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1 Introduction

Quantifying methyl tunneling induced
(de)coherence of nitroxides in glassy
ortho-terphenyl at low temperaturesf

Andrea Eggeling, 2 Janne Soetbeer, and

Gunnar Jeschke (2 *

Luis Fabregas-Ibanez, Daniel Klose

The low-temperature Hahn echo decay signal of the pyrroline-based nitroxide H-mNOHex in ortho-
terphenyl (OTP) shows two contributions on distinct time scales. Tunneling of the nitroxide's methyl
groups cause electron spin echo envelope modulation (ESEEM) on a faster time scale compared to the
slower matrix-induced decoherence contribution arising from nuclear pair ESEEM. Here we introduce
the methyl quantum rotor (MQR) model that describes tunneling ESEEM originating from multiple
methyl rotors coupled to the same electron spin. By formulating the MQR model based on a rotation
barrier distribution P(V3), we account for the different local environments in a glassy matrix. Using this
framework, we determine the methyl groups’ rotation barrier distribution from experimental Hahn echo
decay/two-pulse ESEEM data by a non-linear fitting approach. The inferred distributions are in good
agreement with density functional theory (DFT) calculations of the methyl groups’ rotation barriers in the
low-temperature regime where tunneling constitutes the dominant methyl proton exchange process.
In addition to comparing our results with previous decoherence studies performed on the same spin
system, we experimentally confirm the characteristic properties of methyl tunneling by demonstrating
that P(Vs3) is magnetic field independent and predominantly temperature independent between 10 and
50 K. This confirms the assignment of the fast Hahn echo decay contribution to methyl tunneling,
showcasing how pulsed EPR sequences can coherently probe this quantum phenomenon for commonly
employed nitroxide spin-labels.

noise spectroscopy.’’ A theoretical study predicted this effect
for the two-pulse electron spin echo envelope modulation

Decoherence of electron spins in nitroxides in various solvents
has been extensively studied over the last decades with electron
paramagnetic resonance (EPR). The influence of deuteration of
the nitroxide and matrix,"™ methyl groups,”” matrix proton
concentration®® and temperature®'® have been the focus of
previous in-depth studies. The low-temperature Hahn echo
decay signal of nitroxides with geminal methyl groups consists
of two contributions on distinct time scales.”'" The slower
matrix-related contribution originates from nuclear pair ESEEM"*
and in recent efforts has been modelled with correlated cluster
expansion (CCE)" to quantitatively predict the phase memory
time of unpaired electrons in biologically relevant matrices.'>**
The faster contribution has only recently been attributed to
methyl tunneling of the nitroxide’s methyl groups by regularized
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(ESEEM), ie. Hahn echo, experiment several decades ago."
Excitation and detection of tunneling coherence has originally
been demonstrated by applying the three-pulse ESEEM experi-
ment on a methyl group containing Mn(u)-doped metal-organic
framework.'® It is of great importance to understand this
methyl group related (de)coherence contribution to the Hahn
echo decay signal of nitroxides at low temperatures, since the
majority of nitroxide spin-labels used for structure elucidation
of biological macromolecules with EPR spectroscopy feature
geminal methyl groups.'””'® Electron spin decoherence induced
by protonated methyl groups has recently been suggested as
a means for filtering contributions in EPR-based distance
distribution measurements.'® This technique was applied to
elucidating kinetics of substrate binding to calmodulin.*®
Moreover, analysis of electron spin decoherence in a methyl
group-rich environment proposed that methyl groups with a
high rotation barrier enhance electron spin decoherence while
those with a low barrier suppress it.>*' Thus, understanding
the fast Hahn echo decay contribution is also a prerequisite for
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quantitatively predicting the matrix methyl groups’ contribu-
tion to electron spin decoherence.

Here, we aim to characterize the fast contribution in the
Hahn echo decay of nitroxides with geminal methyl groups in a
glassy matrix by considering methyl tunneling ESEEM at low
temperatures. Rotation of the methyl group gives rise to a
threefold potential with a characteristic rotation barrier V;,
which depends on local hindrance and therefore is sensitive
to its chemical environment.”® A classical description for
methyl group rotation suffices at ambient temperatures, where
the main process for methyl group proton position exchange is
stochastic hopping over the rotation barrier.>>** Even at tem-
peratures of 80 K, slow methyl group rotations are detectable in
the electron spin echo.?® In the present low-temperature study,
we describe the methyl group as a quantum rotor, where
tunneling through the potential wells by wavefunction overlap
becomes the dominant proton position exchange process. The
wavefunction overlap leads to a splitting of degenerate energy
levels (with quantum number r) by the tunneling frequency
A" as illustrated in Fig. 1a.%% In the low-temperature regime,
we approximate that only the energy levels with quantum
number r = 0 are significantly populated and consider these three
tunneling states (A, E,, E) in the spin systems’ Hamiltonian.'""®
There is a non-trivial dependence of the ground state tunneling
frequency 1, on the rotation barrier V;, since for higher rotation
barriers the wavefunction overlap gets smaller leading to smaller
energy level splittings and consequently smaller tunneling fre-
quencies (see Fig. 1b). Since in low-temperature EPR measure-
ments, the investigated nitroxide is distributed in a glassy matrix,
we consider a distribution of rotation barriers P(V;) to account for
different local environments of the nitroxides’ geminal methyl
groups.®*® This approach has already been established to explain
experimental findings in neutron scattering measurements of
glassy polymers containing methyl groups by considering a
Gaussian rotation barrier distribution,>””*® or a sum thereof.?**°
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Due to the non-linear dependence between V; and v, a Gaussian
distribution of rotation barriers P(V;), shown in Fig. 1c, corre-
sponds to a skewed distribution of tunneling frequencies P(v),*"
as shown in Fig. 1d.

In this work, we investigate the fast (de)coherence contri-
bution of methyl group containing nitroxides depending on
the magnetic field, matrix and methyl group deuteration, and
temperature by analyzing and comparing inferred rotation
barrier distributions from Hahn echo decay/two-pulse ESEEM
measurements. The matrix-driven decoherence contribution is trea-
ted as a background function which dampens the methyl tunneling
ESEEM contribution. In Section 2, we present the theoretical frame-
work of methyl tunneling ESEEM in the Hahn echo experiment and
how we apply this to a glassy system. Section 3 explains the
experimental set-up, computational procedures and extraction of
the rotation barrier distribution from experimental data. Then, we
summarize the magnetic-field independence of the methyl tunnel-
ing process, the influence of matrix deuteration on the rotation
barrier and the temperature dependence of the tunneling ESEEM
and rotation barrier distribution in Section 4. At the end, we
conclude with our findings on methyl tunneling ESEEM in nitr-
oxides with geminal methyl groups and give an overview of possible
applications of this quantum mechanical phenomenon.

