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Abstract

NMR measurements show that diethyl carbonate (DEC, a solvent with a low dielectric constant)
solutions of LiClO,4 contain (LiClO,), oligomers. The reduction of these species by solvated electrons
and pre-solvated electrons is followed by picosecond pulse radiolysis measurements. The data analysis
shows that several anions absorbing in the NIR and visible range are formed after the 7 ps electron
pulse. In contrast with THF solutions of LiClOy, the anionic monomer (LiClO,)" is not observed in
DEC solutions. This is due to the fact that DEC is a non-polar solvent favoring the clustering of the
monomers in the non-irradiated solution as shown by NMR results, and also due to the instability of
the anionic monomer. The absorption spectra of the anionic dimer (LiClO,),, trimer (LiClO,);” and
tetramer (LiClO,), are clearly observed in NIR and in visible ranges. Compared to the results obtained
for the same system in THF, and in agreement with simulated absorption spectra, the experimental
results show that the absorption bands are shifted to the blue when 7 increases. The kinetics recorded
for the molar LiClO, solution indicate that the solute is only under the form of oligomers (LiClO,),
with a large » value and that the reduced species absorb weakly in the visible. Lastly, and contrarily to
what is known for well separated ions in polar solvents, it is shown that the (LiClO,), anions are not
stable with respect to self-reduction, leading to the decomposition of perchlorate anions. In this
reaction the perchlorate anion ClO, is reduced by the Li atom into a chlorate anion ClO;". This is
proved by the presence of ClO; and of chlorinated species detected by mass spectrometry

measurements in irradiated DEC solutions containing LiClOy.



Introduction

The solvated electron formed in a variety of solvents has an intense optical absorption band and can be
used as a reducing agent to follow the chemical reactivity of many compounds in liquids."® In water,
the hydrated electron is considered to be a strong reducer of metal ions except for earth alkaline (M*")
and alkaline (M") metal ions.” In these latter cases, ion pairings (M, €.q ), characterized by a blue shift
of the absorption band as compared to the band of the hydrated electron in neat water, are observed. For
a given concentration, the amplitude of this band shift depends on the cation charge.” This trend was
also reported in low polarity solvents. In ethers, such as tetrahydrofuran (THF, g, = 7.4), it is known that
for a dilute solution of metal cations, the maximum of the absorption band of e, located at 2200 nm,
shifts significantly towards 890 nm in the presence of sodium salts.'’ The formation of (M", e;) pairs,
observed by microsecond pulse radiolysis, was also supported by ESR measurements in the case of Na',
showing that a “monomeric” neutral species is formed between e, and M"."' These studies were all
performed in dilute solution of metal cations for which M" is not associated with its counter ion.
However, for concentrated solutions of alkaline and earth alkaline metal ions, the situation can be
markedly different. To investigate the formation of transient species in more concentrated solutions of
non-reactive metal cations, picosecond pulse radiolysis measurements of THF solutions containing
decimolar LiClO4 were recently performed. "> It was concluded that the solvated electron scavenger is
not the dissociated metal cation but the salt or even several oligomers of the salt (LiClO,), which are
present in solution and react with the solvated electron to form (LiClO,),” anions. The absorption bands
of the anionic monomer (LiClO,4), dimer (LiClO,),", trimer (LiClO4);™ and tetramer (LiClO4)4 in THF
were obtained by molecular simulations.'” The simulations evidenced also that the Li' ion becomes
reactive when the electron is scavenged by LiClO, and catalyses the reduction of perchlorate by excess

electrons. However, no experimental proof was reported for that statement.

In the present work, the kinetics of the reaction between the solvated electron and LiClO, are
investigated in diethyl carbonate (DEC, C,H;OCOOC,Hs) chosen for two main reasons: first, its
polarity is very low (g = 2.8), even lower than that of THF (g, = 7.4); second, DEC is used in Li-ion
batteries as a co-solvent with other carbonates and Li" ions play the role of charge transporter in these
batteries. Therefore, in this solvent, it is interesting to investigate the reactivity of the salt by following
the decay of the solvated electron by the picosecond pulse radiolysis method and the observation of the
transient species.'’"'* Here, transient spectra in a large spectral window from 400 to 1450 nm are
measured, and the effects of the concentration of the salt from 0.05 up to 1 mol L™, which corresponds
to the Li" concentration in Li-batteries, are studied. Theoretical calculations are also performed to
identify the species responsible for these transient absorption spectra. The simulated absorption spectra
of the products are compared with experimental data. Finally, the results are compared with those

obtained in THF and water and the role of Li" as a catalyst reducing the ClO4 counter ion is
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investigated by high-resolution mass spectrometry (HRMS) measurements of the products obtained in

the same solutions after irradiation.

