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Abstract. The intermolecular hyperfine relaxation-induced dipolar modulation enhancement experiment (ih-
RIDME) is a pulse electron paramagnetic resonance (EPR) experiment that can be used to probe the properties
of a nuclear spin bath in the vicinity of an unpaired electron. The underlying mechanism is the hyperfine spectral
diffusion of the electron spin during the mixing block. A quantitative description of the diffusion kinetics being
applied to establish the ih-RIDME data model allows one to extend this method to systems with heterogeneous
nuclear arrangements assuming a distribution of the local nuclear densities. The heterogeneity can stem from
the solvent or the intrinsic nuclei of a structurally flexible (macro)molecule. Therefore, the fitted distribution
function can further serve as a method for heterogeneity characterization, quantification and structure-based
analysis. Here, we present a detailed introduction to the principles of ih-RIDME application to heterogeneous
systems. We discuss the spectral resolution, determination of the spectral diffusion parameters and influence of
noise in the experimental data. We further demonstrate the application of the ih-RIDME method to a model
spin-labelled macromolecule with unstructured domains. The fitted distribution of local proton densities was
reproduced with the help of a conformational ensemble generated using the Monte Carlo approach. Finally, we
discuss several pulse sequences exploiting the HYperfine Spectral Diffusion Echo MOdulatioN (HYSDEMON)
effect with an improved signal-to-noise ratio.

1 Introduction

Among pulse electron paramagnetic resonance (EPR) exper-
iments there are two large families of techniques that can be
summarized under the names “hyperfine spectroscopy” and
“electron–electron dipolar spectroscopy”. Pulse electron–
electron dipolar spectroscopy (PDS) techniques have a
longer upper distance limit and can even probe electron spin
pairs separated by more than 10 nm (Endeward et al., 2022;
Dorn et al., 2023). Thus, PDS techniques are able to provide
long-range structural constraints. On the contrary, it is com-
mon to view hyperfine spectroscopy techniques in pulse EPR

as “local structure” determination techniques, mainly target-
ing magnetic nuclei with resolved hyperfine splitting, within
the shell of no more than 1 nm (Dikanov and Tsvetkov,
1992). The hyperfine techniques can further address nuclei
beyond the 1 nm distance limit provided that their homonu-
clear interaction is negligible (Meyer et al., 2020; Asanbaeva
et al., 2023; Seal et al., 2023; Judd et al., 2022; Gauger et al.,
2024).

In the case of many magnetic nuclei present in the vicin-
ity of a paramagnetic centre, those that are weakly coupled
cannot be well resolved in the nuclear magnetic resonance
(NMR) spectrum, forming a so-called matrix peak positioned
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at the corresponding nuclear Zeeman frequency. The inten-
sity of the matrix peak can be used as a measure of the total
number of weakly coupled nuclei, e.g. in water accessibility
experiments (Volkov et al., 2009; Noethig-Laslo et al., 2004).

In many samples, especially those related to biological
systems or organic materials, there is a large number of mag-
netic nuclei of the same sort, typically protons, coupled to
each other by dipolar and J -coupling. Such a network of cou-
pled protons is called a proton spin bath, and it undergoes
continuous quasi-stochastic local fluctuations in the spin
states of individual protons. This process, called proton spin
diffusion (Abragam, 1961; Meier, 1994; Brown, 2007), cov-
ers regions rather close to the paramagnetic centres present in
the sample. As a result of proton spin diffusion, the electron
spin senses a fluctuating hyperfine field formed by nearby
protons and its resonance frequency also fluctuates. This pro-
cess is called electron spectral diffusion (Klauder and An-
derson, 1962; Hu and Walker, 1978; Portis, 1956). At short
electron–proton distances, the proton spin diffusion is slowed
down by the gradient of the electron’s magnetic field and can
be considered inactive on a timescale of a single shot in a
pulse EPR experiment. The currently available evaluations
suggest that the electron spectral diffusion process is sensi-
tive to the protons in a range that may start between 0.5 and
1 nm and may end between 1.5 and 3 nm, depending on the
typical strengths of proton–proton couplings which, in turn,
are dependent on concentration (Kuzin et al., 2022). All of
the protons within the blocked range only contribute to the
full hyperfine spectrum of a given electron spin as a shift but
do not participate in the electron spectral diffusion process.

The proton spin diffusion/electron spectral diffusion pro-
cess, often being the main contribution to the phase mem-
ory time of organic paramagnetic centres in solid state (Soet-
beer et al., 2018; Jahn et al., 2022), can be detected in a
stimulated electron spin echo experiment and its variations
(Jeschke, 2023). The stimulated electron spin echo experi-
ments exist in the form of a three-pulse electron spin echo
envelope modulation (ESEEM) technique and modifications
thereof as well as a relaxation-induced dipolar modulation
enhancement (RIDME; Fig. 1a) technique and its variants.
In the former class, the length of the longitudinal block is
incremented, whereas the transverse part is usually kept con-
stant. In the RIDME-based class, the increment relation is
the opposite, which allows one to avoid the contribution of
the electron spin longitudinal relaxation to the primary data.
Thus, we focus on the determination of the parameters of
the electron spectral diffusion/nuclear spin diffusion via the
RIDME pulse sequence, and we refer to this experiment
in this context as an intermolecular hyperfine (ih-) RIDME
(Kuzin et al., 2022, 2024a).

The ih-RIDME traces, previously discussed in the liter-
ature as a RIDME background (Astashkin, 2015), feature
shape sensitivity to the local proton density and the mix-
ing time (Fig. 1b). This allows the RIDME experiment to
be exploited to probe the proton environment of the para-

magnetic site. The dependence on the mixing time is re-
lated to the average strength of the nuclear–nuclear interac-
tion and, hence, reflects the properties of the homonuclear
coupling network. As a step further, the developed quan-
titative model for ih-RIDME enables the characterization
of heterogeneous systems in terms of the distribution func-
tion of local proton densities. Thus, the ih-RIDME tech-
nique offers intermediate-range structural information, be-
yond the arrangement of ligands and solvent molecules in
the coordination shell and/or in the first two to three solva-
tion shells (which is typical information from other hyperfine
spectroscopy techniques). This feature makes ih-RIDME the
first hyperfine-based structural method for long-range struc-
ture determination (although the sensitive distance range for
ih-RIDME is still substantially shorter than for PDS tech-
niques). While global data fitting in ih-RIDME significantly
improves the fit stability, it also raises a question about opti-
mizing the signal quality and measurement time.

This article is organized as follows: after introducing the
theory for ih-RIDME signals from heterogeneous proton dis-
tributions, we give an account of the spectral resolution.
Next, we discuss the influence of the noise on the fit of ih-
RIDME data, followed by a detailed discussion of the proce-
dure for determining the fit parameters of the ih-RIDME ker-
nel in the heterogeneous distribution case. After this, we turn
to analyse the experimental ih-RIDME data obtained for a
model compound containing one nitroxide unit with a highly
anisotropic distribution of protons. Finally, before turning to
conclusions, we give an account of selecting different ver-
sions of the RIDME experiment for better performance of
ih-RIDME measurements.

2 Theoretical background

The mixing block in the ih-RIDME experiment is an es-
sential functional element. This can be demonstrated in a
comparison of echo evolution in the Carr–Purcell 2 se-
quence (CP2), which is also the observer sequence in the
four-pulse and five-pulse double electron–electron resonance
(DEER) experiment and in the five-pulse RIDME experi-
ment when the length of the first interpulse delay is incre-
mented (Fig. 1c). Note that such an increment is unconven-
tional for the RIDME experiment. In the CP2 experiment,
the echo intensity is of non-monotonic behaviour with a
distinct maximum (blue line in Fig. 1c). This effect is at-
tributed to the presence of protons (Bahrenberg et al., 2021;
Jeschke, 2023). During the CP2 experiment, electron mag-
netization continuously evolves in the transverse plane. The
RIDME sequence can be seen as a CP2 sequence with an in-
serted π/2−Tmix−π/2 block, called the mixing block, dur-
ing which the electron magnetization is aligned in the z direc-
tion. In the example in Fig. 1c, the mixing block is inserted at
the position of the primary echo. As a result of such modifi-
cation, the echo intensity monotonically decreases as a func-

Magn. Reson., 6, 93–112, 2025 https://doi.org/10.5194/mr-6-93-2025



S. Kuzin et al.: ih-RIDME: an experiment to probe the heterogeneous nuclear environment 95

Figure 1. (a) The ih-RIDME pulse sequence. The pulse labels indicate their flip angles. Highlighted blocks correspond to the preparation
(lime), diffusion (light red) and detection (light blue) functional elements of the sequence. (b) The ih-RIDME traces become steeper if the
local nuclear concentration (CH) or the length of the diffusion block (Tmix) increase. (c) Comparison of the echo intensity in the Carr–Purcell
sequence (CP2) and the 5p-RIDME sequence as a function of the first interpulse delay (d1) measured in a protonated solution. The echo in
CP2 has a maximum due to the dynamical decoupling effect in the presence of proton–proton coupling. In the case of RIDME, the echo
monotonically decreases due to the presence of the longitudinal block. The details of the CP2 and 5p-RIDME measurements are presented
in Sect. 3.

tion of d1 (orange line). This demonstrates that the mixing
block has a strong influence on the echo intensity. Moreover,
the observed intensity decay is indicative of the dissipative
properties of spin dynamics during the mixing block, and this
justifies the term “spectral diffusion” introduced in this sec-
tion.