2 Theory
2.1 Tunneling ESEEM Hamiltonian

The total Hamiltonian for M methyl groups coupled to
an electron spin can be split into a spin Hamiltonian and a
tunneling Hamiltonian. Considering a single methyl group
(M = 1), the spin Hamiltonian depends on the methyl group
rotation angle ¢ which characterizes the localized states of the
rotor (0°, 120°, 240°). In this case, the spin Hamiltonian reads

ﬁ(d)) =H,+ AI(¢)§zj1,z + AII((f))Szjz,z + AIII((/))Sszo,z (1)
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Fig. 1 Rotation barrier, tunneling frequency and energy levels of the methyl rotor. (a) Illustration of the threefold potential of the methyl group rotation
with a rotation barrier V3 = 1600 K. The energy levels within the potential wells, characterized by the ro-librational quantum number r = 0, 1,.. ., are split
by the tunneling frequency 14” due to overlap of the wavefunctions. (b) The tunneling frequency 1 of the ground state (r = 0) and the rotation barrier Vs

are related by the hindered rotor model and have a non-trivial dependence.
corresponds to a (d) skewed distribution of tunneling frequencies P(w).
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where H are the electron and nuclear Zeeman terms and A;(¢)
are the secular hyperfine coupling constants, which depend on
the methyl rotor configuration and are approximated by the
dipolar interaction only.'® The pseudo-secular hyperfine terms
Bi(¢p) are neglected, since the excitation of tunneling coherence
and its evolution is only very weakly dependent on the S.1;
operators. The tunneling Hamiltonian for a single rotor'®*>%?
can be described by a pseudo-spin R = 1 according to

Vi o~ L < R2 - jgyz + \/§I§V> 2)

Hynnel, =1 = 7§Hmix = 3

with the tunneling frequency ;. The total Hamiltonian is set up
in a way that the spin Hamiltonians of the localized rotor
configurations (on the diagonal) are linked by the off-diagonal
mixing terms of the tunneling Hamiltonian'"'® (see Fig. S1, ESI?).
If thermal equilibrium polarization on tunnel transitions and
coupling between quantum rotors are negligible and if only spin
observables are computed, one can trace over the quantum-rotor
states. This leads to a spin-only Hamiltonian®* that governs
evolution of a spin-only density operator.*" In this description,
the hyperfine Hamiltonian is expressed for a single rotor phase,
such as ¢ = 0, and the tunnel splitting transforms to pairwise
J-coupling between the nuclear spins

~ Wi, » A oA PO
HJ‘tunne]:*T(Il'IZ‘i’Il'13+12'[3)7 3)
where all nuclear spin operators are vector operators,
Tely = Tl + jk,yjl,y + Iyl . (4)

In this work, we operate in the full state space involving spin
states and quantum rotor states.

In case of two methyl groups (M = 2) coupled to the same
electron spin, the spin Hamiltonian in full state space takes
the form

I:I(d)7 !//) = I:IZ + AI(¢)S‘ZIA1; + AH(qb)S:IAZAZ + AIH(¢)’§:[A3;

+ A (p)S2da . + Av(W)S.Is . + Avi()S.1s.
(5)

where the hyperfine couplings Ai(¢) for i = I, II, III belong to
methyl group m = 1 with rotation angle ¢ and 4;(y) for j =1v, V,
VI belong to methyl group m = 2 with rotation angle .>* Here,
we assume that the proton positions of rotor m = 1 are not
correlated to the proton positions of rotor m = 2. This assump-
tion does not strictly apply to geminal methyl groups, since
there are clearly sterical interactions between them. The
approximation is expected to be very good for remote methyl
groups, such as two methyl groups belonging to different
geminal pairs in nitroxide spin-labels. Based on earlier work
that indicated a negligible influence of rotational coupling
between geminal methyl groups in nitroxides,*® we do not
differentiate between geminal and other methyl rotors and
treat all hyperfine couplings with methyl group m uncorrelated
from all other methyl proton positions. The tunneling Hamil-
tonian is expressed in the coupled rotor basis

~ Vil A Vo o~
HtunneLM:Z = _%Hmix X 1 + 1 ® _%Hmix (6)
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where v ,, is the tunneling frequency of methyl rotor m, which
is related to its rotation barrier V;,. Rotational coupling W,
between the methyl rotors can be neglected for sp*-bound
geminal methyl groups for W; « V5** and will not be resolved
by tunneling ESEEM.*® Furthermore, the DFT calculations in
Table 1 confirm small rotational coupling for the investigated
pyrroline-based nitroxide. The total Hamiltonian for M = 2 is
constructed in the same way as for a single rotor, making sure
that the localized states of the methyl rotors are mixed by the
off-diagonal tunneling terms with the accurate tunneling fre-
quency ;. A visualization of the full state Hamiltonians for
M =1 and M = 2 coupled to an electron spin is provided in the
Fig. S1 (ESIY).

2.2 Tunneling ESEEM in a glassy matrix

The introduced approaches for preparing the full state Hamil-
tonian for M = 1, 2 are used to numerically simulate single-
orientation tunneling ESEEM signals for a specific set of
rotation barriers V;; and V; , with the density operator form-
alism either as single rotors or in a coupled basis. Thereby, we
aim to understand the spin dynamics of M methyl rotors
contributing to the experimental tunneling ESEEM signal. For
M > 2, this numerical approach is computationally not easily
feasible anymore, since the spin Hamiltonian dimension
becomes 2" and in a coupled rotor basis the tunneling
Hamiltonian has dimension 3", leading to dim(H) = 2****-3".

Fig. 2 presents the simulated single-orientation signals for
two combinations of rotation barriers. Similar to nuclear
ESEEM arising from several nuclei simultaneously coupling to
the same electron spin,*>*° the methyl rotor simulations indi-
cate that for a single-orientation the time-dependent ESEEM
amplitude E obtained from M methyl groups is the product of
all individual methyl rotor ESEEM amplitudes E,,. This mas-
sively simplifies the expression for the M methyl rotor time-
dependent ESEEM amplitude

M
E(277 V3,1» DR VS,M7 07 (f)) = H En (2‘57 V},rm 97 ([)) (7)

m=1

where 7 is the Hahn echo interpulse delay, V; ,, the rotation
barrier of methyl group m, and 0 and ¢ represent the polar and
azimuthal angle, respectively, characterizing the nitroxide
orientation with respect to the external magnetic field.