Experimental and theoretical section

Chemicals. The purity of DEC solvent and of dry LiClO, was 99% and 99.99% respectively, and they
were used as received from Sigma-Aldrich. To avoid any water uptake, LiClO, was dissolved in DEC

using a glove bag under argon atmosphere.

NMR measurements. In order to describe the nature of species present in DEC/LiClOy solutions, *°Cl
nuclear magnetic resonance experiments (NMR) were recorded on a Bruker Avance 1400, with a 5
mm BBO probe, at 39 MHz. The NMR parameters were a spectral width of 40 kHz, 32 K data points
for the time domain, a 0.4 s acquisition time, a recycle time of 0.1 s and an accumulation of 300 scans.

Chemical shifts were reported with reference to *>Cl in a solution of NaCl in D,0.

Mass spectrometry experiments. For the detection of the stable products formed in the liquid phase,
DEC/LiCIlQ, solutions were irradiated in ampoules under argon atmosphere using 10 MeV electron
pulses of a Titan Beta, Inc. linear accelerator (LINAC). The duration of the pulse was 10 ns and the
repetition rate was set to 2 Hz in order to avoid any macroscopic heating of the sample during
irradiation. The dose per pulse (30 = 2 Gy.pulse™) was determined using the Fricke dosimetry'’ and
the total dose received by the system was 100 kGy. High-resolution mass spectrometry (HRMS)
experiments of the irradiated and non-irradiated solutions were then recorded in both positive and
negative modes using Electrospray lonization (ESI) coupled to a Fourier Transform Ion Cyclotron
Resonance Spectrometer (Bruker FT-ICR, 7 T). The solutions were prepared by mixing 100 puL of the
DEC/LiCIlQ, solution with a) 1 mL of H,O/MeOH (40:60) and 2 pL of formic acid and b) MeOH
/acetonitrile (50:50) and 2 pL of formic acid. All solutions were infused with a syringe pump at a flow

of 5 uL min™ and their ionization was achieved by applying a voltage of 5.5 kV on the sprayer probe.

Picosecond pulse radiolysis set-up. The experimental study was performed using the ELYSE laser-
induced electron accelerator. The pulses are of 3-5 nC, 5-10 ps, with an electron energy of 6-8 MeV, at
a repetition frequency of 10 Hz.'*'” The transient absorbance was measured with a broadband pump-
probe detection device, whose principle was already described elsewhere.'® In the visible range, a
transient absorbance due to the fused silica cell windows was detected in the empty cell when

irradiated,” and was subtracted from the absorbance data of the cell containing the DEC solutions.

The broadband pump-probe system was operated in two configurations, one for the visible using a
single crystal of CaF, for continuum light generation, one using a single crystal of yttrium aluminum
garnet (YAG) for continuum light generation optimized on the near Infrared (NIR). Probe and
reference beams were each coupled into an optical fiber, transmitted to an adapted spectrometer, and
dispersed onto the specific line scan detectors. For the measurements in the NIR, a customized
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broadband polychromator with an InGaAs photodiode array from Hamamatsu (G11608-512DA) was
used.”” Thanks to the new development and particularly to the enhanced response down to the visible,
spectral overlap of both detection configurations was achieved in the region below the fundamental
laser wavelength of 780 nm. The optical path of the flow cell is 0.5 cm. The time resolution is 15 ps
(the pulse width of the electron pulse being around 7 ps). The dose per pulse is deduced from the
absorbance of the hydrated electron €’,qin water, measured just before a series of experiments in DEC
solutions. The dose was then derived from the yield at 10 psZI: G(€ag)iops = 4.25 x 107 mol J! and
from the solvated electron molar absorption coefficient &, _gp0 um = 1.33 X 10* L mol! ¢cm™. The dose

per pulse in water was typically around D = 48 Gy.

