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The addition of conductive additives during electrode fabrication is standard practice to mitigate a low intrinsic
electronic conductivity of most cathode materials used in Li-ion batteries. To ensure an optimal conduction
pathway, these conductive additives, which generally consist of carbon particles, need to be in good contact
with the active compounds. Herein, we demonstrate how a combination of pulsed electron paramagnetic
resonance (EPR) relaxometry and inverse Laplace transform (ILT) can be used to study such contact. The
investigated system consists of PTMA (poly(2,2,6,6-tetramethylpiperidinyloxy-4-ylmethacrylate)) monomer
radicals, which is a commonly used redox unit in organic radical batteries (ORB), mixed at different ratios with
Super P carbon black (CB) as the conductive additive. Inversion recovery data were acquired to determine
longitudinal (T) relaxation time constant distributions. It was observed that not only the position and relative
amplitude, but also the number of relaxation modes varies as the composition of PTMA monomer and CB is
changed, thereby justifying the use of ILT instead of fitting with a predetermined number of components. A
hypothesis for the origin of different relaxation modes was devised. It suggests that the electrode composition
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1 Introduction

Improving the energy density of Li-ion batteries is of vital impor-
tance for meeting next-generation energy storage needs."” A com-
monly proposed solution is to reduce the amount of inactive
components such as conductive additives or binders in the
battery.> Conductive additives are necessary to improve the bulk
electronic conductivity of electrodes, since most of the electrode
materials utilised in Li-ion batteries exhibit low intrinsic electronic
conductivity." However, since the conductive additives do not
contribute to the capacity of the battery in most cases, the amount
of additive in the electrode needs to be optimised. This aspect is
particularly crucial for advancing sustainable battery technologies,
such as organic radical polymer batteries (ORB),” where conductive
additives are used in significant amounts.®” ORB cathodes with up
to 70 wt% of conductive additive have been reported.® For instance,
PTMA (poly(2,2,6,6-tetramethylpiperidinyloxy-4-ylmethacrylate)), a
commonly employed radical polymer, exhibits limited electrical
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may locally affect the quality of electronic contact between the active material and carbon black.

conductivity and requires up to 50 wt% of conductive additive for
optimal performance.”*°

Electrochemical performance of ORBs utilising PTMA as
the active material is significantly affected by the type and
amount of conductive additive used,"*™* highlighting the need
for optimisation of electrode composition. The electron trans-
fer mechanism in PTMA based ORBs involves a two step
process - electron transfers between the redox active units
on the polymer backbone, and electron transfer through the
conductive additive.’* A continuous conduction pathway
between active material, conductive additive, and current col-
lector is necessary for electrochemical accessibility and high
electronic conductivity. In particular, interfacial contacting
between redox active units and carbon additives may be a
conductivity bottleneck'"" that has been shown to influence
the overall battery performance.'®'” For ORB active materials
that feature an insulating polymer backbone, such as PTMA, a
disruption in the contact at the interface between current
collector and conductive additive can be caused by the polymer
backbone itself, leading to low intrinsic conductivity.'*'® Inves-
tigating the electronic contact between the active material and
the conductive additive could reveal conductivity bottlenecks
and aid in optimising the electrode composition. Therefore, a
generally applicable technique to study such contact in compo-
site electrode materials is desirable.
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Electron paramagnetic resonance (EPR) is a spectroscopic
technique to investigate the environment and dynamics of
unpaired electrons in materials. Since the redox states in batteries
often involve unpaired electrons, EPR can be utilised to investigate
these systems. With respect to battery materials, continuous wave
(CW) EPR is often used to confirm the presence of unpaired
electrons and for quantification of radical density.>***° Moreover,
pulsed EPR techniques,**>* in operando CW EPR* and EPR
imaging®®”” for battery research have also been demonstrated.
PTMA based ORBs consist of nitroxide radicals as the redox active
unit, which are well-characterised using EPR*® at low concentra-
tions. EPR spectroscopic investigations of PTMA mainly utilise CW
EPR techniques, as densely packed nitroxide radicals make the
application of advanced EPR techniques challenging. Due to spin
exchange interaction between the radicals,? the EPR line broadens
initially and starts narrowing after exceeding the slow exchange
limit, leading to a loss in resolution of N hyperfine features. High
spin concentration and spatially close nitroxide radicals on the
polymer chain also lead to shortening of the relaxation times,
making the system less amenable to pulsed EPR techniques.