The tunneling process becomes dominant at low tempera-
tures. At such temperatures, we measure the investigated nitr-
oxide in a glassy environment, which usually consists of the
preferred solvent and an added glass former. In such a dis-
ordered sample, the local environment of individual nitroxides
and, in particular their methyl groups, differs. The local struc-
tural differences influence the methyl rotation barrier due to its
sensitivity to local hindrance. We account for this by consider-
ing a distribution of rotation barriers for all M methyl groups
in the sample and by averaging over the different local

Phys. Chem. Chem. Phys., 2023, 25, 11145-11157 | 11147
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Fig. 2 Tunneling ESEEM of multiple methyl rotors coupled to one electron spin. (a) lllustration of two methyl groups (with rotation barriers Vz, and Vs ,)
considering them as individual rotors (light blue, dark blue) coupled to an electron spin or as simultaneous coupling partners to the same electron spin
(orange). Single-orientation tunneling ESEEM signals were simulated using either an uncoupled basis for each single methyl rotor or the coupled basis
including both rotors for (b) Vz; = 1100 K and V3, = 1650 K and (c) Vz; = 1600 K and V5, = 1650 K.

environments according to

Vzptﬁ(zf) :JdV3,1 '“JdVlM K(Z’L’7 V371,...7 V3‘M)P(V3,1,..., V37M)
®)

where K represents the tunneling ESEEM kernel and P the
multi-variate rotation barrier distribution. The kernel function
provides a direct mapping of the contributions from methyl
rotors with different rotation barriers to the ESEEM signal and
is defined as

2n 0 M
d(pJ sin0d0 [ [ Ex (27, Va0, 9).
0

m=1
©)

It accounts for the averaging over the uniform orientation
distribution considering different nitroxide orientations with
respect to the magnetic field. For nitroxides, where the rotation
barriers of all M methyl groups within a molecule are very
similar, we can assume the same rotation barrier distribution
for all methyl rotors. This allows us to describe the tunneling
ESEEM signal as a one-dimensional Fredholm integral of the
first kind

K(217V371,...,V3‘M) :J
0

VzptE(Z‘L') = JdV3K(2‘L‘, V3)P( V3). (10)
The overall model to describe the experimental Hahn echo
decay/two-pulse ESEEM signal is a product of the tunneling
ESEEM (V,p) and a decay contribution (Vecon)

V(27) = Vapie(27) - Videcon (27) = Vapie (27) - exp <— {%} 4)

m

(11)

where the matrix-induced decoherence is described by a
stretched exponential function with phase memory time 7,
and stretched exponent &, based on assignment of this con-
tribution to the slower of two stretched exponent terms in

11148 | Phys. Chem. Chem. Phys., 2023, 25, 11145-11157

earlier work.*"" In the following we refer to this model as the
methyl quantum rotor (MQR) model.

3 Materials and methods
3.1 Spin systems and EPR measurements

The paramagnetic molecules under investigation were pyrroline-
based nitroxide radicals with protonated (H-mNOHex) and deut-
erated geminal methyl groups (D-mNOHex) illustrated in Fig. 3a
and b. The synthesis of both nitroxides was reported previously by
Soetbeer et al.* The matrix was protonated or deuterated ortho-
terphenyl (OTP/dOTP, Fig. 3c and d), which importantly does not
contain methyl groups. We measured the nitroxides at a concen-
tration of 20 uM in either matrix. The sample was melted at 70 °C
with a heat gun prior to flash-freezing in liquid nitrogen resulting
in a glassy frozen sample. EPR measurements at Q-band frequen-
cies of ~34.4 GHz were performed on a commercial spectrometer
(Bruker ElexsysIl E580) equipped with a 200 W travelling wave
tube amplifier and a homebuilt resonator for 3 mm outer
diameter capillaries.’” Experiments at W-band frequencies
(~94.1 GHz) were carried out on a Bruker Elexsys E680 X-/W-
band spectrometer in an EN 680-1021H resonator. The same
sample mixture was filled into a 3 mm o.d. quartz capillary for
Q-band and in a 0.5 mm i.d./0.9 mm o.d. quartz capillary for
W-band measurements, respectively. We measured the electron
spin decoherence with the Hahn echo, i.e. two-pulse ESEEM,
pulse sequence (Fig. 3e) at the magnetic field value corres-
ponding to the maximum of the nitroxide spectrum. We used a
pulse length of 12 ns/16 ns for the n/2-pulse and 24 ns/32 ns for
the m-pulse, at Q-band and W-band, respectively. A two-step
phase cycle [(+x) — (—x)] was applied on the m/2-pulse for
receiver offset correction while the phase of the n-pulse [(+x)]
was kept constant. The integration window (12 ns) for echo
acquisition was always placed symmetrically around the echo
maximum and kept constant for all measurements. The signal
was recorded at temperatures between 10 K and 80 K and the
shot repetition time was adjusted for changes in T; such that

This journal is © the Owner Societies 2023
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Fig. 3 Investigated pyrroline-based nitroxides containing geminal methyl
groups. Chemical structures of (a) protonated nitroxide H-mNOHex, (b)
deuterated nitroxide D-mNOHex, (c) protonated ortho-terphenyl (OTP)
and (d) deuterated OTP (dOTP). (e) Illustration of the Hahn echo decay/
two-pulse ESEEM pulse sequence.

the magnetization fully recovered in between shots. W-band
measurements were only carried out at a temperature of 40 K.