Spectro-Kinetic data analysis. The data matrices resulted from the averaging of about 30 scans, after
removal of singular points arising from outlier laser shots.'> They were then corrected for a
wavelength-dependent baseline in order to be analyzed by a multivariate curve resolution alternating
least squares (MCR-ALS) approach.”>* The number of absorbing species in a global matrix was
assessed by Singular Value Decomposition (SVD)** of the global matrix, and a MCR-ALS analysis
with the corresponding number of species was performed. Positivity constraints were imposed for
both spectra and kinetics. The residual maps were systematically inspected to assess the absence of
model defects. The corresponding MCR-ALS code was adapted from the ALS package by K.M.
Mullen.”

Simulations. In a recent article, we have explained in details molecular simulations of the structure
and the absorption bands of the oligomer anions (LiCl10y), (n =1- 4) in solution in THF.'? These
simulations were based upon a classical MC (Monte-Carlo) sampling of the nuclear configurations
with the GIBBS code,” a quantum DFT (Density Functional Theory) treatment of the electrons and a
classical modeling of the solvent with the SMD (Solvation Model using Density) formalism.”’ The
absorption spectra are a convolution of the TDDFT lines of a sub-list of the MC configurations with a
Gaussian function and fwhm = 0.2 eV. All the DFT calculations had been performed with the
Gaussian 09 package. ** The same methodology was applied in the present work for the calculations of

the oligomer anions in DEC.

As reported in this work, the simulations are actually difficult because all the anions of interest are
metastable with respect to the self-reduction reaction, i.e. for the monomer:'*

LiCl04 — OLiCIOy @)
In this reaction the perchlorate anion ClO,  is reduced by the Li atom into a chlorate anion ClOs". This
reaction displays in THF a free energy change of -2.58 eV at the B3LYP level, and a barrier free
energy of + 0.53 eV at the MPW1K level. We could establish that: "

1. The B3LYP functional® is a good one as far as absorption spectra are calculated, but is not usable

for the molecular simulations, because the ClO bond breaking due to reaction (1) occurs at the very
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beginning of the simulation. Only the anion dimer (LiClO,), proves to be stable a long enough time at
the B3LYP level for the absorption spectrum to be reliably calculated.

2. The MPWIK functional®® fixes the C1O bond breaking issues and enables MC simulations with an
acceptable number of MC steps (10 000 for the monomer, 20 000 for the trimer and tetramer).

3. The MPWIK MC configurations may be modified in a simple way (stretching of all the CIO
distances by 2.6%), so as to enable the B3LYP calculation of the absorption spectrum. For this reason,

we call our method the hybrid MPW1K/B3LYP simulation method.

The MC simulations of the oligomer anions n = 1- 4 were performed with this method and an excellent
agreement was found with the experimental results. The simulations also gave the different structures

of the oligomers anions.