For ORBs with nitroxide radicals as redox units, in situ*® and
in operando®® CW EPR have shown the presence of electro-
chemically inactive radicals on the cathode film. The presence
of such inactive redox centres, which do not undergo a change
in their redox states while charging or discharging, inhibits
the maximum attainable capacity of the ORB. The formation of
inactive redox centres in the cathode film could be a result of
disruption in contact between the conductive additive and the
active material during battery cycling,** disabling the isolated
radicals from participating in the electrochemical reaction. In
this case, insight into the distribution of these inactive radical
centres and their interaction with the conductive additive could
help in identifying important capacity-loss pathways.

The distribution of paramagnetic centres (aggregated or
sparsely distributed) and their interaction with the environment
can be accessed through their spin relaxation behaviour.*>?*
Measurement of the spin-lattice relaxation time constant, T;, is
mainly done using inversion or saturation recovery techniques. In
saturation recovery, the populations of all EPR levels are equalised
with a long microwave excitation, followed by a detection
sequence that measures the recovery of equilibrium magnetisa-
tion. Inversion recovery uses a m pulse to invert the longitudinal
magnetisation, and after a variable delay a spin echo sequence is
used to monitor its recovery towards equilibrium.

In addition to true 7; relaxation, which involves an exchange of
energy between the spin system and its environment (lattice),
apparent relaxation may also contribute to relaxation measure-
ments. In an inversion recovery experiment of samples with a
broad EPR spectrum, the bandwidth of the microwave pulse may
only suffice to excite a small fraction of spins. Processes such as
molecular motions, electron spin exchange and spin flip-flops of
nearby spins can transfer magnetisation to spins which are not
directly excited, leading to apparent relaxation through spectral
diffusion. Spectral diffusion is known to contribute primarily to
inversion recovery, but saturation recovery is only unaffected when
using saturation sequences with a duration on the order of T,.*!
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In this work, inversion recovery, which offers a higher sensitivity
than saturation recovery, is used to obtain 7} relaxation curves.

Different paramagnetic species exhibit varied relaxation
behaviour.>®> While nitroxide radicals represent a spin system
with localised unpaired electrons, conductive additives such as
carbon blacks may have contributions from both localised para-
magnetic defect centres and mobile conduction electrons,*®*”
allowing the use of EPR techniques for their characterisation.*®™**
Conduction electrons and nitroxide radicals can be distinguished
according to their line shape,*** but also differ in their relaxation
characteristics. In case of conduction electrons, T; ~ T, is often
found.***** For immobilised nitroxide radicals, T; >» T, is
commonly observed.”*® In mixed electronic systems, such as the
ones investigated in this work, exchange interactions between
localised and delocalised electrons serve as an efficient relaxation
pathway for the localised electrons.”’° Nitroxide radicals that
interact with faster relaxing electron spins in their vicinity have
been reported to undergo similar relaxation enhancement through
exchange or dipolar interactions,”** enabling the determination of
parameters such as inter-spin distances.”® The interaction strength
of a nitroxide radical with a carbon black conduction electron,
therefore, can be inferred from the relaxation enhancement of the
nitroxide radical.

The microscopically heterogeneous nature of nitroxide
based active material and carbon black composite samples,
with potentially varying grades of contact quality, may cause a
distribution of relaxation time constants rather than a single
relaxation time. In order to obtain relaxation time distributions,
inversion algorithms are suitable, especially in cases where
the number of relaxation components is unknown. In order to
stabilise the solution of such an inversion, regularisation tech-
niques such as Tikhonov regularisation can be employed.

While Tikhonov regularisation is widely used in EPR for
the calculation of distance distributions,® it has not found
widespread application for the analysis of relaxation data. Since
most time-domain EPR relaxation studies are conducted on
solid samples, negative contributions in the distribution cannot
be excluded a priori.>>>® Therefore, the commonly used non-
negativity constraint to stabilise the ill-posed inversion with
exponential kernel®””® may lead to inaccurate or unstable results.
Employing a conventional fitting technique using, for example, a
mono-exponential, stretched exponential, or multi-exponential
model, proves more robust and simpler to implement.”® However,
a combination of a uniform penalty regularisation, which is less
prone to wildly oscillating solutions of inversions with exponential
kernel than Tikhonov regularisation in standard form,*”® and a
zero-crossing penalty proved to be a suitable alternative.®!
Thereby, uncertainty of the results is represented as linewidth.*?
The aim of the inversion is to find the broadest possible relaxation
modes that fit the experimental data without showing non-
random, systematic residuals.®®

Herein, we demonstrate the use of pulsed EPR relaxometry
in combination with Laplace inversion, or inverse Laplace
transform (ILT), to study the quality of electronic contact in a
composite electrode system. The composite system consists of
PTMA monomer, shown in Fig. 1, as the active material, and
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Fig.1 Chemical structure of PTMA monomer.