3.2 DFT-based rotation barrier calculations

We performed energy calculations within the open-shell Kohn-
Sham density functional theory (DFT) in ORCA version 5.0.2°®
in vacuum to get information on properties of the geminal
methyl groups of H-mNOHex. Initially, the geometry of the
nitroxide structure (Fig. 3a) truncated between the two succes-
sive triple bonds and saturated with a hydrogen atom was

Table 1 DFT-calculated rotation barriers and rotational coupling of
methyl groups in H-mNOHex. “Relaxed” refers to energy surface scans
with flexible atom positions and “constrained” to scans with fixed atom
positions. The rotation barriers Vs ,, are provided for all four methyl groups
m. The rotational coupling W= was evaluated between methyl group m =1
coupled individually to the other methyl groups m = 2—4 in the nitroxide

Individual rotors

m V3, — relaxed (K) V3, — constrained (K)
1 1553 1610

2 1506 1671

3 1516 1675

4 1476 1667

Coupled rotors - relaxed

m Vi1 (K) Vam (K) W; (K)
2 1660 1643 24

3 1464 1462 0

4 1495 1539 16
Coupled rotors - constrained

m V31 (K) Vam (K) W; (K)
2 1795 1848 —10

3 1637 1677 2

4 1625 1669 5

This journal is © the Owner Societies 2023
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optimized, using the B3LYP functional with the def2-TZVP
basis set in combination with D3B] dispersion correction.
We intentionally performed all calculations in vacuum without
adding an implicit solvent since the determined rotation
barriers should serve as a reference when analyzing rotation
barrier distributions of the nitroxide in a glassy matrix.
We determined the rotation barriers of all four methyl groups
in two different approaches: first with a relaxed surface scan
allowing all other atoms to change position and adapt to the
current dihedral angle of the observed methyl group. This
provides insight into the lowest possible rotation barrier in
vacuum, since all other interactions of the system are mini-
mized. Second, using a constrained energy scan, where we fix
the position of all atoms and allow only the dihedral angle of
the observed methyl group to change. This should provide a
reference for a higher yet possible rotation barrier in vacuum
since unfavorable interactions within the system cannot be
avoided. The obtained energy profile was corrected for the
minimal energy and evaluated according to

V() = cos(3 +n) + 1) (12)

where the rotation barrier V; and an arbitrary phase factor 5
were fitted. To quantify the rotational coupling between the
four methyl groups of the nitroxide, we calculated the rotation
energy surface by scanning through two dihedral angles ¢,
simultaneously. Similar to the rotation barrier approaches, the
coupling was determined through a relaxed and a constrained
energy scan, which provide estimates of the minimal and
maximal possible rotational coupling in vacuum. We fitted
the energy surface to

V(6.9) = 2eos(3g+m) + 1)+ 22 cos(3 + ) + 1)

+ Wicos(3¢ — 3y +13)
(13)

where the rotation barrier of methyl group m correspond to
V3.m» Ws is the rotational coupling and #; an arbitrary phase.
The results of the DFT calculations are presented in Table 1.

3.3 Determining the rotation barrier distribution

To investigate the tunneling ESEEM contribution and infer a
rotation barrier distribution from experimental data, we simu-
lated tunneling ESEEM signals and kernels numerically using the
density operator formalism. To this end, we adapted MATLAB*®
implementations of the Hahn echo/two-pulse ESEEM sequence™*
and of the three-pulse ESEEM sequence'® to single orientations
of the nitroxide and improved computational efficiency of the
simulation script. For the kernel simulations, we adapted all
simulation parameters to the experimental conditions and only
considered on-resonance excitation of the electron spin.
We evaluated the orientation averaging in eqn (9) over a
weighted grid of 841 different orientations using the sphgrid-
function from EasySpin version 5.2.29.%°

Inference of the rotation barrier distribution from experi-
mental data is not feasible by directly solving the inverse problem

Phys. Chem. Chem. Phys., 2023, 25, 11145-11157 | 11149
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of eqn (10), because the kernel in eqn (9) is ill-conditioned
(condition number ~ 10'®), which would lead to an unstable
and unreliable solution. Therefore, we either used a parametric
or a non-parametric model to characterize the rotation barrier
distribution. For a non-parametric model, a non-parametric
vector represents the rotation barrier distribution. In this
case, a non-negativity constraint together with regularization
methods stabilize the solution. We applied Tikhonov regular-
ization with the normalized cumulative periodogram (NCP)*"*>
selection criterion of the regularization parameter within a
range of « = [1 x 10*, 5 x 10°]. This selection criterion aims
to find an a-value such that the power spectrum of the fit
residuals matches that of white noise, which is favorable to
account for all different frequency contributions present in the
signal.”* We put boundaries on the regularization parameter
value, since the non-parametric fitting algorithm for our model
can be very prone to both under- and oversmoothing of the
rotation barrier distribution. The rotation barrier distribution
was inferred via regularized least-squares

P = argmin (|| Vesp — KPH2 +&*||LP|]* + f*a*(P))  (14)
P>0

where L is a differential operator matrix and ¢*(P) is the
variance of the rotation barriers for a given distribution. The
second term in the expression above imposes smoothness of
the inferred distribution whereas the third term imposes
compactness of the distribution.** When inferring the rotation
barrier distribution non-parametrically, imposing compactness
avoids the introduction of inaccurate distribution mass at large
values of the rotation barrier. Applying compactness regular-
ization is reasonable, since the tunneling ESEEM contribution
from large rotation barriers would exhibit a significantly smal-
ler modulation depth than observed in the Hahn echo decay
signal for the investigated nitroxide. The parametric model
implements a Gaussian distribution of rotation barriers

) (_ % {Vs —UV3_,W} 2) (15)

where V; ,y is the average rotation barrier and ¢ the standard
deviation of the rotation barrier distribution. We employed a
Gaussian rotation barrier distribution since it yielded accurate
description of the observed tunneling phenomenon in neutron
scattering experiments.>”® When using a parametric model for
the rotation barrier distribution, the inverse problem becomes
well-conditioned and a stable solution can be evaluated by
ordinary least-squares

P(V37 V3,aV7O-) =

2no?

O = argg)nin(” Vesp — KP(@)HZ) (16)

where O is the vector of model parameters. The fitting proce-
dure to find the rotation barrier distribution from experimental
two-pulse ESEEM data was implemented using DeerLab version
0.15.0dev*’ with Python 3.7.9.
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4 Results and discussion
4.1 Magnetic-field independence of tunneling ESEEM

The main characteristic of methyl tunneling is that the process
is independent of the external magnetic field.'® Therefore, we
investigated the decoherence behavior of H-mNOHex in OTP at
Q-band (~1.2 T) and W-band frequency (~ 3.3 T), respectively,
and compare the matrix relaxation process and the inferred
rotation barrier distributions in Fig. 4a.