Results

Solute structure in concentrated solutions of lithium perchlorate in DEC. Before reporting the
results of the pulse radiolysis measurements, it is important to characterize the species present in the
diethyl carbonate (DEC) solutions at room temperature. DEC is a solvent with a very low static
dielectric constant (g, = 2.8). It is known that ionic salts are weakly dissociated in this kind of solvents.
For example, it was reported in the case of LiClO, in diethyl ether solutions (with a static dielectric
constant of 4.3) that all the lithium perchlorates are in the form of contact ion pairs at a concentration
of 0.1 mol L™'.*' Moreover, no evidence of the presence of isolated perchlorate ions was found at this
concentration. The presence of noticeable neutral clusters (LiClO4), with n > 1 was detected at
concentrations greater than 0.2 mol L in diethyl ether. For instance, at 0.5 mol L concentration
(resp. 1 mol L™), it was concluded that 90 % (resp. 82%) of lithium perchlorate is in contact ion pairs
and 10 % (resp. 18%) in the form of aggregates.”’ A similar behavior can be expected in DEC, where
the static dielectric constant is even lower. Previous *>Cl NMR measurement in THF solution with
various LiClO,4 concentrations showed that the maximum of the NMR spectrum is slightly down-
shifted (from 1008.1 to 1007.4 ppm) when the salt concentration increases from 0.05 to 2 mol L™,
whereas the band significantly broadens.'”” The NMR line broadening while increasing the salt
concentration is the signature of contact ion pairs (Li’, ClO,), and is due to the fact that the
perchlorate ion undergoes interactions which break the symmetry of the ion. In DEC solutions, the
NMR measurements reported in Figure 1 show clearly the broadening of the bands with the LiClO,4
concentration, indicating a similar behavior to that in THF. Nevertheless, for a given concentration,
the width of the NMR bands is even broader in DEC than in THF solutions (Figure 1 inset), indicating
that the distribution of oligomers in DEC solutions is much larger. For a high concentration of the salt,
the solution contains a distribution of different oligomers, (LiClO,),. Considering that at a
concentration of 0.1 mol L™ of LiClO, in diethyl ether, all the lithium perchlorates are in the form of
contact ion pairs,”' and that in DEC (that has a lower dielectric constant than diethyl ether), the **Cl
NMR spectra obtained for the 0.05 and 0.1 mol L' concentrations are identical (also in non-
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normalized NMR spectra, not shown here), it can then be assumed that for the four concentrations
studied here (0.05; 0.1; 0.5 and 1 mol L'l), no isolated perchlorate anion is present, the considered
species being mainly neutral species. The presence of different oligomers at different concentrations
for a given LiCIO4/DEC solution has then to be considered to understand the reduction reactions of
solvated electron in pulse radiolysis measurements of these solutions. This distribution shifts to larger

n value by increasing the salt concentration.

Picosecond pulse radiolysis experiments. Transient absorption spectra and kinetics are measured by
using 7 ps electron pulse for neat DEC and for solutions with different concentrations of LiClO,
(Figures 2 and 3). In all cases, just after the electron pulse, an intense and very broad absorption
spectrum is observed mainly in NIR and its intensity increases monotonically until the detection limit
in the near-infrared (1500 nm) (Figure 3). This broad absorbance band was previously attributed to the

formation of the solvated electron in DEC (denoted here e C’).3 * However, the kinetics at different

wavelengths indicate that other species are present after the electron pulse (Figure 3, insets).

According to the observations reported in Figures 2, 3 and 4, the following trends can be underlined:

1 —The decay of the solvated electron observed at 1400 nm is accelerated by increasing the salt
concentration (Figure 2). At 1 mol L™ LiClO, concentration, the decrease of the signal is the fastest
and is completed in less than 800 ps. For this wavelength, it is interesting to note that no residual
absorption is detected at long times. Therefore, the observed absorbance at 1400 nm in our
measurements represents only the kinetics of the solvated electron. It is known that the solvated

electron in DEC absorbs in the NIR. The molar absorption coefficients of eDEC’ at 1400 nm iS €;400 nm

(eppe) = 2.8 % 10* L mol™ ecm™'.** If we consider that the solutions contain homogenously dissolved

Li" ions, then from the decay kinetics (Figure 2), the rate constant of the reaction between solvated
electron and Li" would be k ~ 1.3 x 10° L mol™ s™'. This value is too low, compared to that for a
diffusion-controlled reaction between two opposite charged species in a low dielectric constant such as
DEC solvent, but it corresponds to a rate constant between the solvated electron and a neutral species.
The relatively slow decay confirms the non-dissociation of the salt in the solution.

2 — The initial absorbance of the solvated electron observed at 1400 nm (Figure 2) decreases with the
increase of salt concentration. The initial absorbance decreases by 10 % at the lowest (0.05 mol L)
and 40 % at the highest (1 mol L™") LiC10, concentration. That indicates that at the high concentrations
the precursor of the solvated electron is scavenged and reacts with the species present in solution by an
ultrafast process. This ultrafast reduction reaction is in competition with the solvation process of the
excess electron.

3 — The decay of the absorption band does not follow the same rate at different wavelengths. To show
the kinetic behavior of the different possible species involved in the mechanism, the absorbance
decays at 450, 530, 780, 1100 and 1400 nm are presented in Figure 3, in the insets for neat DEC and

four LiClO4/DEC solutions. The decay is faster at 1400 nm than at 1100 nm and this latter is faster
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than at 780 nm, and around 400 nm we can even observe an increase of the absorbance at longer time.
These differences indicate that other species than the solvated electron are formed after the electron
pulse and that they contribute to the transient absorption spectra.