2.1 Longitudinal spectral diffusion

The ih-RIDME signal is a decay of the echo intensity in the
RIDME experiment when the position of the mixing block
shifts in the pulse sequence. The decay occurs due to the lon-
gitudinal spectral diffusion. This effect arises when the spec-
troscopic properties of the electron spin before and after the
mixing block are not strictly correlated, leading to incom-
plete refocusing of spin–spin interactions. We neglect the
contribution of the electron background (Keller et al., 2019);
therefore, the interaction of interest in ih-RIDME is the hy-
perfine interaction with close nuclei. The Hamiltonian of this
interaction in the secular approximation is as follows:

Ĥhf =

N∑
j=1

Aj ŜzÎz,j , (1)

where S and I represent electron and nuclear spins, respec-
tively; Aj represents the hyperfine coupling constants; and
N is the number of nuclei. The main example of nuclei in
this work is protons, as they are the most abundant nuclei in
applications such as biological studies and dynamic nuclear
polarization (DNP) and have the largest gyromagnetic ratio;
thus, their spin–spin interaction is the strongest. For protons
at cryogenic temperatures, the driving force for the nuclear
state evolution is the homonuclear dipolar coupling:

Ĥdd =
∑
j 6=k

ωj,k

(
1
2
Îz,j Îz,k −

1
4
Î+j Î

−

k

)
, (2)

where ωj,k represents the nuclear dipolar coupling constants.
The nuclear Zeeman Hamiltonian ĤNZ =

∑N
j=1ωHÎz,j com-

mutes with both Ĥhf and Ĥdd and is, therefore, not considered
in the following discussion (Kuzin et al., 2024b).

The ih-RIDME pulse sequence (Fig. 1a) has three func-
tional elements: preparation (highlighted in lime), mixing
(light red) and detection (light blue) blocks. We assume, for
generality, that the spin Hamiltonians during these blocks
are Ĥ (prep), Ĥ (diff) and Ĥ (det), respectively. By denoting the
corresponding free evolution propagators as Uprep, Udiff and
Udet, the full expression for the ih-RIDME signal after prop-
agation of the electron spin coherence Ŝx reads as follows:

V (t)∝ 〈Ŝx〉 = tr(Ŝx σ̂3). (3)

Here,

σ̂3 = Udet(d2)UπUdet(d2− t)σ̂2Udet(d2− t)†U†
πUdet(d2)†

; (4)

σ̂2 = Uπ/2Udiff(Tmix)Uπ/2σ̂1U
†
π/2Udiff(Tmix)†U

†
π/2; (5)

σ̂1 = Uprep(d1+ t)UπUprep(d1)ŜxUprep(d1)†U†
πUprep(d1+ t)†

; (6)

and Uπ/2 and Uπ are the propagators of π/2 and π pulses,
respectively.

Analytical evaluation of Eq. (3) is not feasible for a
large number of nuclei and the full Hamiltonian (i.e. when
Ĥ (prep)

= Ĥ (diff)
= Ĥ (det)

= Ĥhf+Ĥdd). In a simplified theo-
retical picture, we consider the hyperfine interaction and ne-
glect the nuclear–nuclear interaction during the preparation
and detection part of the RIDME pulse sequence:

Ĥ (prep)
= Ĥ (det)

= Ĥhf . (7)

Such an approximation means that the magnetic state of
the nuclear bath |M〉 = ⊗Nj=1|mI,j 〉, constructed from Zee-
man states of individual nuclei, is stationary during the
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preparation and detection blocks. Consequently, it allows us
to characterize the interaction of the electron spin with the
nuclear reservoir in state |M〉 using the so-called hyperfine
field (in angular frequency units):

ωhf = 〈M|

N∑
j=1

Aj Îz,j |M〉 =

N∑
j=1

AjmI,j , (8)

which is conserved during the electron spin transverse evo-
lution (Kuzin et al., 2022, 2024b). The hyperfine field is the
resonance offset of the electron spin due to interaction with
all of the nuclei. This value depends on both nuclear coor-
dinates via Aj and on the magnetic state of the nuclei via
mI,j and is thereby distributed. The distribution of the hy-
perfine fields, obtained by sampling all nuclear bath states
|M〉, is called a hyperfine spectrum ρ(ωhf). This function de-
scribes the distribution of resonance offsets in an ensemble
of electron spins with fixed nuclear coordinates but different
nuclear spin states. The hyperfine spectrum also depends on
the nuclear arrangement around the electron spin. Its mean
value is not detectable in the pulse experiment because such
a constant offset is refocused at the echo detection. In the
statistical limit, we approximate the shape of the hyperfine
spectrum as Gaussian:

ρ (ωhf)≈
1

√
2πσ

exp

(
−

(ωhf−ω)2

2σ 2

)
. (9)

Given that the offset ω is not detectable, the standard de-
viation σ is sufficient to represent the hyperfine spectrum.

We can relate σ to some geometric properties of a nuclear
reservoir. Consider N nuclei with coordinates C = {rj }Nj=1
and with the same nuclear spin I . Assuming that the spectral
diffusion is ergodic, i.e. that all nuclear spin states are statis-
tically equivalent, the variance of the hyperfine spectrum is
the second central moment of ωhf. For computation, we plug
the definition into Eq. (8) and assume that the nuclear spin
quantum numbers are uncorrelated. Therefore, the variance
of the sum is the sum of terms’ variances, and we obtain the
following:

σ 2(C)=
N∑
j=1

1
2I + 1

I∑
mI=−I

A2
jm

2
I =

I (I + 1)
3

N∑
j=1

A2
j . (10)

We can transform this expression in the case of uniformly
distributed nuclei in space at distances from r = R to r =
+∞ and apply the point-dipole approximation for the hyper-
fine coupling:

σ 2(R,∞)=
I (I + 1)

3

(
}µ0γeγn

4π

)2 +∞∫
R

dr 4πr2CH

×

π∫
0

(
1− 3cos2θ

)2
r6

sinθ
2

dθ =
4π
3
B2CH

R3 , (11)

where the constant B = |}µ0γeγn/4π | · (4I (I + 1)/15)1/2 is
0.222 MHz nm3 for protons and CH (nm−3) is the proton
number density. The derivation of this equation and the
derivation of σ 2 for different topologies of proton distribu-
tions are presented in Appendix A.

We restrict further considerations to systems and mea-
surement conditions in which nuclear longitudinal (T1n) and
zero-quantum relaxation (T2,ZQ) can be neglected on the
timescale of the RIDME experiment. Under these assump-
tions, not all protons around the electron spin contribute to
the spectral diffusion processes. The internuclear coupling
of close protons is not strong enough to mix the hyperfine
levels and induce the flip-flop transition. If the difference in
the hyperfine couplings in a pair of protons is much greater in
absolute value than the nuclear–nuclear interaction, we refer
to such protons as being strongly coupled to the electron. In
terms of the nuclear-pair ESEEM model, the ESEEM mod-
ulation depth is close to zero (Jeschke, 2023). In the multi-
nuclear spin system, there is no known general analytical re-
lation between the parameters of the hyperfine and nuclear
Hamiltonians and the probability of nuclear transitions. We
suggested using the value of R that fits the experimentally
determined values of σ , as in Eq. (11). We call such a char-
acteristic value a spin diffusion radius, Rsd. It represents the
region of electron–nuclear distances where protons have the
strongest contribution to spectral diffusion via the mecha-
nism of spin diffusion.

Upon proton dilution, achieved using deuterated water and
glycerol, the following was found (Kuzin et al., 2022):

σ ∝ CH . (12)

The proportionality factor σ/CH for the water–glycerol
mixture (1 : 1 v/v) is 0.0215 MHz L mol−1 (Kuzin et al.,
2022) if the proton concentration is used or 0.0357 MHz nm3

if the number density is used. Equation (11) shows σ ∝
√
CH; consequently, the spin diffusion radius depends on

proton concentration as Rsd ∝ C
−1/3
H . The value of the ra-

dius depends on the typical distance between the neighbour-
ing protons, as this distance affects the nuclear–nuclear cou-
pling constants in Ĥdd. The weaker the average nuclear dipo-
lar interaction, the larger the spin diffusion radius. For a fully
protonated water–glycerol mixture, we experimentally deter-
mined Rsd = 1.36nm (Kuzin et al., 2022).

To simplify the description of the spin dynamics during
the mixing block, as the Ĥdd cannot be omitted now, we use
a diffusion-like approximation based on a formalism of the
magnetization spectrum (Kuzin et al., 2022). The latter is
an ensemble function that specifies the phase evolution of
electron spin packets with a certain hyperfine field account-
ing for their statistical weights. The magnetization spectrum
also depends on the length of the preparation and diffusion
blocks (t and T , respectively), which is reflected in the nota-
tion µt (ωhf,T ). Given the approximation in Eq. (7), the spin
packet with the hyperfine field ωhf, after the preparation time
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t , starts the mixing block with the phase ωhft which is re-
flected as follows:

µt (ωhf,0)= eiωhftρ(ωhf) . (13)

The evolution of this function during the mixing block is
approximated using the following differential equation:

∂µ (ωhf,T )
∂T

=D

(
ρ (ωhf)µ′′ωω (ωhf,T )

− ρ′′ (ωhf)µ (ωhf,T )
)
, (14)

whereD (freq3/time) is the spectral diffusion coefficient. Af-
ter the mixing block, the detection block follows, and the ih-
RIDME signal is expressed via the magnetization spectrum
as follows:

R (t;Tmix)= Re

 +∞∫
−∞

µt (ωhf,Tmix)e−iωhftdωhf

 . (15)

Here, we use the symbol R(t) for the echo intensity, instead
of V (t) as in Eq. (3), to emphasize that a simplified model
Hamiltonian is used for the transverse evolution.