Already from the experimental Hahn echo decay two distinct
contributions to the decoherence behavior can be identified at
both magnetic fields. Unexpectedly, we find a slightly slower
relaxation contribution by the matrix at Q-band frequencies.
The fitted phase memory time Ty, is slightly longer than at
W-band frequencies independent of the model (parametric or
non-parametric) employed for the rotation barrier distribution.
Since we still used hard but longer pulses at W-band and the
spectrum becomes broader at higher magnetic fields, the
excited spins are not completely identical for Q- and W-band.
In other words, there is more orientation selection at W-band
than at Q-band, which might have a small impact on the phase
memory time. Moreover, this certainly influences the methyl
tunneling ESEEM, which relies on the orientation-dependent
hyperfine interaction. However, since still a large fraction of
spins around the spectrum maximum is excited at both mag-
netic fields, we expect only minor differences in the apparent
rotation barrier distributions. This is confirmed when compar-
ing the Gaussian rotation barrier distributions which are
almost identical for Q-band and W-band (Fig. 4a). From the
non-parametric rotation barrier distribution it becomes clear
that rotation barriers between 1500 K and 2000 K are the main
contribution to the methyl tunneling ESEEM signal. This range
coincides very well with the mean of the Gaussian rotation
barrier distribution, making V; ,, a good parameter to describe
the tunneling behavior of the nitroxide’s methyl groups.
Additionally, the distribution mean is in agreement with the
DFT-calculated rotation barriers for the truncated molecule in
vacuum with the average rotation barrier V;,, being shifted
~100 K higher than the results from the constrained one-
dimensional energy surface scan (see Table 1). In general, this
is consistent with the expectation that overall the methyl
groups’ rotation is more hindered in a matrix than in vacuum,
suggesting that intermolecular interactions between the nitr-
oxides’ methyl groups and the matrix molecules influence the
rotation barrier. However, in a glassy matrix, also more favour-
able local environments appear to be possible since the rota-
tion barrier distribution has small contributions below the
rotation barrier value of the relaxed surface scan, where the
molecule can avoid energetically unfavourable interactions.
This effect might be imposed by our choice of a Gaussian
distribution of rotation barriers. On the other hand, strain in
the glass can lead to an energetically unfavourable geometry of
the nitroxide’s heterocycle, which in turn might indeed lower
the rotation barrier of the geminal methyl groups. The distri-
bution mass at low rotation barriers (1000-1500 K) is not
related to the methyl tunneling process, which is also visually
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Fig. 4 Extracted Gaussian and non-parametric rotation barrier distributions for the nitroxide H-mNOHex at different magnetic fields and in different
matrices. (a) The impact of different external magnetic field strengths on the methyl tunneling ESEEM contribution was evaluated for Q-band (orange)
and W-band (blue) by analyzing Hahn echo decay traces recorded at 40 K. (b) The influence of matrix deuteration (OTP, orange/dOTP, blue) on the
inferred rotation barrier distribution was studied for Hahn echo decay traces measured at 10 K at Q-band frequency. The shaded areas represent 95%-
confidence intervals, in case of a parametric distribution model determined by the bootstrap method and for a non-parametric model they are

covariance-based.

recognizable by the large confidence intervals in this region.
We will discuss this artefact in the inferred rotation barriers in
Section 4.2. In the 1500-2000 K range, the distribution width
of the parametric model overlays well with the peak(s) of the
non-parametric distributions, where the confidence interval is
smaller compared to the regions <1500 K and >2000 K.
We can thus conclude that the rotation barriers of the methyl
groups in glassy OTP are distributed between 1500 K and
2000 K. At both magnetic fields the methyl groups present in
this glassy matrix experience very similar rotation barrier dis-
tributions as expected for the field-independent tunneling
process.

4.2 Tunneling ESEEM upon matrix deuteration

The local environment around the methyl group influences the
hindrance of rotation®® and thereby determines the rotation
barrier. In a disordered system, such as the glassy matrix, non-
bonding interactions*® between the investigated methyl group
and the molecular environment mainly control the rotation

This journal is © the Owner Societies 2023

barrier. These interactions can be either of intra- or intermole-
cular nature.”>*” Matrix deuteration might alter the methyl
group’s local environment and therefore the interactions
governing the rotation barrier. Usually this so-called “external
isotope effect” has only a weak impact on the rotation barrier.>*
To assess whether tunneling ESEEM is sufficiently sensitive for
revealing such a weak effect, we extracted rotation barrier
distributions of H-mNOHex from Hahn echo decay/two-pulse
ESEEM data recorded at Q-band in either OTP or dOTP and
show the results in Fig. 4b.

As expected, matrix deuteration prolongs the overall phase
memory time of the nitroxide at 10 K by a factor of three.*
Therefore, the tunneling ESEEM contribution is even more
prominently visible in the Hahn echo decay for deuterated
matrices. Moreover, the modulation depth appears very similar
for H-mNOHex in OTP and dOTP upon visual comparison of
the Hahn echo decay traces, which is a first indication of a
similar tunneling behavior in both matrices. Both Gaussian
distributions include rotation barriers between 1500 K and
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2000 K, which are also certain contributions to the non-
parametric rotation barrier distributions. This is also in good
agreement with the previously discussed rotation barrier dis-
tributions extracted at different magnetic fields and slightly
higher temperature (see Fig. 4a).

Nevertheless, the extracted Gaussian rotation barrier distri-
butions differ in means as well as widths for H-mNOHex in
protonated and deuterated matrix. The rotation barrier distri-
bution for OTP is centered at a higher V; ,, of 1798 K compared
to 1699 K for the investigated nitroxide in dOTP, whereas this
distribution is much broader (A¢ ~ 100 K). For H-mNOHex in
OTP the distribution mass at high rotation barriers present in
the non-parametric distribution is consistent with the right
shift of its Gaussian distribution. Other reasons explaining the
discrepancy become clear when taking into account the differ-
ent contributions in the non-parametric distributions indivi-
dually and analyzing their corresponding tunneling ESEEM
signal. The results are illustrated in Fig. S2 (see ESIt) for the
magnetic field and matrix deuteration analysis. From this
analysis we can certainly conclude that the low rotation barrier
contributions, which correspond to high tunneling frequen-
cies, aim to fit the nuclear ESEEM modulations stemming from
molecule protons and matrix deuterons, which still show a
significant modulation depth and are visible in two-pulse
ESEEM traces recorded at Q-band frequencies. According to
the fit residuals in Fig. 4, the deuterium ESEEM for H-mNOHex
in dOTP is detected for longer interpulse delays 7 than the
proton ESEEM in the OTP case. Since the deuterium ESEEM is
such a prominent feature in the Hahn echo decay signals, most
likely optimal solutions for the Gaussian rotation barrier dis-
tribution contain high tunneling frequencies masking the
deuterium nuclear ESEEM leading to a broad distribution.
The Gaussian distribution width reduces when applying a
moving mean filter on the experimental trace before the fitting
procedure. This filter smooths out the nuclear ESEEM without
impacting the modulation depth of the tunneling ESEEM
contribution, which is important for an accurate inference of
the rotation barrier distribution. Thereby, the Gaussian rota-
tion barrier distribution width is narrowed by around 70 K
(see Fig. S3 in ESIf).