4- Tt is known that the radical of DEC noted DEC(-H) * absorbs around 700 nm. In fact, in DEC
solution with 0.5 mol L™ acetone, as it scavenges the solvated electron, it was reported that DEC(-H)"
presents a broad absorption band around 600-1200 nm that decays markedly slower than the solvated
electron.*® This absorption band is weak compared to that of the solvated electron and its contribution
in the data analysis is very weak. As shown in Figures 3, the shape of the absorption bands in the
visible depends on the salt concentration indicating that in addition to the solvated electron and the
radical DEC(-H)’, other species are absorbing. In the absence of knowledge on the extinction
coefficients of the different species, the G x & products are compared for neat DEC solution and for
those obtained in the presence of 0.05, 0.5 and 0.1 M LiClO, at three different times (20 ps, 500 ps and
1 ns) after the electron pulse (Figure 4). In the presence of LiClO,, the shape of the absorption band is
markedly different from that in neat DEC (Figure 4). At these three times, in the presence of 0.05 M
LiClOy, the absorption in the visible is always higher than in neat DEC solution. Meanwhile, the
absorptions in 0.5 and 1 M LiClOy solutions are lower from 500 to 700 nm than in neat DEC solution,
showing that the contribution of the solvated electron is less intense. It is also obvious that at longer
time there is another band appearing at shorter wavelength than 450 nm in 0.5 and 1M LiClO,4

solutions.

Molecular simulations of the anions in DEC.

The kinetics and the transient absorption for a given dose bear witness of the presence of several
species formed after the pulse: the solvated electron which absorbs strongly in the NIR, and other
species absorbing at lower wavelengths. The shape of the absorption band of solvated electron in neat
DEC does not change after the electron pulse showing that the solvation of electron in this solvent is
faster that the time resolution (7 ps). The change of the amplitude of the absorbance at the lowest
wavelengths suggests the presence of additional species. The reactivity of the solvated electron in
DEC is completely different from that towards isolated Li" ions for which (e, Li") contact ion pairs
are formed and detected. '' The calculated absorption spectra of the oligomer anions (LiClOy), (n=1 -
4) in DEC are given in Figure 5. The maximum of the absorption band of the monomer was found at
1150 nm; and with increasing n of the oligomer, the absorption band becomes more and more spread
with a high energy edge shifting more and more to the blue. As already discussed in our previous
work, '? these spectra are the most reliable spectra given by our method, namely: for the monomer the
homo—lumo MPWIK/B3LYP spectrum, for the dimer the homo—lumo, lumo+1 pure B3LYP
spectrum, and for the trimer and tetramer the full MPWI1K/B3LYP spectra. From the results of the
simulations in the two solvents it can be seen that going from THF to DEC (i.e. decreasing the

dielectric constant from 7.4 to 2.8) results in a shift of all the absorption bands toward shorter
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wavelengths. For the monomer, the band shifts from 1153 nm (in THF) toward 1144 nm (in DEC), for
the dimer the bands shift from 1159 nm (in THF) toward 1052 nm (in DEC) and from 854 nm (in
THF) toward 793 nm (in DEC) (Figure 5). From these calculations, it is also clear that globally the

molar extinction coefficients of the maxima of the bands decrease when n increases.