The solutionR(t;Tmix) can be represented in several math-
ematical forms (see Supplement S2 and Kuzin et al., 2022).
We summarize two main properties. First, the solution is
a family of master decays as functions of the product σ t ,
and this family of master decays is parameterized by mixing
time Tmix. This means that the shapes of the ih-RIDME de-
cays with different σ are congruent. The decays at a given
width σ are directly recalculated from the master functions
by stretching the argument. Second, the spectral diffusion ki-
netics is naturally parameterized by κ =D/σ 3 (time−1). So
far, there is no ab initio derivation of this parameter from the
spin Hamiltonian. Nevertheless, it can be interpreted quali-
tatively. It was found previously (Kuzin et al., 2022) that κ
is invariant upon isotope dilution of homogeneous solutions.
In this case, the density of the nuclear–nuclear coupling net-
work per single nucleus also remains constant. Such density
can be interpreted as a measure of the average number of
strong homonuclear contacts per nucleus. Should this num-
ber be reduced, the kinetics of spectral diffusion slows down
and the ratio D/σ 3 correspondingly decreases. As a model
example, a −(CH2)n− fragment in a deuterated solution can
be considered. The homonuclear coupling network approxi-
mately follows the 1D geometry of the chain and a reduction
in the spectral diffusion kinetics is thus expected.

2.2 ih-RIDME data model

The ih-RIDME signal in the 5p-RIDME experiment at suf-
ficiently long mixing times has the following product struc-
ture: (Kuzin et al., 2022, 2024b)

V (t;Tmix,d1,d2)≈ R (t;Tmix) ·F (t;d1,d2), (16)

where d1 and d2 are the static delays of the pulse sequence.
The factorR(t) is called a longitudinal factor. It depends only
on the position of the mixing block and the mixing time, not
on the pulse sequence’s static auxiliary delays. This factor
was explained in the longitudinal spectral diffusion model
described in Sect. 2.1. The second factor F (t) is indepen-
dent of the mixing time and depends on d1 and d2. To give
it a quantitative explanation, we need to include the nuclear
dipolar interaction in the Hamiltonian during the transverse
part of the RIDME sequence:

Ĥ (prep)
= Ĥ (det)

= Ĥhf+ Ĥdd . (17)

The evolution of the electron spin coherence with this Hamil-
tonian cannot be solved analytically. By using the pertur-
bation analysis (Kuzin et al., 2024b), we established some
analytical properties of the solution. It was shown that the
ih-RIDME factorization, as in Eq. (16), holds if the mixing
times exceed the full decay of the Hahn echo. If this is not
satisfied, the shape of F (t) becomes dependent on the mixing
time. Throughout this work, we refer to F (t) in its limiting
form for Tmix� Tm. The shape of F (t) has the same congru-
ence property for different values of σ , as R(t); i.e. F also
depends on the product σ t (Kuzin et al., 2022).

In heterogeneous systems, every electron spin may be in
a different nuclear environment and, hence, have a differ-
ent hyperfine spectrum. Therefore, the width of the hyperfine
spectrum becomes a distributed value described by a distri-
bution function p(σ ). The ih-RIDME representation is gen-
eralized in this case as follows:

V (t;Tmix,d1,d2)=

σmax∫
σmin

p(σ )Vσ (t;Tmix,d1,d2)dσ, (18)

where Vσ is an ih-RIDME trace corresponding to a hyperfine
spectrum with a standard deviation of σ (Kuzin et al., 2024a).

2.3 Spectral diffusion beyond protons

The description of spectral diffusion in ih-RIDME driven by
the homonuclear coupling potentially applies to any nuclei
with a non-zero magnetic moment µnuc. The relevant can-
didates are, for example, 19F (µnuc(1H )/µnuc(19F )=
1.06), 13C (µnuc(1H )/µnuc(13C)= 3.98) and 31P

(µnuc(1H )/µnuc(31P )= 2.47). These are examples of
nuclei whose relaxation can be neglected at cryogenic
temperatures on the timescale of a RIDME experiment.
The nuclei with a lower gyromagnetic ratio feature slower
spectral diffusion kinetics. Indeed, the hyperfine coupling
scales as the first power µnuc, whereas the homonuclear
dipolar coupling scales as a square (µ2

nuc). Assuming a
uniform distribution of nuclei around the electron spin,
we obtain the generalization of Eq. (12) (the derivation is
presented in Appendix B):

σ ∝ |µnuc|
11/8Cn, (19)
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Table 1. Composition of solutions of model compound 1 in a water–
glycerol mixture (60 : 40 v/v) to study the solvent contrast.

Symbol CH(solvent) (M) T ref
mix (µs)

1 0 30
2 11.4 30
3 22.1 15
4 41.7 15

where Cn is the nuclear concentration or density. As the ih-
RIDME kernel depends on the product σ t , the reduction in
σ means that longer traces are necessary to achieve the same
decay degree. As, for low-γ nuclei, the nuclear dipolar inter-
action decreases faster than the hyperfine interaction, the dif-
fusion parameterD/σ 3 is expected to decrease, although the
exact dependence is not known. Reduction in D/σ 3 means
that the spectral diffusion effect in ih-RIDME builds up more
slowly with mixing time.

In a mixture of different magnetic nuclei, upon neglecting
the heteronuclear dipolar interaction, the ih-RIDME trace is
approximated by a product of signals corresponding to each
type of magnetic nuclei:

V (t;Tmix)≈
∏
j

Vj (t;Tmix) . (20)

Consequently, to better observe the spectral diffusion in-
duced by the low-γ nuclei, one needs to reduce or eliminate
the competitive dynamics from the higher-γ nuclei, e.g. by
means of isotope replacement or chemical substitution.

3 Experimental

The synthesis and characterization of model compound 1 is
presented in the Supplement. For our tests, this model com-
pound was dissolved in H2O + D2O + D8-glycerol (40 %
glycerol v/v) to the concentration of 25 µM, and four sam-
ples with bulk solvent proton concentrations of 0, 11, 22 and
42 M (Table 1) were prepared. The pulse EPR measurements
were performed at Q band (νmw = 34.5GHz) at 50 K. The
series of RIDME traces were recorded at the maximum field
position with tπ/2 = 12ns and tπ = 24ns, with d2 = 4.2 µs,
and for Tmix from 15 to 480 µs. For the reference division,
traces with Tmix = 30 µs (samples 1 and 2) and Tmix = 15 µs
(samples 3 and 4) were used.

The pulse EPR measurements in Figs. 1c and 10
were done with a solution of 50µM TEMPO (2,2,6,6-
tetramethylpiperidin-1-yl-oxyl) at Q band at 50 K. The sol-
vent is a mixture of H2O and D8-glycerol (60 : 40 v/v) with
a total proton concentration of CH = 56 M. The CP2 trace
was recorded as π/2− d1−π − (d1+ d2)−π − d2− echo
with a fixed d2 = 4.2 µs and variable d1. The RIDME echo
vs. delay d1 was recorded with parameters d2 = 4.2 µs and
Tmix = 30 µs.

4 Discussion

4.1 Origins of the nuclear heterogeneity

We can indicate several origins of nuclear heterogeneity. The
simplest example is fractional heterogeneity; i.e. when a spin
probe is distributed between phases or microphases, each of
which is characterized by a homogeneous proton distribu-
tion. This may be a mixture of two solutions with a phase
boundary, a biphasic solution of a (bio)molecule prone to
condensate (Emmanouilidis et al., 2021) or paramagnetic
sites in a material with different solvent accessibility. In these
examples, at each location, the proton distribution is homo-
geneous and the local concentration is thus well-defined but
its value is distributed (different at different locations).

A different type of heterogeneity is local (or structural)
inhomogeneity. This case can be associated with the con-
formational flexibility and condensation interaction of spin-
labelled macromolecules or a labelled macromolecule in a
deuterated buffer. Upon conformational flexibility, the distri-
bution of the proton environment arises due to the different
variants of macromolecule shape, e.g. backbone conforma-
tion of a spin-labelled intrinsically disordered protein (IDP).
This situation is typical when macromolecules weakly inter-
act forming aggregates or condensates of variable density
and homogeneity (Kuzin et al., 2024a). The proton distri-
bution in such systems can be substantially irregular and a
homogeneous proton concentration is thus undefined. There-
fore, we can generally use a width of the hyperfine spectrum
ρ(ωhf) to quantify a proton configuration with the help of
Eq. (10). The distribution of nuclear configurations, which
can manifest in different numbers of nuclei N and their co-
ordinates, reflects in a distribution of σ . This principle is il-
lustrated in Fig. 2. As we assume to work in a solid state,
the nuclear coordinates do not change. Therefore, the mean
value of the hyperfine field for each configuration C is not
observable (ω in Eq. 9), and we will work with a distribution
of standard deviations, p(σ ).

