75 MHz and pulse lengths of 128 ns and
64 ns for BDX-ANI-NDI, and a bandwidth of 100 MHz and pulse lengths of 256 ns and 128 ns for TTF-ANI-PI, are compared to simulations.
The out-of-phase ESEEM traces resulting from integration in the frequency domain are compared to the trace obtained with the results of an
experiment with rectangular pulses of 16 ns and 32 ns.
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of chirp effects on FT NMR spectra11, where transverse inter-
ference led to larger distortions for NMR lines traversed first
during the frequency sweep, as the coherences on the transi-
tions initially excited will be affected by passage through any
connected transitions.

S6.5 EPR-correlated out-of-phase ESEEM with
rectangular pulses

Fig. S17 shows the extent to which EPR-correlated out-of-
phase ESEEM experiments are possible with monochromatic
rectangular pulses for the BDX-ANI-NDI triad at Q-band. The
τ-dependent echo Fourier transforms are shown as well as the
corresponding antiphase Pake patterns obtained by additional
Fourier transform along the τ dimension. In a similar fashion
to the results shown in the main text for chirp out-of-phase ES-
EEM (Fig. 9), contributions of the ν∥ and ν⊥ dipolar frequen-
cies are observed at different points in the spectrum, however,
at least two experiments performed at different field positions
are required to reliably obtain the full EPR-correlated out-of-
phase ESEEM data.

Fig. S17 2D EPR-correlated out-of-phase ESEEM performed on BDX•+-ANI-NDI•− with rectangular pulses at Q-band: the Fourier transforms
of the out-of-phase echo recorded as a function of τ are shown on the left and the corresponding antiphase Pake pattern resulting from additional
Fourier transform along the τ dimension is shown in the centre. Results are shown for experiments performed at two different field positions,
1210.5 mT and 1211.2 mT (νmw = 33.96 GHz). The trEPR spectrum, simulations of the donor and acceptor radical spectra and the excitation
profile of the π pulse are shown on the right. Out-of-phase ESEEM traces and the corresponding antiphase Pake patterns extracted at the
indicated positions in the EPR spectrum are compared on the bottom and the molecular structure of the BDX-ANI-NDI triad and orientation
of the principal g- and dipolar axes is shown on top.
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