Spectro-Kinetic data analysis. As several transient species are present, the global analysis of spectro-
kinetic data matrices was performed, including all data available for neat DEC and 0.05, 0.1, 0.5 and 1
mol L LiClO4 concentrations in DEC. The 400 - 1400 nm wavelength range was selected and, to
exclude signals with very low signal/noise ratios, we removed the signal around 780 nm
corresponding to the fundamental of the probe laser, which is present in the supercontinuum. We
imposed the absorption band of the solvated electron and the radical DEC(-H)" obtained independently
from previous study.”> The SVD analysis of the global data matrix shows that in addition to the
solvated electron and the DEC(-H) " there are 3 distinguishable components. The MCR-ALS analysis
with 5 species results in a lack-of-fit (LOF) of 5.3 %. This analysis gives us the absorption band
(Figure 6) and the kinetics of the species (Figure 7) involved in the mechanism. The recovered spectra
contain a transient spectrum with a maximum around 400 nm, as we do not have access to lower
wavelengths, another one absorbing at around 500-600 nm with another broad band around 1000 nm,
and finally one absorbing mainly in the red with also a component around 1300 nm (Figure 6). It is
interesting to note that we did not observe any species with a intense absorption band around 1100 nm
(Figure 6). Considering the complexity of the solution before irradiation (see NMR results, Figure 1),
one does not have access to the concentration of each (LiClO,), species. It is therefore impossible to
estimate the molar extinction coefficients of the transients, except for the solvated electron. However,
from the analysis it is found that by increasing the concentration, the absorbance is more and more
shifted to the blue with a decrease of the amplitude in the red part of the absorption spectra. In absence
of concentration information, pseudo-kinetic traces were calculated by integrating over the wavelength
the spectro-kinetic contribution of each species to the data matrix (Figure 7). It is clear that the kinetics
of each species depend strongly on the concentration of the salt in DEC solution. The data analysis
shows that the decay of the solvated electron is accelerated by increasing the LiClO4 concentration, as
it was observed directly at 1400 nm (Figure 2) where only the solvated electron absorbs. The species
absorbing in the red (from 560 to 720 nm) is always formed within the electron pulse. At low LiClO,
concentration (0.05 M) a slow decay is observed for this species, and at high concentration this decay
is accelerated. The species absorbing around 500-600 nm follows a slow decay at 0.05 M but at 1| M
its formation is very fast. Finally, the species absorbing around 400 nm is slowly formed for the
solution containing 0.05 M LiClOQy its formation in not fully complete within our time window but for

1 M it is formed within 500 ps and then decays slowly.

By comparing the calculated spectra (Figure 5) with those deduced from pulse radiolysis

measurements at different concentrations (Figure 6 and 7), we can state that, as no species with a
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maximum around 1200 nm could be found, the anion monomer (LiClO4) is not formed in these
experiments whatever the salt concentration. The data analysis show from the kinetics that the broad
absorption band observed around 1100 nm is due to (LiClO4);". In fact the absorption band of the
monomer is expected to be very intense at 1200 nm, but in addition to the solvated electron, according
to the simulation the only species absorbing noticeably in this range is (LiClO,);” which has another
absorption band between 500 and 600 nm. We already reported that even in THF solutions, the
monomer anion is not very stable and that its auto-reduction occurs very efficiently. Moreover,
according to the NMR measurement in DEC solution, the neutral species are more abundant in the
DEC solutions and their aggregation is favored. Then, it is possible that the monomer LiClO4 does not
exist in DEC solutions. Moreover, the species absorbing around 500 - 800 nm is the anion dimer
(LiCIOy),, as its absorption band deduced from the data analysis is very similar to that given by
quantum calculations (Figures 5 and 6). It is interesting to note that the dimer is formed within the
pulse and then it decays (Figure 7), confirming that the solutions contain Li(ClQO,), before irradiation.
The dimers are reduced by pre-solvated electrons and solvated electrons. The absorption band with a
maximum around 600 nm is attributed to the anion trimer (LiClO,); (Figures 6 and 7). Noteworthy,
the decay of the trimer is slower than that of the dimer. Finally, the species absorbing at shorter
wavelength than 450 nm is the anion tetramer (LiCIOy,), . At low concentration, it is formed within 500
ps and we can observe its formation up to 3 ns. We should point out that the very good agreement
between the spectra deduced from the data analysis and the ones that are calculated, making the

assignment of the species unambiguous (Figures 5 and 6).