An anisotropic proton distribution, as is typical of struc-
tural inhomogeneity, obtains a non-zero width in the σ scale
when averaged over all orientations. We demonstrate this in
a simulation. To this end, we generated a spherical proton
cloud of radius R, local concentration CH and distance from
an electron spin d , as depicted in Fig. 3. Angle θ param-
eterizes the position of the cloud in spherical coordinates.
Specification of the polar angle ϕ is not required due to the
cylindrical symmetry of the problem. This model pictures an
anisotropic spatial distribution of nuclei. The distribution of
geometric parameters, such as electron–nuclear dipolar an-
gles, is not uniform on a corresponding unit sphere. Con-
sequently, the hyperfine spectrum of the individual config-
uration is expected to be narrower than that of the purely
isotropic one, and its shape varies when the configuration is
rotated in space. If we expect a Gaussian shape of ρ(ωhf) in
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Figure 2. Schematic representation of a system with proton hetero-
geneity and its representation as a distribution of σ values related to
the local proton densities (see the main text for details).

each orientation, then we consider only the variation in its
standard deviation.

For the chosen values of d (6, 4, 3 and 2 nm), we sampled
angle θ over the interval [0;π ] and computed the standard
deviations of the hyperfine spectra with Eq. (10). We used a
spherical cloud of R = 1.5 nm and CH = 20 M in the com-
putation, which resulted in 170 protons. The hyperfine cou-
plings were calculated using the point-dipole approximation.
The resulting distributions p(σ ) are shown in Fig. 3. We can
see that the distributions resemble half of the Pake pattern for
d = 6 nm and 4 nm. This means that the size of the proton
cloud is negligible compared to the distance d and that the
cloud can be approximately represented by a point magnetic
moment. Another indication is that the distribution p(σ ) at-
tains values close to zero. This corresponds to the angles θ
close to the magic angle 2M = arccos(1/

√
3), and the scat-

tering of electron–nuclear dipolar angles is again negligible.
The situation changes when the proton cloud is close to the

electron and the point approximation for the proton cloud is
no longer applicable. This is exemplified in Fig. 3 for d = 3
and d = 2nm where the shape of the distributions deviates
from the Pake pattern.

The main conclusion from this computational exercise
is that the distributions of proton densities include several
sources of broadening that are not possible to a priori dis-
entangle. The structural problem in ih-RIDME is more com-
plex than a two-spin interaction in PDS. The PDS signal in
the frequency domain is a superposition of Pake patterns with
different splitting parameters. Such a spectrum, if the under-
lying distance distribution is sufficiently broad, may look like
a smooth, feature-less function. Further, a distance between
two spins is a clear geometric invariant upon global frame
rotation. Consequently, upon neglecting the exchange inter-
action, the dipolar spectrum can be deconvoluted from the
Pake pattern by various mathematical means (Jeschke et al.,

2006; Fábregas Ibáñez et al., 2020; Worswick et al., 2018;
Russell et al., 2022), and the result corresponds to a distance
distribution. As the ih-RIDME method, by design, analyses
interaction with many nuclear spins, the description of a ge-
ometric configuration by a single invariant is not feasible.
This obstacle affects the use of ih-RIDME data in ensemble-
based computation methods, as the intermediate processing
result in the form of distribution function p(σ ) may be less
intuitive than the distance distribution in PDS. In the cases
in which the nuclear distribution around the electron spin is
close to isotropic, the value of σ can be related to the nuclear
density. This is relevant for the first kind of heterogeneity,
and the function p(σ ) has the meaning of the distribution
of local nuclear density. Strictly speaking, this meaning is
not applicable to systems with strongly anisotropic nuclear
arrangements with respect to the electron spin, like spin-
labelled macromolecules. There, the distribution of conform-
ers and the broadening from the orientational average of the
anisotropic nuclear placement may have equal contributions
to the experimentally determined distributions p(σ ).

4.2 Simplified ih-RIDME kernel

The representation of the ih-RIDME kernel in the exact form
is not always convenient (see Eq. 15 and Supplement S2).
We found an approximation for it that allows us to discuss its
analytical features. The approximation reads as follows:

R (t;Tmix)≈ exp
(
−α (Tmix)σ 2t2

)
, (21)

with

α (Tmix)≈ 1− exp
(
−0.245(D/σ 3)Tmix

)
. (22)

α(Tmix) is a growing function from 0 to 1 corresponding
to the increasing steepness of the decay for longer mixing
times. The quality of this approximation is shown in Supple-
ment S2.

In Kuzin et al. (2022), we showed that the factor F (t) in
5p-RIDME can be approximated by a Gaussian decay:

F (t)≈ exp
(
−βσ 2t2

)
. (23)

The shape of F is sensitive to the parameters of the RIDME
sequences. In particular, parameter β has a weak dependence
on delays d1 and d2. So far, the full-Hamiltonian calculation
of the transverse factor is not achieved; therefore, we will
rely on the model functions approximating it.

By combining Eqs. (21) and (23), we obtain a simplified
form for Vσ (t):

Vσ (t)≈ exp
(
− (α (Tmix)+β)σ 2t2

)
. (24)

This approximation implies that the ih-RIDME traces of ho-
mogeneous ensembles are close to Gaussian decays. The
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Figure 3. A model of a proton cloud of radius R with its centre at a distance d from the electron. The histograms are the distributions of
the hyperfine spectrum standard deviation (σ ) for different indicated values of d. For the simulation, the values R = 1.5nm and CH = 20 M
were used.

Gaussian shape is a direct consequence of Gaussian approx-
imation for the hyperfine spectrum (as in Eq. 9). The curva-
ture of the decay ((α(Tmix)+β)σ 2) monotonically increases
with mixing time and levels off at high Tmix. The rate of
growth is parameterized by D/σ 3. After the reference divi-
sion, the parameter β is eliminated and the decay curvature
is (α(Tmix)−α(T ref

mix))σ 2.
In further discussion, we will use a general symbol

K(σ t;Tmix) for the ih-RIDME kernel without specifying
whether an approximate or exact form is taken.

4.3 Fitting

The dataset for fitting consists of several normalized ih-
RIDME traces measured with different mixing times and
a reference trace with the shortest mixing time. The time-
domain traces are normalized to the zero time V (t = 0;Tmix).
It is known that, at long mixing times comparable with elec-
tron T1, a zero-time echo-crossing artefact becomes visible
(Keller et al., 2017). The intensity of this artefact increases
with the mixing time (see Fig. S8 in Supplement S5) and
the intensity normalization step must exclude it. The set of
mixing times can be chosen as a geometric series with a
common ratio of 2, i.e. Tref,2Tref,4Tref,8Tref etc. The com-
mon ratio of 2 allows for a simple implementation of a 2D-
experiment acquisition using the PulsSPEL scripting lan-
guage employed by commercial Bruker spectrometers. The
traces are divided by the reference trace to remove RIDME
artefacts that are not covered by the considered model (see
Milikisyants et al., 2009; Abdullin et al., 2015; and discus-
sion in Supplement S5) and fitted by a ratio of computed
traces with a test distribution function p(σ ).

The optimization problem is mathematically formulated as
follows:

p(σ )= argmin
p>0

{M−1∑
i=1

wi

∥∥∥∥ V
(
t;Tmix,i

)
V
(
t;Tmix,ref

)
−

∫
K
(
σ t;Tmix,i

)
p(σ )dσ∫

K
(
σ t;Tmix,ref

)
p(σ )dσ

∥∥∥∥}, (25)

where M is the number of recorded traces and wi > 0 rep-
resents weights. In all further examples, the optimization
weights are set to 1. The integration is meant from σmin to
σmax. Furthermore, the parametersD/σ 3 and β may be addi-
tionally optimized. In principle, it is feasible to assume that
heterogeneous systems with a broad or multicomponent dis-
tribution p(σ ) may be characterized by a discreet or contin-
uous distribution of these parameters. Here, we do not con-
sider this case and assume single values for D/σ 3 and β.

The numeric tests below were performed with a home-
written optimization algorithm to facilitate the investigation
of the fitting history. The algorithm is written in Python and
implements a gradient-descending least-squares fitting of a
series of ih-RIDME traces.

4.3.1 The δ-initial condition

We tested the convergence of the fitted distribution in the
case of homogeneous systems. Such systems would be de-
scribed by a single proton concentration, i.e. δ-shape distri-
bution p(σ ), as in Eq. (26). This test is motivated by not-
ing that, in contrast to the two-spin dipolar kernel in PDS
(Milov et al., 1984), the ih-RIDME kernel (see Eq. 24) is
represented by smooth monotonic decays without character-
istic minima or maxima. The traces corresponding to close
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Figure 4. (a) Fitted distributions of the δ-condition test. (b) The deviation of the mean value of a fitted distribution from σ0 for different
tested σ0. (d) The standard deviations of the fitted distributions. The dashed line highlights the trend. (c) A plot of three pairs of Gaussian
decays exp(−(s ·x)2) of variable x parameterized by s; the higher the s value, the lower the shape sensitivity to the shift in s. This observation
explains the fit broadening of the δ test at large values of σ0 (see the text for details).

points in the σ domain are also close in the time domain in
the standard function metric. This is a known problem of the
inverse Laplace transform. However, the ih-RIDME inver-
sion deals with global Laplace inversion of multiple decays,
the relative steepness of which is essentially controlled by
a single parameter (D/σ 3). This condition stabilizes the ill-
posed problem. However, as the problem does not become
well-posed, an uncertainty in the peak width can be antici-
pated.

