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In disagreement with the common concept of primary radiation-
induced events in liquid carbonates, an analysis of the fluorescence
response of irradiated luminophore solutions in propylene carbonate
to magnetic fields reveals the presence of radical cations formed from
the solvent. On the basis of their magnetic resonance characteristics,
the radical cations are proposed to be ionised dimeric complexes
with the spin density delocalised over two antiparallel carbonyl groups.
The finding suggests that the basic models underlying the application
of radiolysis to study the mechanisms of the oxidative decomposition
of carbonates should be reexamined.

Introduction

Carbonates are widely used as components in the electrolytes
of Li-ion rechargeable batteries."” The mechanism for the oxida-
tive decomposition of these compounds in liquid solutions has
attracted interest from many researchers.® This is because it is
required for understanding ways in which the stability and safety
of the batteries can be improved. The usage of high-energy
radiation to generate intermediates that are involved in the
electrolyte degradation processes has been suggested recently as
an approach to gain an insight into the heterogeneous electro-
chemical oxidation of carbonates.® To analyze data obtained in
radiolysis experiments, it is necessary to have a model for the
complicated pattern of reactions triggered by the radiation. The
starting point in such a model is the solvent ionisation that forms
primary solvent radical cations (RCs), the properties of which,
along with solvated electrons, are governing factors for the course
of many subsequent reactions.
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There is a good consensus among researchers using the
picosecond pulse radiolysis technique that the primary RCs in
liquid carbonates are very unstable. It is believed that the RC
decomposition starts from a deprotonation (or H-atom transfer)
reaction involving the RC and surrounding solvent molecules,
on a picosecond time scale.””® This view is in accordance with
the results of radiation studies, performed using the Electron
Paramagnetic Resonance (EPR) technique in low-temperature
matrices. In a recent study of ion-radical intermediates in
irradiated organic carbonates,” in accordance with previous
experiments,'® no evidence was obtained that the PC radical
cation can be stabilized in freon matrices at 77 K. Instead, EPR
signals were registered that could be assigned to products of
intermolecular (neutral radicals) or intramolecular (distonic
radical cations) proton transfer.

Nevertheless, this communication raises the question about
the fate of the primary RCs in irradiated propylene carbonate
(PC), based on new experimental data. The data have been
obtained using time-resolved magnetic field effects (TR MFEs)
in recombination fluorescence of spin-correlated radical ion
pairs."'* This method has not been previously applied to
studies of polar solvents since the spin correlation effects were
believed to be negligible in such media.

It should be noted that the quantum chemical analysis of
oxidative decomposition pathways for the PC radical cation'?
also predicts that once an electron is removed from a PC
molecule a nearly barrierless displacement of a proton occurs.
The proton moves from the tertiary carbon atoms of the RC
towards the oxygen atom of the carbonyl group of an adjacent
PC molecule as illustrated in Chart 1.

The displacement is accompanied by a lengthening of the
C-H bond and by the localisation of spin density on the carbon
atom. Such proton coordination due to the ionic hydrogen bond,
C---H" .0, provides a significant gain in energy but further decom-
position requires energy barriers to be overcome even in clusters of
several PC molecules."”® For example, the lowest energy barrier for
the decomposition via the cycle opening is ca. 100 k] mol ', and
corresponds to the rupture of the C-O bond, as marked in Chart 1.
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Chart 1 Structure of the RC—molecule complex, whose formation in
liquid PC is expected after solvent molecule ionisation. H-atoms, which
contribute to hyperfine coupling of the unpaired electron spin, are shown.
The wavy line marks the weakest C-O bond.*®

Unfortunately, no data were given in ref. 13 for the possibi-
lity of a simple dissociation of the rapidly formed complex,
(PC-H)*---(H"- - -PC), to form two independent particles, (PC-H)"
and (PC---H)". Nevertheless, those results clearly suggest the
presence of a non-vanishing energy barrier for such dissociation.

Undoubtedly, the experimental observation of the complex
under discussion would provide strong support for the existing
models of the primary radiation-induced events in liquid
carbonates. Since this complex is a carrier of both electric
charge and unpaired electron spin, it is possible that the
intermediate could be identified by observing spin-correlation
effects caused by the recombination of geminate radical ion
pairs (RIPs) which involve the complex.

In this work, the spin-correlation effects were studied using
the above-mentioned TR MFE method. TR MFE is selective to
radical ions but not to neutral organic radicals, since the latter
may be considered incapable of producing electronically
excited states upon recombination. The field effect is calculated
as the ratio between the decay curves of the recombination
fluorescence intensities, excited by irradiation pulses, in the
presence of either strong or nearly zero magnetic fields. This
approach allows the evolution of the singlet spin state of
recombining RIPs to be visualized on a nanosecond timescale.
It also provides information on hyperfine couplings (HFCs) of
the unpaired electron spins in both of the RIP’s partners, the
difference in their g-values, Ag, as well as paramagnetic
relaxation,'*'? similar to the standard EPR technique. Here,
we focus on Ag-values and HFCs, which are characterized by the
second moment of the EPR spectrum, ¢?, for each radical ion.
A proof of the applicability of the method, which is sensitive
only to those RIPs that recombine geminately, to a highly polar
medium, is provided in the ESL¥