Mass spectrometry results. Reaction mechanisms under irradiation in these non-polar media clearly
exhibit special features. Knowing that LiClO, is unreactive towards ionizing radiation, it is interesting
to check how this behavior can be affected in DEC. Therefore, the samples were irradiated at 100 kGy
and HRMS experiments were performed to detect possible chlorinated species resulting from the
degradation of the salt in DEC. HRMS experiments were performed using two different concentrations
of DEC/LiCIO,;; 1 M and 0.1 M. In both cases, a non-irradiated sample was also analyzed. The
comparison between the irradiated and non-irradiated samples gives an insight into the ions generated
by irradiation (Figure 8). It is important to notice that there is no significant variation in the mass
spectrum for the different experimental conditions mentioned in the experimental section as well as at
different LiClO4 concentrations. Therefore, only the results obtained with the molar LiClO,4
concentration are given below. In the molar DEC/LiClO, system studied by HRMS in negative mode
(Figures 8a-b), the spectrum is strongly dominated by the presence of the ion ClO, detected at m/z
98.949 (not shown here). Interestingly, the main difference between the irradiated and the non-
irradiated samples are the peaks detected at m/z 82.947/84.943 in the irradiated sample, as shown in
Figures 8a-b. These peaks correspond to the ClO;™ ion (theoretical masses at m/z 82.953/84.950). In
the positive mode (Figures 8c-d), the most abundant generated ions are the [DEC-H]" and [DEC-Li]"

detected at m/z 119.076 and 125.084, respectively (not shown here). In agreement with our previous
9



results,” most of the decomposition products detected for the DEC/LiClO, system arise from neat
DEC. However, after irradiation, a new chlorinated decomposition product was recorded at m/z
181.112/183.091 (Figure 8d). It may correspond to the [CgH;,0,CI+H] " formula (theoretical m/z at
181.099/183.096) containing a chlorine atom that can only arise from degradation products of LiClO,.

Discussion and concluding remarks

Lithium perchlorate is used in batteries and also in organic chemistry as a catalyst. The behavior of
this salt in low polarity solvents is important to understand reaction mechanisms. According to the
above results, it is clear that the DEC/LiClO, solutions contain several neutral species, and even large
(LiCIQy), clusters. The distribution of these oligomers depends on the salt concentration and, by
increasing the concentration, the size distribution shifts to larger n. From the broader NMR line in
DEC than in THF, it can be claimed that the DEC solutions contain much more oligomers with larger
n that in THF solutions. This can be explained by the lower dielectric constant of DEC as compared to
that of THF. The reduction of the oligomers by solvated electrons form different transient anions. The
monomer (LiClO,) is not observed and the dimer (LiClOy,), is clearly found within the electron pulse
around 800 nm. Compared to the results obtained for the same system in THF, the absorption bands of
the anions are blue shifted. By increasing the concentration of the salt, then favoring the formation of
larger oligomers in the solution, the absorption spectra of transient anions are blue shifted. The blue
shift is explained by the fact that the additional electron in the anions is more and more bound by one,
two, three and four Li" cations. Figure 9 shows that the SOMO energy decreases with n increasing. At
very high concentration, there is almost a total absence of transient species absorbing in the NIR
besides the solvated electron, indicating that in DEC solutions the solutes are only under the form of

large oligomers for which the reduced species absorb only weakly in the visible.

The kinetics also show that the species absorbing around 780 nm is the most abundant one even at
high concentration. In fact, the absorption around 780 nm corresponds to the dimer and the
simulations show that it has a more stability compared to other anionic oligomers explained in our
previous work."? For the first time we observed new species such as (LiClOy),’, (LiClO4); and
(LiClOy)4 absorbing in the visible. The (LiClO,), anions are metastable with respect to self-reduction
and they decay by forming decomposition products of the perchlorate anions. It is worth noting that,
these reactions are not possible when the ions are well separated in solution, as Li" and ClO,  ions are
known not to react under ionizing radiation. In the present work, the proof of the reactivity of
(LiCIOy), species is given by mass spectrometry analysis of irradiated solutions. After irradiating the
solutions, ClO; is directly observed, which confirms that contrary to the case of polar solvents, for
which LiCIO; is dissociated, in a low polarity solvent an unstable anion, (LiCIO,), is formed that can

then react by forming C1O;". In that case, Li" plays the role of a catalyst for the dissociation of C10,".
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The second indirect proof for the reactivity of ClO4 is the presence of a chlorinated species, such as
[CsH,0,C1 + H]+ observed after irradiation of the DEC solutions containing perchlorate salt. The
presence of such a compound also suggests the dissociation of perchlorate anions. The present work

highlights then that low polarity solvents can induce a specific and unexpected reactivity.
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Figure 1. *°Cl NMR spectra of DEC/LiClO, solutions at various LiClO, concentrations: 0.05 M
(black), 0.1 M (red), 0.5 M (blue), 1 M (green) and 2 M (pink). Inset: comparison between the signals
obtained for a 2 M LiClO, concentration in DEC (red curve) and in THF (black curve). To allow the

comparison, the spectra have been shifted and normalized.
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Figure 2. Kinetics of transient absorption in neat DEC and LiClO,/DEC solutions at 0.05, 0.1, 0.5 and