We generated a set of five ih-RIDME traces assuming a
certain value of σ = σ0 and fitted them using a model-free
distribution model, as in Eq. (18). The time axis of RIDME
traces was in 0 to 4 µs. The mixing times were Tmix = 60,
120, 240 and 480 µs, and Tmix, ref = 30 µs. The value of σ0
was scanned in a range of 0.1–1.3 MHz.

p(σ )= δ (σ − σ0) (26)

The resulting normalized fitted distributions are plotted in
Fig. 4a. We observe that tests with low σ0 and high σ0 con-
verged to broadened distributions. The mean values are in
good agreement with the tested values of σ0, as can be seen
from Fig. 4b. The relative deviation did not exceed 2 %. This
indicates the high reliability of the distribution’s mean value
determination. The fitted standard deviation exhibits a min-
imum at σ0 ≈ 0.64 MHz and increases at low and high val-
ues of σ0. We can explain this behaviour by analysing the
ih-RIDME kernel in a Gaussian approximation. In Fig. 4c,
we plot abstract Gaussian functions exp(−(s ·x)2) for s = 0.1
(light blue), s = 1.0 (light yellow) and s = 2.0 (light green).
Decays in darker hues correspond to functions where s is

incremented by 0.1. The parameter s in these examples cor-
responds to σ , albeit not precisely, as ih-RIDME traces are
additionally affected by α(Tmix). For s = 0.1, a small incre-
ment of s has a weak effect at x < 1. Thus, if the trace length
is insufficient (e.g. x < 1.0, as marked using a vertical dashed
line to guide the reader’s eye), the sensitivity of the trace
shape to the change in s is weak. In the range of 1< x < 2,
the trace difference is much larger. This example explains the
impact of trace length on the resolution in a low-σ domain
(σ0 < 0.25 MHz in Fig. 4a and d). Under the conditions of
insufficient trace length, only the mean value of the distribu-
tion p(σ ) can be precisely obtained but not the full shape.
To increase the resolution in this region, one needs to record
longer RIDME traces. The case s = 1.0 in Fig. 4c shows the
highest shape response to the variation in s and, hence, the
highest resolution in the s domain (as an analogue the of
σ domain). For s = 2.0 and 2.1, the trace difference is again
small, and this is an intrinsic property because the extension
of trace length does not improve the trace distinction due to
their decay to zero. Such an observation is reflected in the fit
broadening in the high-σ0 part (σ0 > 0.8 MHz in Fig. 4a and
d).

Overall, we observe a rather good reproducibility of the
δ distributions in the data processing. Global fitting of ih-
RIDME data stabilizes the inverse problem. The mean values
of fitted distributions can be reliably determined, while width
uncertainties may remain. In general, given the fixed length
of the traces, there is a mid-σ region with the highest shape
reliability. The size of this region can be extended into the
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low-σ regions by acquiring longer RIDME traces (i.e. opti-
mizing tmax).

4.3.2 White Gaussian noise test

We simulated ih-RIDME data assuming a Gaussian distribu-
tion p(σ ) with the centre σ0 = 0.5 MHz and standard devia-
tion 0.18 MHz and added Gaussian white noise:

Vsim (t;Tmix)= VRIDME (t;Tmix)+1V (t). (27)

Here,

VRIDME (t;Tmix)=

σmax∫
σmin

K (σ t;Tmix)p(σ )dσ, (28)

where σmin = 0 MHz, σmax = 1 MHz and 1V (t) is white
noise with a Gaussian distribution of the amplitudes. The
noise function was centred (1V (t)= 0). The signal-to-
noise ratio (SNR) of the simulated trace was defined as

VRIDME(0;Tmix)/
√

(1V )2. The number of traces and the
mixing times were the same as in the δ-distribution test. Fig-
ure 5a displays the fitting results with a progressing signal-to-
noise ratio. The original distribution is given as a grey area,
and lines of different colours correspond to the optimal fits
with various noise levels. The noise-free fit almost exactly re-
produces the target distribution, whereas the fitting of noisy
data progressively deviates from it. The ih-RIDME kernel is
rather smooth and should work as an effective low-pass fil-
ter in the time domain; however, in our tests starting from a
SNR of 33, the fitted distributions develop some false shape
features.

Due to trace division, the noise level of the reference-
divided traces approximately doubles (Fig. 5b). Conse-
quently, the extreme cases of SNRs of 25 and 20 appear to
yield a false multicomponent property of the fitted distribu-
tion function. We note that the mean value and the standard
deviation of the distribution are stable upon adding noise to
the data (see Fig. S4 in Supplement S3). Accurate determi-
nation of the distribution shape using a model-free approach
in this example requires SNR values of 50 or higher. This
can be efficiently helped by using derivative-based regular-
ization techniques or others (Ibáñez and Jeschke, 2019). We
applied a penalty function – a norm of the distribution’s sec-
ond derivative - when fitting the traces with a SNR of 20
and were able to obtain a fit result close to the original dis-
tribution (inset in Fig. 5a). For samples with a weak EPR
signal, one may opt to record the reference trace with a bet-
ter quality to reduce noise enhancement upon division or try
to fit the ih-RIDME traces without division. The latter op-
tion involves the risk of picking up RIDME artefacts in the
fit. However, the influence on p(σ ) is expected to be within
the uncertainty range in the presence of substantial noise. In
addition, using model distributions (e.g. mono-Gaussian and
multi-Gaussian) is a way to stabilize the fitting further. As in

the case of DEER data analysis (Worswick et al., 2018), the
application of neural networks might also stabilize the solu-
tion.

4.3.3 Determination of D/σ3 and β

The optimization problem, as in Eq. (25), is parameterized
by D/σ 3 and β besides the distribution p(σ ). Above, we
discussed how these parameters determine the shape of the
ih-RIDME kernel K(σ t;Tmix): D/σ 3 regulates the depen-
dence of the RIDME decay on mixing time and β determines
the approximate shape of the F factor. These parameters are
sensitive to the properties of an inhomogeneous proton distri-
bution and, therefore, should be optimized for each dataset.

We performed a relaxed scan of D/σ 3 and β of a sim-
ulated dataset. For each combination of D/σ 3 and β, the
pre-generated dataset was fitted with a model-free distribu-
tion with the same number of optimization steps. The analy-
sis of the resulting 2D root-mean-square deviation (RMSD)
plot (Fig. 6a and b) shows that D/σ 3 can be determined
rather certainly (i.e. the 1D section through the optimal point
demonstrates high curvature at the minimum). It turns out
that incorrect values of D/σ 3 have characteristic manifesta-
tions in the time-domain fits (Fig. 6c). At lower values, the
fit outputs an “extended” fork. Conversely, with the overes-
timated D/σ 3, the typical “shrunk” fork is found in the time
domain.

In contrast, parameter β is characterized by larger uncer-
tainties due to the trace division step. For a homogeneous
system, i.e. for p(σ )= δ(σ − σ0) for some σ0, the F fac-
tor cancels exactly, making β strictly unidentifiable from the
reference-divided data. Broad distributions p(σ ) lead to a
weak dependence of the computed reference-divided dataset
on β, as in Fig. 6b (green line). For water–glycerol glass in
Kuzin et al. (2022), we found β ≈ 0.13, which can be used
as an initial guess in the data analysis.

4.4 Test on model compound 1

4.4.1 The ih-RIDME study

We demonstrate the applicability of the above principles on
model compound 1. This compound contains the same ni-
troxide unit as the widely used methanethiosulfonate spin
label (MTSL). This molecule is also characterized by an
anisotropic distribution of protons with respect to the elec-
tron spin, as is the case in MTSL-labelled proteins. The
chemical structure of compound 1 is shown in Fig. 7a. It con-
tains a shape-persistent linear backbone of conjugated ben-
zene rings and ethynylene units. Seven polyethylene glycol
(PEG) chains are attached to this backbone. These chains
are conformationally highly flexible, due to essentially un-
hindered rotations around C–C and C–O bonds, and show no
order. The two ethynylene units allow unconstrained dihedral
angles between the planes of the benzene rings such that the
radical consists of three sections that can freely rotate with
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Figure 5. Influence of the noise level in the ih-RIDME traces on the fitting result tested on the generated datasets. (a) Deviation of the fit
result from the distribution used to generate ih-RIDME traces (grey) at different SNRs. At SNRs of 25 and 20 the fitted distribution separates
into two components. Tikhonov regularization (adding a penalty function of smoothness of the distribution’s second derivative) mitigates
the splitting. (b) Reference-divided traces (dots) and their fits (solid lines) in the case of a SNR of 20. The shown examples correspond to
Tmix = 60 µs (slower decay) and Tmix = 480 µs (faster decay). After the trace division, the effective noise level is notably elevated and the
fitted distribution may converge to a distorted shape.

Figure 6. (a) Relaxed scan of D/σ 3 and β. The axes correspond
to the deviations of the scanned parameters from those used for the
dataset generation ((D/σ 3)0 and β0). (b) Sections of the RMSD
plot in panel (a) where one of the parameters is fixed. (c) Fitting re-
sults in the time domain with a fixed (D/σ 3) of low (dashed green
line), optimal (solid navy line) and high (dotted red line) values
– 0.5(D/σ 3)0, (D/σ 3)0 and 1.5(D/σ 3)0, respectively. (d) Corre-
sponding fitted local proton concentration distributions.

respect to each other. Overall, we expect a broad conforma-
tional ensemble for this radical.