The difference in V; ,, of the rotation barrier distribution for
H-mNOHex in OTP and dOTP remains unaffected by the
moving mean filter. Another aspect, which must be considered
and might impact the mean of the rotation barrier distribution,
is the glass structure of the two glass formers. The glass
transition temperatures of OTP (243 K)*® and dOTP (248 K)*°
are almost identical. This suggests a very similar glass structure,
especially given the cis-arrangement of the phenyl rings, which is
crucial for the glass formation of terphenyls and which is not
altered by perdeuteration.’>*" Therefore, we assume that also the
local environment of and the available free volume around the
methyl groups is almost identical for OTP and dOTP. For this
reason, we propose that the rotation barrier distribution is
unaffected or only slightly affected by matrix deuteration.

As mentioned earlier, matrix deuteration prolongs the over-
all phase memory time, which allows the methyl tunneling
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ESEEM evolution to be more prominent in the recorded data
owed to its reduced dampening by the matrix relaxation
contribution.'* We thus expect that deuterated matrices enable
a higher information content on the tunneling process and
thereby benefit a more accurate inference of the rotation
barrier distribution. Moreover, when fitting the Gaussian rota-
tion barrier distribution for the measurements in OTP and
dOTP globally, the agreement of the model fit with the OTP
trace remains unaffected, although, the global solution is very
close to the rotation barrier distribution for dOTP (see Fig. S4-S8
in ESIt). Therefore, we conclude that the inferred rotation barrier
distribution from nitroxides in deuterated matrix is expected to be
closer to the ground truth than for its protonated equivalent.
We suggest to perform such measurements with protonated
methyl groups in a deuterated environment to increase the phase
memory time of the matrix decoherence contribution and thus
gain the most information to obtain more robust rotation barrier
distribution results.

For simulations of this kind it is important to ensure that
the numerical evaluation of the kernel in eqn (9) is accurate,
particularly for grid-based integration due to its rather slow
convergence with number of orientations in the grid. This is
especially crucial for fitting the two-pulse ESEEM data of a
deuterated matrix as the phase memory time is long and the
tunneling ESEEM very prominent. Fig. S9 (ESIt) illustrates the
effect of a limited grid of orientations for H-mNOHex in dOTP
data recorded at 10 K, where insufficient orientation averaging
leads to a fitted tunneling ESEEM contribution that is non-
smooth.

4.3 Temperature dependence of tunneling ESEEM

Tunneling through potential barriers becomes the dominant
proton position exchange process at low temperatures, where
all molecular motion is frozen out. The temperature depen-
dence of methyl group tunneling has previously been studied
for y-irradiated methyl malonic acid with continuous wave
(CW) EPR and shows an almost temperature-independent
behavior in the low-temperature regime.’> Therefore, we inves-
tigated the temperature dependence of the tunneling ESEEM
contribution to the two-pulse ESEEM signal between 10 K
and 80 K, and illustrate the results in Fig. 5. The individual
time-domain fits as well as inferred Gaussian rotation barrier
distributions are shown in the Fig. S4-S7 (ESIt).

The matrix decoherence contribution characterized by the
phase memory time T, and the stretched exponent ¢ (see
Fig. 5) indicates the already well-studied low-temperature
behavior! of H-mNOHex in OTP and dOTP. We compare the
phase memory time results of a stretched exponential (SE)
model and sum of two stretched exponentials (SSE) model,
which was introduced previously,? to the Vgecon results of the
MQR model to validate this model’s accuracy in describing the
matrix-related contribution to the Hahn echo decay/two-pulse
ESEEM signal. When fitting the SE model, we omitted the first
several microseconds of data to better isolate the data with pure
matrix decoherence contribution. The results can be found in
Fig. S10 (ESIf). The phase memory times evaluated with the
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Fig. 5 Temperature dependence of matrix decoherence parameters and the inferred rotation barrier distributions of H-mNOHex in OTP and dOTP. The
rotation barrier distribution parameters were fitted (a) individually and (b) globally for the Hahn echo decay signals acquired in protonated and deuterated
matrix. The Gaussian rotation barrier distribution is described by the average rotation barrier Vs ,, and the distribution’s standard deviation ¢. The
distribution parameters evaluated from fitting the OTP (orange) and dOTP (blue) signals individually are shown in the color according to their matrix. The
globally inferred distribution parameters are shown in green. The phase memory time T, and stretch parameter & characterize the matrix dependent
relaxation process and are always fitted individually for OTP (orange) and dOTP (blue). The shaded areas represent the bootstrapped 95%-confidence
interval. The dashed line indicates the arithmetic mean of the DFT-calculated constrained energy scan rotation barriers for all four methyl groups as a

reference (see Table 1).

MQR model are very similar to the results obtained for the slow-
decaying component of the SSE model (Ty, ;) by Soetbeer et al.*
in the low-temperature range up to 50 K for dOTP and 60 K for
OTP. Above these temperatures, the matrix relaxation is in
better agreement with the SE model, indicating that the
description of the Hahn echo decay with two distinct contribu-
tions is limited to the previously defined low-temperature
regime (10-60 K)* and is certainly no longer valid above 60 K.
This is compatible with the early empirical finding of conver-
gence of Ty, to a low-temperature maximum only below 60 K.>?
Another, most likely thermally-activated, process becomes
dominant leading to phase memory loss at higher tempera-
tures. The sudden temperature-dependent change in phase
memory time and stretched exponent is more pronounced for
a deuterated matrix.

It has been reported that classical rotation of tempone
methyl groups gets slow on the ENDOR timescale below
80 K,’* however, librations in general remain relevant below
that temperature.* Moreover, the fast decaying contribution,
which we attribute to methyl tunneling,™* is not easily identifi-
able above 60 K, since the matrix-induced decoherence
becomes very fast and a single stretched exponential suffices
to fit the decay trace. This trend is also clearly visible in the
extracted Gaussian rotation barrier distributions parameterized
by V; .y and o shown in Fig. 5. At first glance, it appears as if the
results for H-mNOHex in the different matrices, OTP and dOTP,
may not be consistent. In the previous section, we discussed for

This journal is © the Owner Societies 2023

an illustrative example where these differences in distribution
mean and width might originate from and that fit quality is not
impacted when globally extracting the rotation barrier distribu-
tion for H-mNOHex in OTP and dOTP. Therefore, we interpret
the global distribution parameters to reflect the temperature
dependence of the methyl tunneling effect.