1 M concentrations after the picosecond electron pulse at 1400 nm (Dose is 51 Gy per pulse).

13



T T T T T T
oosl 10 450 nm Neat DEC ]
08 g ——530m 100 p:
£ 08 —— 600 nm
£ —— 1400 nm
S 06
0.06 -8
.06 S 04
3
£o02
] £ oo
S 0042
5 02
2 2000 4000 6000
2 Time (ps)
0.02
L | L L L

04 06 08 1.0 12 14
Wavelength (um)

T T T T T T
0 —isonn | a) 0.05 M LiCIO,
3 —s30m
8 ——7800m
008 | £ oo { oo
8 1400 im
g 08|
2
s 0.4]
006 8
< =
S g o
= g |
5 2 Y,
2 004t o iow 2000 %000
< Time (ps)
0.02
0.00 L L L L
0.4 0.6 0.8 1.0 12 14
Wavelength (um)
9
re
£
]
3
2
®
® ES
2 3
A
2 2
000 2000 3000
< Time (ps)
1
0.4 06 0.8 1.0 12 14
Wavelength (um)
0.07 T T
¢) 0.5 M LiCIO,
8
0.06 I-£ o5
3
0.6
005 -8 N
E 0.2
§ oot g
a S 0.0 g
5 z I
@ 0.03 0 1000 2000 3000
2 Time (ps)
0.02
0.01
0.00 .
0.4 0.6 0.8 1.0 12 14
Wavelength (um)
0.06 — T T T T T
d)1 M LiClO,
0.05
20 ps
0.04
@
o
§ 003
£
o
2
£ 002
0.01
0.00

0.4 0.6 0.8 10 12 14
Wavelength (um)

Figure 3. Transient optical absorption spectra in DEC/LiClO, solutions after the 7 ps electron pulse obtained in
solution at concentrations of 0.05 M; 0.1 M, 0.5 and 1 M. The insets are the normalized kinetics at different
wavelengths. The dose is 46 Gy per pulse and the optical path is 0.5 cm. The oscillations around 780 nm are due
to the fundamental frequency of laser in supercontinuum. This part is removed for the data analysis.
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Figure 5. Calculated absorption spectra by MPWI1K/B3LYP simulation method of the transient
oligomers (LiClO,), (n = 1 - 4) in DEC. The experimental absorption band of the solvated electron
and DEC(-H) " radical obtained by ps pulse radiolysis study of neat DEC are also reported.
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Figure 6. Normalized absorption spectra of transient radical anions in DEC obtained by global data
(presented in Figures 3) analysis with the MCR-ALS method. The value of n is determined by

comparing the results with those obtained with the quantum calculations (see Figure 5).
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Figure 7. Kinetic traces from the MCR-ALS analysis of global data (presented in Figure 3) involving
4 species: the solvated electron and three anions (LiClO,), for concentrations of 0.05 M, and 1 M
LiCIO, in DEC. The value of n are deduced by comparing the spectra obtained by calculations (Figure
5) and experimentally (Figure 6).

18



| a) Non irradiated DEC/LICIO, 1M Negativeimode
3
s
z. o )
‘8 | b) Irradiated DEC/LICIO, 1M
3
£
82.547
84,943
4 " ") " " Ak J.
80 85 80 845 ) 8.0
c) Non irradiated DEC/LICIO, 1M Positive mode
177.099
E 175.974 178.185 184,588 .
L | | '
- " Frore " e
Z | d) Irradiated DEC/LICIO, 1M
3 177.099 181112
£
183.091
187.122
176179
185,107
= "k
176 178 180 182 184 186

mfz

Figure 8. Mass spectra in the negative (a-b) and positive mode (c-d) of the a-c) non-irradiated

DEC/LiClO4 1 M and b-d) DEC/LiCIO,4 1 M irradiated at a dose of 100 kGy.
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