The fitted model-free distributions are presented in Fig. 7b.
There, both CH and σ axes are given with a conversion coef-
ficient of 0.0215 MHz M−1. The dashed vertical lines mark
the proton concentration of the solvents in each sample. We
observe that, in fully deuterated solvent, the distribution of

proton densities represents relatively high CH values (be-
tween 10 and 20 M). This reflects that ih-RIDME decay is
dominated by the hyperfine interaction with protons of the
molecule (PEG side chains, benzene and triazene rings). The
obtained distribution is relatively broad, which confirms our
expectations from the analysis of the radical geometry.

When the solvent protonation is elevated, we observe two
main changes in the p(σ ), namely, a shift in the mean value
and narrowing. The former effect is explained by the increas-
ing number of protons around the electron spin. When the
solvent proton density matches the solute proton density, the
expected value of p(σ ) matches the solvent proton concen-
tration. This is depicted in the correlation diagram in Fig. 7d.
The deviation of the low-CH branch from the diagonal due to
the protons of the solute is called the solvent contrast effect.
The influence of the solvent isotope composition on the dis-
tribution width is also a part of this effect. This means that
the effective anisotropy of the spatial proton distribution is
maximal in the absence of solvent protons.

In practice, full solvent deuteration is not always possi-
ble, e.g. if a protonated stock solution is used for a dilution.
The solvent protonation degree at which the solvent con-
trast effect disappears depends on the volume of the stud-
ied solute, i.e. on how many solvent molecules are displaced
by the (macro)molecule. For a relatively small molecule
like compound 1, this threshold apparently lies below CH =

10 mol L−1. For larger solutes, like proteins, protein com-
plexes or biomolecular condensates, characterization of the
solute may be possible at higher residual protonation of the
solvent.

We also note a solvent effect of a different kind. The
optimal D/σ 3 was found at 16 ms−1 in a fully deuterated
medium and at 24–26 ms−1 in partially protonated samples
(Fig. 7c). We connect this to the impact of solvent protons
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Figure 7. (a) Chemical structure of model compound 1 for test-
ing solvent contrast. (b) Fitted model-free proton density distribu-
tions of compound 1 dissolved in H2O–D2O–D8-glycerol of differ-
ent protonation degrees. The distributions from top to bottom cor-
respond to the rows in Table 1. Dashed lines mark the proton con-
centration of the solvent. (c) The optimal values of D/σ 3 depend-
ing on the solvent proton concentration. (d) Correlation between
the solvent proton concentration and the mean proton concentration
from ih-RIDME (〈CH〉). The length of the vertical lines is equal to
the standard deviation of the fitted distributions. Solvent deuteration
unveils the internal protons of the solute as the dots deviate from the
diagonal line. The dashed lines in panels (c) and (d) show the trend
in the parameter change.

on the connectivity of the proton bath. The main source of
protons in compound 1 is the PEG chains. It is plausible to
assume that, due to the conformational flexibility and weak
interchain interaction, the PEG chains have, at most, a few
contacts (with each other) per chain in an average conformer.
This means that all (−CH2−CH2−O−)n chains can be seen
as approximately isolated (i.e. an average interchain distance
is large, and the coupling between protons belonging to dif-
ferent chains can be neglected). Therefore, the homonuclear
flip-flops within the same PEG chain predominate. Solvent
protons, being homogeneously distributed, mediate nuclear
spin diffusion between the chains and, thus, enhance spec-
tral diffusion. In particular, the spectral diffusion coefficient
D is expected to grow in such a proton configuration com-
pared with the configuration with a quasi-isolated group of
protons with a similar value of σ . Accordingly, the ratio

D/σ 3 is higher. This model agrees with the estimated av-
erage interproton distance in water–glycerol solvent, which
is rH,H = 5 Å for CH = 10 M. Such a distance is smaller than
the length of the PEG chain; therefore, the chains can in-
deed magnetically interact with the solvent protons. Further
increase in the proton concentration does not have an ef-
fect. Consequently, the value of D/σ 3 may give information
on solvent accessibility or interchain contacts of parts of a
molecule, substantially separated from the electron spin.

4.4.2 In silico analysis

We performed in silico analysis of the p(σ ) distribution. We
generated an unrestrained conformational ensemble of model
compound 1 using the Monte Carlo (MC) approach. For the
generation, we used the dihedral angle potentials from Hoff-
mann et al. (2023). More details on the ensemble gener-
ation are given in Supplement S6. The ensemble included
1500 conformers.

The generated MC ensemble (Fig. 8a) confirmed a signif-
icantly anisotropic distribution of the protons. They are con-
centrated on one side of the nitroxide fragment. This means
that molecules with a different orientation in the external
magnetic field have different hyperfine spectra (as discussed
in Sect. 4.1) and that orientation averaging must be done.
Model compound 1 contains 158 chemically unexchangeable
protons, 13 of which belong to the rigid nitroxide unit. The
remaining 145 protons are distributed within a volume of ap-
proximately 15 nm3 if the boundaries of the conformational
ensemble are approximated as a box. This results in an esti-
mated mean local proton concentration of 16.1 M, which is in
good agreement with the ih-RIDME data. Nevertheless, the
protons are distributed inhomogeneously and form distinct
clouds localized around the PEG chains. On the larger scale,
the proton ensemble has an ellipsoidal shape with a maximal
electron–proton distance of ca. 3.5 nm.

We converted this ensemble into a distribution of local pro-
ton densities. For each conformer, we computed the hyper-
fine coupling constants with protons in point-dipole approx-
imation. The width of the corresponding hyperfine spectrum
σ was calculated according to Eq. (10). The averaging of the
molecular orientation was done by sampling the direction of
the external magnetic field (and, thus, the electron’s and nu-
clear spin’s quantization axis) over a spherical grid.

To reproduce the experimental distribution p(σ ), it is im-
portant to determine which protons of the molecule con-
tribute to the spectral diffusion in the ih-RIDME experiment.
We performed a simple estimation of the spin diffusion ra-
dius by introducing the global cutoff radius rcut. The protons
lying closer to the electron spin than the cutoff are excluded
from the nuclear ensemble. We scanned rcut in the range from
0.5 to 2.0 nm with a step of 0.05 nm and recomputed the dis-
tribution of σ at each value (see Fig. 8b). If close protons
are included in the calculation, the predicted distribution is
shifted to the higher mean values and is broadened. We found
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that rcut = 1.55 nm leads to the best agreement of the distri-
bution functions based on the RMSD criterion. At this value,
the mean values of the experimental and calculated distribu-
tions are also close (see Supplement S6). The comparison of
the standard deviation and the skewness shows a deviation,
and the reason for this can be found in both the experimen-
tal uncertainties and the ensemble generation. Overall, we
conclude that the unrestrained conformational ensemble of
compound 1 satisfactorily reproduces the experiment. This
could be expected because model compound 1 does not con-
tain groups with specific interaction, e.g. hydrogen bonding.
We tried to improve the agreement by choosing a different
force field or by allowing the distribution around the canoni-
cal dihedral angles. It was found that these steps had a weak
influence on the properties of the conformational ensemble
and, accordingly, a weak effect on the predicted distribution
of local proton density.

A further improvement step would be to develop a better
physical model for the spin diffusion radius and for blocked
spins based on the nuclear coordinates. Here, we used a
spherical-surface approximation to mark the inactive nuclei.
Thus, our presented calculation in this approximation pro-
vides an understanding of the sensitivity range of the ih-
RIDME method. In reality, due to the anisotropy of the hy-
perfine and nuclear dipolar interactions, the blocking sur-
face may be non-spherical (Chessari et al., 2023). With the
development of methods to analyse the behaviour of multi-
nuclear spin systems, it would be possible to carry out more
accurate structure-based predictions of the active zone in ih-
RIDME. For example, it is feasible to expect that the char-
acteristic size of the spin diffusion radius may be different
for the conformers. Furthermore, in relatively compact struc-
tures with high anisotropy, where electron–nuclear vectors
are significantly correlated with nuclear–nuclear vectors, the
diffusion-active zone may also depend on the orientation of
the molecule in the external magnetic field. In addition, there
is evidence that the nuclear spin dynamics is not entirely
frozen in the blocked volume (Stern et al., 2021; Pang et al.,
2024). Thus, the nuclei below Rsd may contribute to the elec-
tron spectral diffusion. However, observation of this requires
using waiting times in RIDME above tens of milliseconds,
and this would only be possible at temperatures lower than
50 K due to the electron T1 limitation.

4.5 Comparison of ih-RIDME sequences

The 5p-RIDME experiment that has been thoroughly investi-
gated so far has some disadvantages and limitations. First of
all, the target echo in 5p-RIDME is separated from the begin-
ning of the experiment by a long time, of which (2d1+ 2d2)
is the transverse evolution that can reach values of 10 µs or
even more. Due to this, the echo intensity is additionally re-
duced. Our numeric tests showed that the noise leads to large
uncertainties in the distribution shape. Thus, a long measure-
ment time is needed to accumulate the necessary SNR. More-

over, if the ih-RIDME method is applied to systems with
a substantially broad proton density distribution, the high-
concentration fraction may appear attenuated in the experi-
mental data due to d2 filtering. As an extreme, if the d2 de-
lay exceeds the phase memory time of some spin packets by
a large factor, these spin packets will not contribute to the
ih-RIDME signal and will not be represented in the distribu-
tion. On the other hand, short delays d2 limit the resolution
of the low-concentration part, as was demonstrated above.
This problem is also discussed for 4p-DEER, which is also
a constant-time experiment (Jeschke et al., 2004), and from
the application side of RIDME in PDS (Wort et al., 2023).
The common principle to reduce or avoid the filtering effects
is the use of variable-time experiments.