Super P carbon black (CB) as the conductive additive. Super P
mainly consists of spherical carbon particles that form a
conductive network within the composite electrode.®*** The
PTMA monomer to CB weight ratio (PMCR) was varied system-
atically in the composite samples. Continuous-wave (CW) EPR
was used to identify the number and distribution of para-
magnetic centres, and pulsed EPR was employed to probe the
relaxation characteristics of the active material. Laplace inver-
sion of the relaxation data was used to afford relaxation
distributions and establish correlations between the composi-
tion and the quality of PTMA monomer-CB contact.

2 Experimental
2.1 Sample preparation

Composite samples of PTMA (poly(2,2,6,6-tetramethylpiperi-
dinyloxy-4-ylmethacrylate)) monomer (Sigma Aldrich, Germany)
and Super P carbon black (Alfa Aesar, Germany) were prepared
by adding nitroxide solutions in toluene to the Super P powder.
The amount of solution added to CB was kept constant at 100 puL
for all samples. The nitroxide concentration was adjusted to
obtain the desired weight ratios. The samples were then dried at
60 °C for two weeks in an oven under air, followed by crushing
the samples using a mortar and pestle to obtain a fine powder.
The powder samples were transferred to 2 mm outer diameter EPR
tubes and filled to a height of 30 mm. The ‘wet’ composite samples
were obtained by adding 50 pL of toluene to dried composite
samples within the EPR tube. The EPR tube was left undisturbed
until the solvent fully permeated and soaked the sample.

2.2 EPR spectroscopy

X-Band CW EPR spectra were recorded using a Bruker Elexsys
E540 EPR spectrometer operating at 9.33 GHz. The spectra were
recorded at room temperature as first derivatives of the absorp-
tion function, with a field modulation amplitude of 0.05 mT,
modulation frequency of 100 kHz, and microwave power of
0.6325 mW. All pulsed EPR experiments were conducted on a
Bruker ELEXSYS E580 X-band spectrometer with a Bruker EN
4118-X-MD4 pulse ENDOR resonator. The temperature was
maintained at cryogenic levels with a helium cryostat (Oxford
Instruments, CF935). For experiments at cryogenic temperatures,
the samples were flash frozen using liquid nitrogen and then
inserted into the cryostat. The m/2 and = pulse lengths were set to
16 ns and 32 ns respectively. Field swept echo detected EPR
spectra were acquired using a standard two-pulse Hahn echo
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sequence with an inter-pulse delay 7 of 200 ns. For T; measure-
ments, an inversion recovery sequence (n-tg-n/2-t-n-t—-echo)
with a 4-step phase cycle®® was used. t was kept at 200 ns and
the initial delay ¢ after inversion was set to 400 ns, which was
incremented linearly in steps of 1.5 ps to obtain an inversion
recovery time trace with 512 points.

2.3 Laplace inversion

T, relaxation time distributions were obtained using Laplace
inversion with an exponential kernel, where the measured
signal s; of the k™ recovery data point was represented as

M
IR k
5= e (1% e 1)
=0 ’

Ty, with [ > 0 is the ™ element of a user-selected, logarith-
mically spaced relaxation time vector of size M, and Ty o ' = 0
represents the equilibrium baseline signal obtained for infinite
recovery delays, tx — oo. g; are the elements of the fitted
relaxation time distribution vector g. For the inversion of
eqn (1), a uniform penalty regularisation and an additional
penalty for zero-crossing of the density function is used instead
of a non-negativity constraint to stabilise the result. Para-
metrization was done without adjustable parameters by match-
ing the norm of the regularisation parameter with an estimate
of the norm of the random noise of the data. Details of the
algorithm and parametrization are as described elsewhere.®'
Prior to inversion, the noise level was estimated by subtracting
a linear fit of data points near the end of the ¢z time trace. The
raw data was then scaled to unity variance using the estimated
noise level. Inversion recovery curves may exhibit non-zero
baselines, which may be interpreted by the algorithm as a slow
relaxing component. This artefact manifests in the obtained
relaxation distribution as peak with a long relaxation time
constant. In the relaxation distributions shown in this work,
this baseline artefact is avoided by adding an additional data
point to the time trace and fitting the baseline as a single value.
Laplace inversion was performed using home-written scripts
that were run on Octave 6.4.%