In the temperature range of 10 K to 60 K the average rotation
barrier lies between 1700 K and 1800 K, which is about
100-200 K higher than the DFT-calculated rotation barrier for
the truncated molecule in vacuum. These V; ,,-values are also
around 150 K higher than the rotation barriers evaluated by
Soetbeer et al. for H-mNOHex in OTP (v, = 225 kHz, V3 = 1636 K)
and dOTP (v, = 175 kHz, V5 = 1682 K)."* The distribution width
is rather broad, meaning ¢ varies between 100 K and 280 K,
while the spread of rotation barriers decreases with increasing
temperature as shown in Fig. 6a. This temperature-dependent
feature is observed for the individual OTP and dOTP fits as well
as in the global distribution fit. Such an observation may
provide information on changes in the methyl groups’ local
environment. In our case, the measurements are performed in
a glassy (i.e. amorphous) matrix, and we thus interpret the
narrowing of the rotation barrier distribution as an increase in
free volume available to the solute.>*>® As a result, the rotation
barriers of all methyl groups in the amorphous ensemble
become alike due to their similar local environments. Relative
to V; 4y, this leads to fewer methyl groups in very favourable or
strongly hindering environments. From our analysis we cannot
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Fig. 6 Temperature dependence of the Gaussian rotation barrier distri-
butions which were globally evaluated for H-mNOHex in OTP and dOTP in
the temperature range between 10 K and 80 K. (a) Narrowing of the
rotation barrier distribution is observed between 10 K and 60 K. In this
temperature range the MQR model provides a reliable description of the
Hahn echo/two-pulse ESEEM data. (b) The evaluated rotation barrier
distributions in the temperature range 60-80 K show a decrease of Vs,
to lower values. Above 60 K, the MQR model does not correctly represent
the spin dynamics of the system, probably due to competition with a
thermally activated relaxation process.

conclude whether this narrowing of the rotation barrier dis-
tribution is characteristic for a given glassy matrix, since we
lack experimental reference data to determine the sensitivity of
methyl tunneling ESEEM to quantify the temperature-related
increase in free volume of a glass. Moreover, free volume void
size at the glass transition temperature varies quite strongly
between different glass formers®” and the ratio between glass
transition temperature and measurement temperature might
also play a role. To gain more insight into this phenomenon a
larger sample set consisting of the same methyl group con-
taining nitroxide in various glassy matrices would need to be
studied in the low-temperature regime.

The average of the global distribution increases slightly from
1720 K at 10 K to its maximal value of 1790 K at 60 K, until there
is a sudden decrease of V; ,, for temperatures above 60 K (see
Fig. 5). This leads to a distribution of smaller rotation barriers,
i.e. of higher tunneling frequencies (as shown in Fig. 6b).
Our findings differ from the temperature behavior found for
y-irradiated methyl malonic acid® and the methyl group con-
taining Mn(n)-doped metal-organic framework,'® where the
observed tunneling frequency decreases for increasing tem-
perature. Their temperature behaviour can be fitted with the
model explained by Prager and Heidemann,>* which is based
on linear coupling of the rotor to individual phonons or a
spectrum thereof. This model takes the phonon-coupling into
account by two terms, the breathing and the shaking term,
which shift the tunnelling frequency in opposite directions.>*
However, these measurements were performed on single crystals
and microcrystalline powder samples, respectively, where we do
not expect a distribution of rotation barriers due to different local
environments and where a description in terms of phonon-
coupling is appropriate. In glasses, low-temperature dynamics of
the matrix must be described in terms of local modes rather than
phonons.”® Therefore, it is not reasonable to directly compare the
temperature dependence of the tunneling ESEEM investigated
here with the aforementioned spin systems. If the general features
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of the phonon-coupling model** apply analogously to local modes
in glasses, our results suggest dominance of the shaking term
below 60 K. This term modulates the orientation of the rotational
potential and reduces tunnel splitting, corresponding to an
apparently higher barrier. Interpreting the results above 60 K in
terms of the phonon-coupling model would mean that the
so-called breathing term dominates. This term modulates the
strength of the rotation potential and causes an increase in
tunnel frequency, corresponding to an apparently lower barrier.
Below we shall discuss a different possible explanation for the
behavior above 60 K. For the individual temperature-dependent
distributions of H-mNOHex in OTP the sudden decrease in the
average rotation barrier already appears at temperatures higher
than 50 K (Fig. 5a). For H-mNOHex in OTP and dOTP, this drop
is observed at different temperatures. This difference might
originate from the longer T, in case of the deuterated matrix,
which enables a clearer separation of the tunneling ESEEM and
matrix-induced decoherence contribution in time, as discussed
above. The negative slope of V;,,(7) above the drop-off tem-
perature is almost identical for all fitting approaches, which
indicates that the same change in relaxation behavior occurs
independent of the matrix. Therefore, this relaxation process is
nitroxide-related and is probably linked to the methyl groups
slowly starting to rotate with increasing temperature (moving
towards the borderline regime defined by Soetbeer et al?).
Between 60 K and 80 K, we suggest an intermediate regime to
describe the decoherence behavior as we observe a competition
between quantum-mechanical and classical methyl group rota-
tion, given that the characteristic frequencies of both processes
match the anisotropic electron-methyl proton hyperfine cou-
pling differences.**® Additionally, the scaling of the methyl
tunneling ESEEM contribution becomes unreasonable for tem-
peratures above 60 K (see Fig. S4-S7 in ESIf), which underlines
that at these temperatures the separation of the methyl tunnel-
ing contribution from the matrix relaxation contribution is no
longer feasible. Hence, for higher temperatures another model
is needed to describe the decoherence characterization of
nitroxides with methyl groups since the tunneling parameters
of our model become unreliable.