We consider four possible analogues presented in Fig. 9
and compare them with 5p-RIDME. These sequences have a
common mixing block and differ with respect to the prepara-
tion and the detection blocks. In 5p-RIDME, the fixed delay
d2 limits the available evolution time. In the 3p-RIDME ex-
periment (Kulik et al., 2001; the first sequence in Fig. 9), the
traces may be recorded with an arbitrary length (i.e. there
is no upper limit on the value of delay t imposed by the
pulse sequence). The 3p-RIDME experiment, however, also
has disadvantages. First, the three-pulse sequence does not
provide an option for 2H-ESEEM averaging. Nevertheless,
we observed experimentally on various systems that the nu-
clear modulation cancels out after the division by the refer-
ence trace (Milikisyants et al., 2009; Astashkin, 2015). We
suggest using the 4p-RIDME sequence (second sequence in
Fig. 9), in which the ESEEM averaging is achieved by vari-
ation in the first interpulse delay, similar to the standard 5p-
RIDME (Keller et al., 2016; see Supplement S7 for details).
Another important issue is the spectrometer dead time that
prevents data acquisition at short delays t (t < 200ns for Q-
band spectrometers). Due to this, additional uncertainties in
the trace normalization can be anticipated. This problem is
mitigated by remote detection (3pRD-RIDME; the third se-
quence in Fig. 9). The principle is to apply a microwave (mw)
pulse with an orthogonal phase at the centre of the echo and,
thus, rotate the magnetization vector to the z axis (i.e. convert
coherence to polarization). The length of the magnetization
vector does not change and is read out by the last two pulses.
The longitudinal waiting time dwait needs to exceed the spec-
trometer dead time but should be short enough so that elec-
tron longitudinal relaxation is negligible. The experimental
traces of 3pRD-RIDME were measured with dwait = 1 µs.
The delay in the read-out block may be as short as is al-
lowed by the instrumentation. The remaining dead time, in
this case, is determined by the properties of the mw amplifier,
namely, the minimal separation time when pulses do not in-
teract with each other. The travelling-wave tube (TWT) am-
plifier, available to us, allowed for a pulse separation of 32 ns.
We also demonstrate experimentally (see Fig. S17 in Supple-
ment S7), by comparing 3p-RIDME and 3pRD-RIDME, that
the remote detection block does not distort the ih-RIDME
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Figure 8. In silico analysis of the MC-generated conformational ensemble of compound 1: (a) a 3D structure and ensemble of 100 randomly
selected conformers aligned by the rigid backbone. Magenta circles represent the positions of protons. The nitroxide fragment is highlighted
in orange. (b) Calculated distributions p(σ ) for different cutoffs. (c) The experimental distribution p(σ ) (orange) and the computed distribu-
tion with rcut = 1.55nm. The visualization of the cutoff radius in the molecular ensemble can be found in Fig. S16 (Supplement S6).

Figure 9. Variants of ih-RIDME pulse sequences. In all experi-
ments, the delay t is incremented. The position of the echo in 5p-
RIDME is constant, and it shifts in all other experiments with the
step 21t , where 1t is the increment step of the delay t . The lime
and the blue colours highlight the respective preparation and the de-
tection parts of the sequences (see Fig. 1). The phase-cycling proto-
cols for the shown sequences are gathered in Appendix C.

data. As the trace decay in ih-RIDME is usually slower than
in PDS techniques, the dead-time reconstruction should be
more reliable in this case and can be achieved by extrapola-
tion. We also considered a variable-time RIDME sequence
proposed in Wort et al. (2023) (fifth sequence in Fig. 9). The
detection principle exploits a single π pulse to refocus the
virtual echo. The delay dx is fixed and should be chosen to

be larger than d1 due to a crossing echo that is not eliminated
by a standard eight-step phase-cycling protocol. The advan-
tage of this experiment is that it provides both dead-time-free
measurement and an option for ESEEM averaging. We refer
to this experiment as 5pVT-RIDME.

Next, we compare the sensitivity of 3pRD-RIDME, 5pVT-
RIDME and 5p-RIDME. For this, we measured the corre-
sponding traces with the same microwave setup and num-
ber of shots per point. Thus, the level of noise is comparable
between the datasets and the comparison of signal intensity
represents the comparison of signal-to-noise ratios. For the
tests, we measured the 5p-RIDME signal with d2 parameters
equal to 2.2 and 4.2 µs. The results are presented in Fig. 10a.
We found that the 3pRD-RIDME signal close to t = 0 ex-
ceeds both 5p-RIDME signals. The sensitivity enhancement
was calculated at t = 0.08 µs and yielded 1.9 for d2 = 2.2 µs
(green line) and 7.2 for d2 = 4.2 µs (yellow line). These val-
ues correspond to the reduction in the measurement time by
a factor of ≈ 3.5 and ≈ 52, correspondingly. The major con-
tribution to such an enhancement stems from the decrease
in the total transverse evolution time. However, less magne-
tization loss due to fewer pulses in 3p-RIDME also plays
a role. It is discussed theoretically in Pannier et al. (1999)
and shown numerically in Lovett et al. (2012) that the to-
tal excitation profile of a pulse sequence is narrower with an
increased number of mw pulses. Consequently, fewer spin
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Figure 10. (a) Comparison of absolute sensitivity in 3pRD-RIDME (blue), 5pVT-RIDME (red), 5p-RIDME with d2 = 2.2 µs (green) and
d2 = 4.2 µs (yellow). The mixing time was set to 15 µs. (b) Comparison of the trace curvature in 5p-RIDME (green), 3pRD-RIDME (blue)
and 5pVT-RIDME (red) at Tmix = 30 µs and Tmix = 480 µs (vertically shifted for better visibility). (c) Transverse factors extracted from
3pRD-RIDME (blue) and 5p-RIDME (red).

packets contribute and the signal intensity is lower. The slight
intensity reduction in 5pVT-RIDME compared with 3pRD-
RIDME (by factor of 1.3 under the conditions of Fig. 10a) is
most probably explained by the longer total transverse evo-
lution time in 5pVT-RIDME compared with 3pRD-RIDME.

Next, we discuss the data model of the ih-RIDME experi-
ment’s signal. All sequences in Fig. 9 can be split into the
preparation, spectral diffusion and detection parts, as was
done for 5p-RIDME. Following the spin dynamics treatment
summarized in Sect. 2, we know that the ih-RIDME sig-
nal is a product of a longitudinal spectral diffusion factor
R(t;Tmix), which is independent of the type of the pulse
sequence, and the factor F (t), which is determined by the
preparation and detection blocks in a specific pulse sequence:

V (t;Tmix,d)≈ R (t;Tmix) ·F (t;d) , (29)

where d denotes an array of all constant auxiliary delays
specific to the chosen pulse sequence. For 5p-RIDME, d =

[d1,d2]; for 5pVT-RIDME, d = [d1,dx]; etc. At the mixing
times, which validate the approximation (Eq. 29), the spin
dynamics in the preparation and the detection blocks are un-
correlated, and the transverse factor is additionally factorized
(Kuzin et al., 2024b):

F (t;d)= Fprep
(
t;dprep

)
·Fdet (t;ddet) . (30)

The experimental 3pRD-RIDME and 5pVT-RIDME
traces are characterized by a faster decay than 5p-RIDME
traces, as can be seen from superimposed normalized data
in Fig. 10b. As the longitudinal factor is common in all
three experiments, the transverse factor determines the dif-
ference. Consequently, the transverse decay F3p(t) is steeper
than F5p(t). In Fig. 10c, we compared them directly by ex-
tracting from the experimental traces (see Supplement S7
for details). A Gaussian fit of F3p(t) resulted in β ≈ 0.40.
Slower decay of F5p(t) may be attributed to the role of the
last π pulse in 5p-RIDME. It partially refocuses the electron–
nuclear interactions and enables a constant transverse evo-
lution time, which balances the decay of F5p(t). The faster
decay of F3p(t) and F5pVT(t), in turn, may cause a signifi-
cantly non-uniform SNR in the reference-divided traces that
decreases fast towards the end of the traces. In principle,
new ih-RIDME sequences may be designed by modifying
the preparation and detection parts to optimize the properties
of the transverse factor.

Based on the presented comparison, we conclude that 3p-
RIDME and 5pVT-RIDME outperform the constant-time 5p-
RIDME and, therefore, can be considered preferable exper-
iments for the ih-RIDME study. In PDS, the steepness of
the background should be minimized to facilitate its sepa-
ration from the electron–electron dipolar form factor. This is
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usually achieved in pulse experiments with a static observer
sequence. The variable-time experiments feature additional
electron–nuclear decay, which is why they are less popular
in PDS. The signal in ih-RIDME is already determined by
the electron–nuclear interactions; therefore, changing from a
constant-time experiment to a variable-time experiment has
a weaker effect on the steepness of the trace decay.

All presented sequences contain a longitudinal block
and can be used for the RIDME experiment to detect the
electron–electron dipolar interaction. We see potential with
respect to developing and designing the pulse sequences with
longitudinal blocks in the hyperfine spectral diffusion phe-
nomenon context. As proposed above, the optimization ap-
proach can deal with changing the preparation and detec-
tion part. Moreover, in principle, the use of multiple mix-
ing blocks can be also investigated. Therefore, we propose
HYperfine Spectral Diffusion Echo MOdulatioN (HYSDE-
MON) as an alternative name for this series of experiments
that emphasizes the mechanism dominating the signal gener-
ation.