3 Results and discussion
3.1 CW EPR

Fig. 2a shows the CW EPR spectra for a series of PTMA
monomer-CB composite samples. The ratios on the right edge
of each spectrum denote the PTMA monomer to CB weight
ratio (PMCR). Hereafter, the composite samples are referred by
their respective PMCR. The topmost spectrum is the one of neat
CB (marked as Super P). The CB spectrum is characterised by a
symmetrical Lorentzian line with g =2.0023 and a peak-to-peak
linewidth of AB = 0.54 mT. The line narrows to 0.35 mT upon
treatment with solvent or evacuation. Exchange interaction of
CB electrons and paramagnetic molecular oxygen causes the
EPR line of CB to broaden, and treatment with solvent displaces
the paramagnetic oxygen from CB surfaces, resulting in a
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Fig. 2 X-Band (9.33 GHz) continuous wave EPR spectra of composite samples acquired at 295 K with a modulation amplitude of 0.05 mT and
modulation frequency of 100 kHz. Ratios on the right edge of each spectrum denotes the PMCR. (a) EPR spectra of composite samples with varying
PMCR compared to neat CB (Super P). The dashed line denotes the contribution from the nitroxide species. (b) Comparison of EPR spectra of wet (cyan)
and dry (black) composite samples. The characteristic three line EPR spectrum of the nitroxide species is observed (feature at g = 2.015).

narrower line. Similar behaviour of the EPR line has been
reported for various carbon blacks.*¢%%#

In comparison to neat CB, the spectra of composite samples
showed a narrower linewidth of AB = 0.35 mT for the CB
component, indicating that the CB conduction electrons do not
undergo exchange with paramagnetic oxygen in these samples.
This suggests that CB interfaces in the composite samples are not
exposed to molecular oxygen, possibly due to residual solvent
or being coated by the PTMA monomer. For the nitroxide
component, a broad EPR line was observed in 2: 1, owing to spin
exchange interactions between nitroxide radicals. This is indica-
tive of densely packed nitroxide radicals. The intensity of this
broad nitroxide component decreases as the relative amount of
PTMA monomer decreases, and it is resolved to a lesser extent in
1:1. For composite samples with a higher relative amount of CB
than 1:1, the nitroxide component was not resolved. For PMCR of
1:6,1:20 and 1: 30, the spectral features were similar to a PMCR
of 1:2, and only the contribution from CB was resolved.

The broadening of the nitroxide EPR line in 1:1 and the
absence of a resolved nitroxide component for samples with a
higher relative amount of CB could be a result of relaxation rate
enhancement of nitroxides in the immediate vicinity of CB.
The linewidth in CW EPR spectra is dependent on relaxation,
where a short spin-spin relaxation time 7, leads to EPR
line broadening. Stochastic collisions between paramagnetic
centres is known to cause relaxation enhancement through spin
exchange interaction.>**® In the composite samples, relaxation
enhancement of the nitroxide radicals could be afforded through
frequent encounters with mobile conduction electrons of CB,

12770 | Phys. Chem. Chem. Phys., 2023, 25,12767-12776

shortening the longitudinal relaxation time T} due to exchange
interactions.*>*® In polymer-CB composites, electron conduc-
tion has been explained by tunnelling with potential-barrier
modulation at low temperature and, possibly, thermal activation
over the potential barrier at high temperature.®® Both mechan-
isms critically depend on a close spatial vicinity of the two types
of paramagnetic centres. This indicates a preferential surface
coverage of the CB particles with PTMA monomer rather than
the formation of PTMA monomer clusters in the 1:1 sample and
samples with higher relative amount of CB. In contrast, in the
2:1 sample, some fraction of densely packed nitroxides seem to
be present that are sufficiently isolated from the CB, such that the
relaxation is slower and the nitroxide component can be resolved.
In a different context of a Gd3+-doped mixed LiYb,Y; ,F, single
crystal with varying ratios of diamagnetic and paramagnetic Yb**
centres in the host crystal, a comparable line broadening beyond
detectability had been explained by the formation of an exchange
percolation network through the crystal by the paramagnetic
centres.”’

In order to confirm that the absence of the nitroxide compo-
nent was not a result of a chemical change of the radical centre
due to the heat treatment (see Sample preparation) or the
addition of CB, solvent was re-introduced to the dry composite
samples. Upon addition of solvent, ‘wet’ 2 :1 (see Fig. 2b) showed
a narrower linewidth of the nitroxide EPR component, consistent
with a reduced contact between the nitroxide radicals and the CB
in the presence of a solvent. In 1:1 and in samples with a higher
relative amount of CB (see wet 1:2 spectrum in Fig. 2b), a
characteristic three-line spectrum of nitroxide was observed.

This journal is © the Owner Societies 2023
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The results indicate that the nitroxide radical centres remain
chemically intact in the composite sample, but the relaxation
properties are considerably altered by the CB.