To further evaluate the temperature behavior of the methyl
tunneling ESEEM exhibited at low temperatures, we compare
experimental data of the nitroxide with protonated (H-mNOHex)
and deuterated (D-mNOHex, Fig. 3b) methyl groups in OTP.
Deuteration of the methyl groups leads to an increase of the
moment of inertia I of the rotor (because the rotor becomes
heavier) which reduces the energy splitting of the ro-librational
states r of the rotor (see Fig. 1)*> and introduces nuclear quadru-
pole coupling to the spin Hamiltonian.®® Assuming that the
rotation barrier remains the same upon deuteration of the methyl
groups, the DFT-calculated constrained rotation barrier for methyl
group m = 1, given in Table 1, results in a tunneling frequency of
260 kHz and 71 Hz for protonated and deuterated CH;-groups,
respectively. Therefore, the methyl tunneling ESEEM becomes
negligible for deuterated geminal methyl groups in nitroxides
since frequencies in the Hz-range are not resolved on the time
scale of the pulsed EPR-experiment due to dominance of
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decoherence induced by matrix nuclei. Comparing the data
from these two nitroxides allows us to validate our findings of
the different temperature regimes. Therefore, we fitted the two-
pulse ESEEM data of H-mNOHex and D-mNOHex with a SE
model, as if the relaxation only depends on the matrix process
at low temperature. Subsequently, we applied a Hamming
window to the fit residual and performed a spectral analysis
of the residual oscillation by Fourier transformation. We illus-
trate the results in Fig. S11 (ESIf). For D-mNOHex, the SE
model is suitable in the temperature range between 10 K and
50 K, showing that the dominating relaxation process is matrix-
driven. As expected, the spectrum of the fit residual contains
both proton and deuterium ESEEM frequencies. In addition, we
find a small low-frequency contribution around 1 MHz which
becomes larger for temperatures between 50 K and 70 K, but
almost disappears at 80 K. For H-mNOHex, the SE model
describes the Hahn decay traces between 10 K and 60 K insuffi-
ciently, resulting in a strongly oscillating fit residual. Its spec-
trum reveals a contribution at the nuclear ESEEM frequency of
protons. Moreover, in the temperature range between 10 K and
50 K, a low-frequency contribution is not fitted by the SE model,
which has a constant large intensity over the mentioned tem-
perature range. We attribute this contribution to tunneling
ESEEM of the protonated methyl groups of H-rmNOHex, since
its peak lies in the frequency range consistent with the extracted
rotation barrier distributions. Above 50 K, this low-frequency
peak becomes very similar for H-mNOHex and D-mNOHex,
implying that its origin is no longer methyl tunneling. This
semi-quantitative analysis validates the discussed temperature
range in which methyl tunneling ESEEM can be observed and
analyzed in a protonated matrix. We expect the same observa-
tions for H-mNOHex and D-mNOHex in a deuterated matrix.

5 Conclusion

We have introduced the MQR model to describe the low-
temperature Hahn echo/two-pulse ESEEM data of pyrroline-
nitroxides featuring two pairs of geminal methyl groups in
glassy matrices. Besides the slow, matrix-driven decoherence,
the MQR framework models the faster signal contribution in
terms of methyl tunneling ESEEM of M methyl groups coupled
to an electron spin. Moreover, the model takes into account
different local environments present in a glassy system by a
distribution of rotation barriers representing the methyl group
ensemble in the sample. Thereby, we successfully inferred
rotation barrier distributions related to the methyl tunneling
ESEEM contribution in the two-pulse ESEEM data of H-mNOHex
under different experimental conditions.

Firstly, we have demonstrated the independence of the
tunneling ESEEM signal from the magnetic field and matrix
deuteration at low temperatures, both of which are character-
istic for the tunneling process. We have shown that the inferred
distribution of rotation barriers must be interpreted with care,
since methyl tunneling is not the only process that induces
ESEEM-related features in the Hahn echo decay. For a robust
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inference of the rotation barrier distributions, we recommend
matrix deuteration as this measure prolongs the phase memory
time, thereby prohibiting a damping of the methyl tunneling
ESEEM associated with the faster matrix-induced decoherence
observed in case of a protonated glass former.

Secondly, we have investigated the temperature dependence of
methyl tunneling between 10 K and 80 K by comparing extracted
rotation barrier distributions from two-pulse ESEEM data. Com-
parison of the phase memory times obtained from fits with the
SE, SSE and the MQR model for the Hahn echo decay signal
showed that T;, extracted with the MQR model coincided with
Tm,» of the SSE model up to ~50 K and started agreeing with the
SE model at temperatures above 50 K. Upon increasing the
temperature from 10 K to 60 K, a narrowing of the Gaussian
rotation barrier distribution was observed, which we attributed to
an increase in free volume in the glassy matrix. Future investiga-
tions will need to assess the sensitivity of the tunneling ESEEM,
L.e. of the rotation barrier distribution, to its local environment, in
particular regarding the influence of different glass formers.
Moreover, for temperatures above 50 K and 60 K for protonated
and deuterated matrix, respectively, a sudden decrease of the
rotation barriers occurs, which we rationalized as a crossover
regime from quantum mechanical to classical rotation of the
methyl groups. This temperature behavior differs from the one
observed in previous studies on crystalline samples,'®** indicat-
ing different coupling of methyl tunneling to matrix vibrations in
glassy samples. In the temperature range between 10 K and 50 K,
where the methyl tunneling ESEEM is an important contribution
to the Hahn echo/two-pulse ESEEM signal, we validated the
MQR-based assessment by an independent, semi-quantitative
approach. To this end, we performed a spectral analysis of the
fit residual when describing the Hahn echo decay by an SE model.

We believe methyl tunneling ESEEM to be an interesting
phenomenon for applications beyond relaxation studies. The title
of this work already implies that methyl tunneling contributes to
the observed electron spin decoherence of nitroxides but methyl
tunneling ESEEM itself is a coherent phenomenon which con-
tains valuable information of the methyl groups’ local environ-
ment. At sufficiently low temperatures the tunneling frequency of
quantum rotors is theoretically tractable and detectable by coher-
ent manipulation of the electron spin with pulsed ESEEM experi-
ments. Therefore, we do not believe the fast decaying contribution
in the two-pulse Hahn echo signal to be attributable to a
decoherence process of the spin system. In the future, a mathe-
matical framework should be established to interpret methyl
tunneling ESEEM in other experimental techniques that coher-
ently excite and detect this quantum-mechanical effect. Since the
methyl groups’ rotation barriers are sensitive to local environment
changes, future studies based on tunneling ESEEM would offer
access to new exciting types of short range structural information
on nitroxide spin-labelled macromolecules such as proteins.
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