5 Conclusions

In the present work, the fundamentals for the analysis of
the heterogeneous nuclear ensembles using the ih-RIDME
method are considered.

The electron–proton contribution to the electron spin echo
decay in the RIDME experiment can be rather well approx-
imated as a result of spectral diffusion of the electron spin
within a Gaussian-shaped distribution of the hyperfine field.
Accordingly, the width σ of such a Gaussian distribution is a
measure of the number of protons in the vicinity of the elec-
tron spin as well as of the mean distance from the electron
spin to the proton cloud. The normalized diffusion coeffi-
cient D/σ 3 in such a description becomes a universal pa-
rameter which characterizes the connectivity within the pro-
ton cloud and is independent of the position and shape of
this cloud. For homogeneous frozen solvent glasses, fitting
the ih-RIDME data allows one to detect differences between
the characteristic hyperfine spectrum width and characteris-
tic electron spectral diffusion rate between different types of
glasses.

RIDME data are recorded as a series of decays corre-
sponding to different mixing times and fitted in a reference-
divided form. Such global fitting of multiple traces substan-
tially stabilizes the output of RIDME data analysis. Due to
the stability of RIDME data fitting, it is also possible to anal-
yse data for samples with varying densities of protons in the
vicinity of paramagnetic centres. The ih-RIDME data are fit-
ted assuming a distribution of σ values. Such inhomogeneous
proton density distributions correlate with the statistics of in-
terchain contacts of unfolded biopolymers. Thus, the distri-
bution functions can then be converted to structural informa-
tion.

We investigated and characterized the numeric properties
of ih-RIDME data fitting, including uncertainties in the dis-
tribution’s mean and standard deviation, robustness to noise,
and determination of the parameters of the ih-RIDME ker-
nel. The main results are that the mean value is a reliable
output of the fitting routine under a broad range of conditions
and that the determination of the distribution’s shape features
may require optimization of the lengths and the signal-to-
noise ratios of the datasets.

These results were further applied to the study of a model
compound with a nitroxide, as a source of the electron spin,
and with conformational highly flexible proton-rich frag-
ments and a substantially anisotropic proton distribution. In
a fully deuterated solvent, in the approximation of the rigid
cutoff, a spin diffusion radius of 1.55 nm was found. With
this radical, we demonstrated two kinds of solvent protona-
tion effects, namely, masking the heterogeneity of the local
proton environment and enhancement of the spectral diffu-
sion kinetics mediated by the solvent.

Finally, we considered alternative pulse sequences for
the ih-RIDME experiment. While the standard constant-
time five-pulse RIDME experiment can introduce additional
phase-memory filtering of the proton density distribution
function, the three-pulse RIDME and variable-time five-
pulse RIDME are free of this effect. In addition, they provide
a higher signal-to-noise ratio and, thus, can be considered to
be preferential sequences for ih-RIDME.

Appendix A: The width of the hyperfine spectrum in
a proton environment of low dimensionality

In the main text, we show that the variance of the hyperfine
spectrum of N nuclei of spin I is expressed via the hyperfine
coupling constants as follows:

σ 2
=
I (I + 1)

3

N∑
j=1

A2
j . (A1)

We can use the point-dipole approximation for the hyperfine
interaction and apply the following:

Aj =
µ0}γeγn

4π
1− 3cos2θj

r3
j

, (A2)

where γe and γn are the electron and nuclear gyromagnetic
ratios, respectively; rj is the electron–nuclear distance; and
θj is the dipolar angle. Substitution into Eq. (A1) gives the
following:

σ 2
=
I (I + 1)

3
·

(
µ0}γeγn

4π

)2 N∑
j=1

(1− 3cos2θj )2

r6
j

. (A3)

Summation in this formula can be replaced by integration
over the volume V containing the nuclei if we introduce a
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Figure A1. (a) Spherical (3D), (b) planar (quasi-2D) and (c) cylin-
drical (quasi-1D) distributions of nuclei. The illustrated parameters
R, n, L and r are used in Eqs. (A8)–(A10). The blue point marks
the position of the electron spin.

nuclear density function ρ(r):

σ 2(V )=
I (I + 1)

3
·

(
µ0}γeγn

4π

)2

∫
V

(1− 3cos2θ )2

r6 ρ(r)dV . (A4)

In a model computation, we choose the volume of interest as
a spherical shell with an inner radius R1 and outer radius R2
centred at the electron spin. In addition, we assume a spher-
ically symmetric approximation for ρ(r) which (in spherical
coordinates) reads as follows:

ρ(r)= 4πr2g(r)CH, (A5)

where g(r) is radial distribution function and CH is proton
number density. Taking, for simplicity, g(r)= 1, we obtain
the expression in spherical coordinates:

σ 2 (R1,R2)=
I (I + 1)

3
·

(
µ0}γeγn

4π

)2 R2∫
R1

dr
4πr2

r6 CH

×

π∫
0

(
1− 3cos2θ

)2 sinθ
2

dθ . (A6)

The inner integral equals four-fifths; therefore, the final value
is as follows:

σ 2(R1,R2)=
4π
3
B2CH

(
1
R3

1
−

1
R3

2

)
, (A7)

where B = |}µ0γeγn/4π | · (4I (I + 1)/15)1/2. If the upper
bound is at infinite distance, R2 =+∞, we obtain the fol-
lowing:

σ 2(R1,∞)=
4π
3
B2CH

R3
1
, (A8)

which reproduces Eq. (11).
We performed similar computations for different model

distributions of lower local dimensionality. We used Eq. (A4)
with changed density functions ρ(r). For instance, a spin-
labelled membrane protein in a protonated membrane in a

deuterated solvent can effectively experience a quasi-2D pro-
ton distribution. The computation of the variance of the hy-
perfine spectrum is, in this case (R� L), as follows:

σ 2(R,∞)=
5π
8

(
1− 3n2

z +
27
8
n4
z

)
LB2CH

R4 , (A9)

where nz is the z component of the plane’s normal vector
(Fig. A1) and B is defined as in Eq. (11). CH in the equa-
tion above is the proton density in the bi-layer. Repeating the
same calculations for quasi-1D geometry, i.e. a cylinder of
radius r and of the symmetry axis n= (nx,ny,nz)T , yields
the following:

σ 2(R,∞)=
2π
5

(
1− 3n2

z

)2
r2B2CH

R5 . (A10)

The 1D and 2D geometries are characterized by a steeper
dependence on R than the 3D case. Distant nuclei have a
smaller contribution to the hyperfine spectrum, and variation
in their positions has weaker impact on σ . Consequently, we
expect that the sensitivity range in the ih-RIDME method
is closer to the electron spin in lower dimensions compared
with the 3D distribution.

Appendix B: Derivation of Eq. (19)

We start from Eq. (11) for a uniform 3D nuclear distribution
assuming nuclear density Cn and nuclear magnetic moment
µnuc:

σR =
√
σ 2(∞)− σ 2(R)∝ |µnuc|

√
Cn

R3 . (B1)

The cutoff radius Rsd is approximately determined by the
condition that the difference in the hyperfine coupling be-
tween the neighbouring nuclei is comparable with their dipo-
lar interaction |Aj −Ak| ≈ ωj,k . To obtain qualitative rela-
tions, we neglect the angular dependence of both hyperfine
and nuclear dipolar interactions. By denoting the minimal
distance between the nuclei of the same sort as dmin, we ob-
tain the following:

µ0

4π}
3|geµBµnuc|

R4
sd

dmin ≈
µ0

4π}
µ2

nuc

d3
min
, (B2)

where the expression on the left-hand side is the first-order
Taylor expansion with respect to the dmin. Solving for Rsd,
we find the following:

Rsd ≈
4

√
3
∣∣∣∣geµBµnuc

∣∣∣∣dmin . (B3)

In a uniform nuclear bath dmin ∝ C
−1/3
n ,

Rsd ∝ |µnuc|
−1/4C

−1/3
n . (B4)

After substitution of Rsd into Eq. (B1), Eq. (19) is derived.
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Appendix C: Phase-cycling protocols for ih-RIDME
experiments

In the following tables, the pulse index (p1, p2, etc.) corre-
sponds to the pulse order in Fig. 9. The phases of the unmen-
tioned pulses are +x. The detection (det) denotes the sign of
the echo acquisition.

Table C1. Phase-cycling protocol for three-pulse RIDME.

3p-RIDME

p1 p2 p3 det

+x +x +x +

−x +x +x −

Table C2. Phase-cycling protocol for three-pulse RIDME with re-
mote detection.

3pRD-RIDME

p2 p3 p4 det

+x +x +x +

−x −x +x +

+y +y +x +

−y −y +x +

+x +x −x −

−x −x −x −

+y +y −x −

−y −y −x −

Table C3. Phase-cycling protocol for four-pulse RIDME.

4p-RIDME

p1 p3 p4 det

+x +x +x +

+x −x −x +

−x +x +x −

−x −x −x −

Table C4. Phase-cycling protocol for five-pulse RIDME and five-
pulse variable-time RIDME.

5p-RIDME and 5pVT-RIDME

p1 p3 p4 det

+x +x +x +

+x −x −x +

+x +y +y +

+x −y −y +

−x +x +x −

−x −x −x −

−x +y +y −

−x −y −y −
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