3.2 Pulsed EPR

Pulsed EPR was employed to characterise the relaxation beha-
viour of the PTMA monomer in the presence of CB. For all the
composite samples investigated, a spin echo from the nitroxide
component was obtained only below 60 K. No spin echo was
obtained at the same experimental conditions for the neat CB
sample. Field-swept echo detected EPR spectra for composite
samples recorded at 50 K were typical of immobilised nitroxide
radicals”" (Fig. 3). For the same t delay, the relative intensity of
the central m; = 0 transition compared to m; = 1 and m; = —1
transitions was found to decrease as the amount of nitroxide in
the composite sample was increased. This effect is attributed to
instantaneous diffusion,*”>”’* which is proportional to spin
concentration and is indicative of a network of dipole-dipole
coupled spins.** Since dipole-dipole coupling is distance
dependent, the spectral shape of echo detected spectra is
dependent on the packing density of the nitroxide radicals in
the composite sample.

The echo detected spectral shape for 2: 1 is consistent with a
dense packing of nitroxide radicals, while the nitroxides are
spatially more distant in 1:2. For a PMCR of 1:6, 1:20 and
1:30, the spectral features were similar to that of 1:2.

A distinction between different nitroxide components as a
result of a variation of spin exchange with CB was not apparent
from the EPR spectrum directly. Comparing 1:2 and 1:20 in
Fig. 3, the spectral shape of the nitroxide was preserved. Since
in the strong exchange limit a nitroxide radical in the vicinity of
a faster relaxing paramagnetic species will have a relaxation

1T 1 1T [ rr 11 rrrr T rrrfrrrr

e oo by oy o vy by by

347.5 350.0 352.5 355.0
Magnetic Field [mT]

Fig. 3 Field-swept echo-detected X-band EPR spectra of PTMA mono-
mer/Super P composite samples at 50 K. The ©/2 and = pulse lengths were
set to 16 ns and 32 ns, respectively. Echo-detected EPR spectra with © =
200 ns of samples with PTMA monomer-to-Super P ratio of 2: 1 (blue), 1: 2
(black), and 1:20 (green). Spectra are normalised to the amplitude of the
central line. The spectral shape was similar for the 1:2 and 1: 20 samples.
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rate approaching that of the fast-relaxing species,”® the sudden
observation of an echo from nitroxide radical even down to a
PMCR of 1:30, while the CB species is still not observable, may
hint at a reduced exchange interaction between CB conduction
electrons and nitroxide radicals. Such an explanation is con-
sistent with a reduced electron tunnelling rate at lower
temperature.®® Nonetheless, exchange is not expected to be
quenched completely, hence T; relaxation may be a sensitive
probe for the contact between CB and nitroxides.

Inversion recovery experiments for measuring T; were con-
ducted at the field position of maximum intensity. T; aniso-
tropy was studied for the 2:1 sample, using Laplace inversion
along the recovery dimension and regularisation along both
dimensions.”> Only a minor field dependence of T; was
observed (see Fig. S3, ESIT). Fig. 4 shows the inversion recovery
time traces for composite samples with varying PMCR. T
increases as the composition is changed from 2:1 to 1:2 and
starts decreasing after 1:2. In 2: 1, due to the dense packing of
nitroxide radicals, the dominant contribution to relaxation is
expected to be spin interactions between the nitroxide radicals,
which account for the majority of the lattice. In addition, the
relaxation curve might contain contributions from spectral
diffusion processes,’® which are prominent in aggregated spin
systems with small inter-spin distances such as in 2: 1. Spectral
diffusion tends to shorten apparent spin-lattice relaxation
times.”>”>7® As the nitroxides get more dispersed through
the carbon lattice in 1:2, the aforementioned contributions
decrease and T, increases from 2:1 to 1:2. The increase in T}
from 2:1 to 1:2 indicates that at high PTMA monomer content,
the majority of nitroxide radicals exhibit relaxation that is influ-
enced by nitroxide-nitroxide contact. Decreasing the number of
nitroxide-nitroxide close contacts or increasing the distance slows

1.0 .
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> [ |
G [ i
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g f — 16 ]
£ [ |
o5k — 12 |]
-05F -
i — 111 |
[ — 211 |]
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Fig. 4 Comparison of inversion recovery time traces for varying ratios of
PTMA monomer to Super P, acquired at 50 K. The 1: 30 composite sample
shows the fastest T; relaxation. While field-swept echo-detected EPR
spectra of 1:2 and 1:20 were similar, T; relaxation shows a significant
difference. For comparing relaxation curves from different composite
samples, inversion recovery data were scaled between —1 and 1.
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the relaxation down. For 1:6, where CB accounts for most of the
lattice, a further increase in dispersion of nitroxide radicals does
not lead to a slower relaxation, suggesting that the nitroxide
radicals are well-separated and a different relaxation mechanism
dominates. The faster relaxation observed in 1:6 compared to
1:2 indicates a more efficient energy transfer between spin
system and the lattice. From the perspective of CB, the conductive
network is dependent on the inter-particle contact,*”” which
improves as the PTMA monomer is more dispersed, allowing
the formation of more continuous conduction pathways and a
better dissipation of energy through the lattice. As the PTMA
monomer-CB contact improves further in samples with PMCR
below 1:6, T; decreases further.

The change in relaxation trend from 1:2 to 1:6 shows that
the dependence of relaxation on sample composition is not a
simple monotonic correlation with the amount of CB. If the
distribution of PTMA monomer within the CB lattice is non-
uniform, the presence of distinct PTMA monomer populations
differing in their contact quality with CB within the same
composite sample is also possible. As evident when comparing
relaxation curves of 2:1 and 1:30, relaxation of the nitroxide-
nitroxide contact dominated system is significantly different
from a system where nitroxide-CB contact is dominant. There-
fore, a variation in the quality of PTMA monomer-CB contact
may become apparent as a distribution in relaxation times.

3.3 Laplace inversion

In order to obtain relaxation time distributions from time
domain inversion recovery data, ILT was conducted. The pos-
sibility of multiple relaxation environments in the investigated
system makes ILT an apt tool to be used here, as relaxation time
distributions can be obtained without assuming the number of
relaxation components. Fig. 5 shows the T, relaxation time
distributions obtained using ILT with an exponential kernel.
The T, distributions did not show any physically implausible
features or systematic artefacts, and the residuals from fits were
representative of random noise devoid of any apparent sys-
tematic features (see Fig. S1 in the ESI{). The absence of non-
random features in the residuals indicates that the chosen
kernel is compatible with the data, and that Laplace inversion
is able to accurately extract all the features contained in the data
from the inversion recovery experiment. Exchange features, such
as contributions with a negative sign, were not apparent in the
distributions, albeit exchange cannot be excluded either.”> While
the use of a non-negativity constraint is not justified a priori®® in
case of solid-state samples where exchange or cross-relaxation
may be expected, the investigated system showed no significant
differences when a non-negativity penalty was used (see Fig. S4,
ESIT).

The distributions indicated at least two distinct relaxation
components for each composite sample except maybe for 1: 30,
where the obtained distribution was asymmetric yet not
obviously multi-component. For all the other samples, T; of
the two components differed by at least an order of magnitude,
ranging from 70 ps to 380 ps for the slow relaxing component
and from 1 ps to 20 ps for the fast relaxing component. In order
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1:20

1:6

1:2

1:1

2:1

log(T1/us)

Fig. 5 Relaxation time distributions (black) for varying PMCR. Inversion
recovery experiments were conducted at 50 K. T; data were inverted using
an exponential kernel to obtain the distributions. Labels on the right edge
denote the PTMA monomer-to-Super P weight ratio. The distributions
were fit (orange) to Gaussian functions in log space. Refer to text for the
discussion on individual components 1 (blue), 1’ (light blue), 2 (brown), 2’
(green) and 3 (red).

to derive mean relaxation time constants and amplitudes
(Fig. 6), the distributions were fit using Gaussian functions in
log space. Integrals from the Gaussian fits were utilised for
determining the relative weight of different relaxation compo-
nents (Fig. 6a). Composite samples with PMCR of 2:1, 1:1,
1:20 and 1:30 could be satisfactorily fit with a two-Gaussian
model, while a three-Gaussian model was required for 1:2 and
1:6. Nonetheless, these fits only represent an effective approxi-
mation and care must be taken when attempting a physical
interpretation.

The qualitative relaxation trend observed from the inversion
recovery curves were largely followed by both (or all three)
components, with an initial increase in 7; from 2:1 to 1:2,
followed by a plateau until 1: 6 and then a decrease down to 1: 30.

In changing the composition from 2:1 to 1:30, the lattice
changes from a nitroxide dominated environment in 2:1 (CB-
in-PTMA monomer, where the PTMA monomer forms a perco-
lation network) to a CB dominated environment in 1:30 (PTMA
monomer-in-CB, with Super P forming a percolation network).
In-between, a mixture of PTMA monomer and CB is formed,
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Fig. 6 T values and integrals obtained by fitting relaxation time distribu-
tions with Gaussian functions in log space. The categorisation into differ-
ent components, indicated by colours and numbers in the legend, is
empirical; it is used to address the contributions in the main text. (a)
Integrals of relaxation components shown in Fig. 5. (b) T; values of
relaxation components obtained from the mode of Gaussian fits shown
in Fig. 5.
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where both species form local clusters of variable size. This
segregation into three different types of composition appears
also reproduced in the relaxation time distributions.

At a high CB content of 1:30 and 1:20, with good contact
between PTMA monomer and CB as discussed above, PTMA
appears to occupy two different environments, labelled 1 and 1’
in Fig. 5 and 6, with different relaxation properties. Possible
environments may be in-pore and ex-pore CB surfaces, another
option could be graphitic and amorphous surface regions.”
However, the qualitative nature of the T; distribution analysis
with Gaussian modes becomes apparent when comparing
the result for the 1:20 sample at 50 K and at 30 K (Fig. 7). At
30 K, the 1:20 distribution appears to contain three overlapping,
but distinguishable relaxation modes. Even at this reduced tem-
perature, fast relaxation components with 7; < 20 ps are visible,
consistent with an intimate contact between PTMA monomer
and CB.

As the PMCR increases to 1: 6, the two fast relaxing compo-
nents at 50 K cannot be clearly distinguished anymore, and
they are fitted by a single, broadened Gaussian mode centred at

This journal is © the Owner Societies 2023
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Fig. 7 Comparison of relaxation time distributions for PTMA monomer to
Super P ratios of 1:2 and 1:20. Inversion recovery experiments were
conducted at 30 K and T; data was inverted using an exponential kernel to
obtain the distributions.

~4 ps (labelled 1 in Fig. 5 and 6). This may hint towards a
differentiation between graphitic and amorphous regions by
PTMA, which is expected to blur as the CB surface gets fully
covered with PTMA monomer. At the same time, two consider-
ably more slowly relaxing components (3 and 2') with T; values
ranging from 95 to 400 ps appear. Notice that only in the
intermediate PMCR range two Gaussian components are neces-
sary to obtain an adequate fit of the slowly relaxing part of the
T, distribution, yet the distribution itself does not show distin-
guishable features. However, the 1:2 sample at 30 K (Fig. 7)
does show distinguishable modes, hence a different physical
origin for the three Gaussian components appears plausible.
A possible explanation could be the formation of a second PTMA
monomer layer without direct contact to the CB. Exchange with
CB would be indirect, hence reduced, via the directly adsorbed
layer. On the other hand, in the absence of extended nitroxide
clusters showing bulk-like dipole-dipole interaction, which are
amplified by spatial correlation of PTMA monomer orientations,
also relaxation mediated by interactions with other nitroxides is
reduced. The formation of such an intermediate layer on top of
adsorbed surface PTMA monomers, but without full contact to
bulk-like extended nitroxide clusters, could be analogous to
structures found for ionic liquids on CB surfaces.”” Such a layer
may show significantly different physical properties compared to
adsorbed nitroxides as well as bulk-like nitroxide clusters.

At a high PTMA monomer content, relaxation becomes
dominated by dipole-dipole interaction between nitroxide
radicals that form extended bulk-like clusters. The slowly
relaxing components could not be distinguished in samples
with high PTMA monomer content (2:1 and 1:1) and are fit
using a single Gaussian mode at ~70 us, (component 2 in
Fig. 5 and 6). At the same time, the adsorbed layer on CB still
persists, as evidenced by the sustained presence of a relaxation
component with 7; < 10 ps. Since it can be expected that the
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bulk-like clusters show some local order, more effective paths
for spectral spin diffusion may exist, which affect the observed
T; relaxation rates and prevent a classification of the observed
changes in relaxation time distributions at high PTMA mono-
mer content.

Nonetheless, the results for the different samples suggest
that the relaxation of each species is influenced by multiple
relaxation processes. However, as evidenced by the large difference
in relaxation time values, the relative weight of their contribution to
the relaxation of each component differs. Within a composite
sample, PTMA monomers in good contact with CB relax faster
and are less sensitive to changes in the extent of nitroxide disper-
sion or nitroxide-nitroxide contact. In contrast, PTMA monomers
that exist in densely packed clusters seem to relax more slowly and
are more sensitive to changes in nitroxide dispersion.

Nitroxide-nitroxide contact could also be monitored using
spin-echo dephasing rates, T\, which show an increase as the
relative amount of nitroxide in the composite sample is
decreased (see Fig. S5, ESIt). However, the contrast was not
as pronounced as for T and, while a qualitative correlation was
observed, the general validity of T, as an alternative parameter
for investigating the proposed interactions would have to be
investigated on a sample-by-sample basis due to the presence of
considerable ESEEM (electron spin echo envelope modulation)
oscillations.”® To prevent overfitting, a weighted ILT using the
amplitude of the ESEEM modulations as non-uniform weights
was employed.®

A schematic model for the composite system based on the T;
relaxation distributions is shown in Fig. 8. Different relaxation
regimes corresponding to different degrees of PTMA mono-
mer-CB contact are identified. The fastest relaxing component
is attributed to well dispersed PTMA monomer in good contact
with CB (Fig. 8a, denoted with a blue outline) that forms a
percolation network. In contrast, Fig. 8c shows extended nitr-
oxide clusters (brown) showing a weak contact with dispersed
CB particles. The system shown in Fig. 8c represents CB in a
percolation network of PTMA monomer. Fig. 8b shows smaller
clusters of both PTMA monomer (red) and CB. The slowest
relaxing component is attributed to these smaller clusters
of PTMA monomer that are neither part of an extended
PTMA monomer cluster nor in direct contact with CB. The
fastest relaxing component at intermediate PMCR represents
the primary adsorbed layer (blue) of PTMA monomer in direct
contact with CB while an additional layer (green) which builds
on the primary layer is attributed to PTMA monomer in an
indirect contact with CB. A similar analysis based on T;, data
was not feasible due to the presence of ESEEM (electron
spin echo envelope modulation) oscillations (see discussion
in ESIT).

The relaxation time constant distributions followed the
same trends at 30 K, and a better resolution of the relaxation
components was observed than at 50 K (see Fig. S2, ESIt). An
improved resolution in the relaxation time distribution at lower
temperature is likely due to different temperature dependen-
cies of the relaxation components and further reinforced by the
higher signal-to-noise ratio.
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C)] (b) (c)

Fig. 8 Proposed model for the PTMA monomer—Super P (black, filled
circles) composite systems based on the relaxation distributions obtained
using ILT. Different relaxation regimes are identified corresponding to
different degrees of PTMA monomer—-CB contact. The colours are qua-
litatively related to the corresponding species in Fig. 5 and 6. (a) Composite
sample with high CB content showing PTMA monomer in a percolation
network of CB. PTMA monomer in good contact with CB is denoted as a
blue surface layer on the carbon particles. (b) Composite samples in an
intermediate relaxation regime showing smaller clusters of both CB and
PTMA monomer (red) of varying sizes. PTMA monomer in indirect contact
with CB is denoted as a green layer on top of the adsorbed primary layer in
blue. White pores represent EPR silent voids, which could either be filled
with air or with residual solvent. (c) Composite sample with a high PTMA
content containing dispersed CB particles in a percolation network of
PTMA monomer (brown). Directly adsorbed PTMA monomer in good
contact with CB (denoted by the blue layer) only represents a minor
fraction of the total PTMA monomer content.

Since the relaxation time modes for the different components
overlap, assignment and separation is not unambiguously pos-
sible. Even though five different labels were used for the fitted
components in Fig. 5, an actual assignment of five components
appears unreasonable. A classification into three different com-
ponents appears more justified, especially when considering the
relaxation results at both temperatures. Furthermore, an exact
Gaussian shape in log space for each of the modes is rather
unlikely, yet such a fit provided a simple basis for the classification
and discussion of the relaxation time distributions. It allowed
rationalising the origin of different relaxation components, and
correlation of the composition with PTMA monomer-CB contact
could be established by following apparent changes in the ILT-
derived relaxation distributions. Therefore, the presented techni-
que appears suitable as an analytical tool to compare different
protocols for sample preparation.

4 Conclusions

The use of pulsed EPR relaxometry combined with inverse
Laplace transform (ILT) was demonstrated to characterise the
contact between PTMA monomer and Super P carbon black in
composite samples with varying PTMA monomer to Super P
weight ratios. Inversion recovery experiments revealed that
sample composition and accessibility of carbon black towards
the PTMA monomer significantly affects the relaxation char-
acteristics of the PTMA monomer. The time domain relaxation
data was inverted using ILT to obtain relaxation time distribu-
tions, enabling the identification of different degrees of PTMA
monomer-carbon black contact. ILT was found to be apt for
detecting changes in the relaxation characteristics of nitroxides
in the presence of carbon black and at different distributions of
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nitroxides within the composite sample. Thereby, pulsed EPR
relaxometry showed a different contrast than CW EPR, making
it a complementary technique to also identify sample changes
that do not lead to an apparent variation in the CW EPR
spectra. Different relaxation components differing by at least
an order of magnitude were evident in the relaxation distribu-
tions and could be monitored for a range of PTMA monomer to
carbon black weight ratios. Our analysis indicates that the
composition of the sample significantly affects the quality of
contact between the PTMA monomer and carbon black. Laplace
inverted pulsed EPR relaxation may serve as a robust tool to
study such contact also in other, similar systems.
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