Results

Experimentally, we have studied the recombination fluores-
cence from diluted solutions of p-terphenyl-d,4 (1, structure is
shown in Fig. 1) and p-N,N-dimethylamino-diphenylacetylene
(2, structure is shown in Fig. 2) in PC and, for comparison, in
dodecane (DD) and cyclohexane (CH) at room temperature, in a
magnetic field up to 1.8 T. Two samples of propylene carbonate
(99%, Fluka, and 99.95%, according to the certificate of analy-
sis from Sigma-Aldrich, anhydrous) and 1 (98%, Sigma-Aldrich)
were used as received. No essential difference between the PC
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Fig. 1 (a) Experimental curves of the fluorescence intensity decays, /(t),
obtained for 1 mM solution of 1in PCatB =0and B = 1T, as indicated in
the graph. (b) Experimental (circles) and calculated (lines) TR MFE curves
obtained for the same solution at different magnetic fields. The parameters for
the calculations were Ag = 0.0032, g; = 0.07 mT, and g, = 0.05 mT, and the
relaxation times were T; ~ 120 ns, and T, ~ 30 ns. See the ESIt for details.
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Fig. 2 Ratios, /g(t)/Io(t), of the delayed fluorescence decays at high and
zero magnetic fields, respectively, obtained for 1 mM solutions of 2 in
dodecane (DD, noisy line), cyclohexane (CH, circles) and propylene
carbonate (PC, squares), at 293 K. Smooth lines are the calculated TR
MFE curves obtained assuming that in all the cases Ag = 0.0032; one of the
partners exhibits o1 = 0.37 mT; and another either ¢, = 0.05 mT (PC, DD) or
o = 1.2 mT (CH). All the experimental curves were obtained at B = 0.1 T
except for the lowest curve (B = 1.8 T). See the ESI for details.
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solvents has been observed. Dodecane (99%) and cyclohexane
(99%) were additionally purified by passing through a column
with activated alumina. Compound 2 was synthesised in the
Voevodsky Institute of Chemical Kinetics and Combustion by
O. M. Usov.

The studied deoxygenated solutions of the luminophores in
cuvettes from non-ferromagnetic materials were placed
between the poles of an electromagnet and irradiated with
X-ray pulses with a duration of about 1.5 ns and the typical
photon energies corresponding to the characteristic K-alpha
line of Mo (~17 keV) or slightly above.

The intensity decays of the radiation-induced fluorescence
(Fig. 1a) were measured in different magnetic fields, by means
of single photon counting, as implemented in a homemade
pulse X-ray fluorometer."* The delayed fluorescence intensity of
the irradiated PC solutions was nearly two orders of magnitude
lower than that of the alkane solutions at a similar irradiation
dose. It must be noted that the absolute yield of luminophore
excited states upon RIP recombination can be decreased for a
variety of reasons; however, these are not analyzed here.

Fig. 1b shows the TR MFE curves obtained for a PC solution
of 1at B=0.1 Tand B=1T. In the weaker magnetic field, the TR
MFE curves rise slowly, indicating that there are no fast singlet-
triplet transitions in the observed RIPs. It also indicates that
HFCs in any partner of the RIPs are too small to be determined
accurately. For an estimation, if HFCs in both partners were
characterized by ¢ = 0.2 mT, then it would give a maximum on
the TR MFE curve at nearly 30 ns."”> A particular example
illustrating the manifestation of HFCs in both RIP’s partners
in TR MFE curves is also given in the ESL¥

Experiments carried out in a strong magnetic field, B=1 T,
where well-pronounced oscillations appear in both the fluores-
cence decay (Fig. 1a) and the TR MFE curves (Fig. 1b), give
unambiguous evidence of the significant difference between
the g-values of the recombining RIP’s partners causing the
quantum beats in the strong magnetic field."""

Modeling of the TR MFE curves has been performed assuming
no time delay for the creation of the observed RIPs. The calculated
TR MFE curves in Fig. 1b have been obtained using a semi-
classical approach' with known formulas (52-S6), which are
reproduced in the ESL{ Note that the difference in g-values, which
amounts to Ag & 0.0032 according to the modeling, could be
simply estimated from Fig. 1b using the period, 7, of the quantum
beats at magnetic field B since Ag = 2n/i/(fBT), where f is the Bohr
magneton.”'? The decay of the oscillations can be described by
introducing the paramagnetic relaxation.

The significant difference between the g-values of the partners
of RIPs indicates that only one of the partners is a radical ion of 1.
If this were not the case, the difference in the g-values would be
of the order of 0.0001'*"” without any noticeable effect of the
magnetic field increase.

Therefore, in irradiated liquid PC, a radical ion exists which
is rapidly formed without the involvement of the solutes. It
could be suggested that this radical is a solvent radical anion,
since solvated electrons interact with the PC molecules on
a picosecond timescale.'® However, EPR signals observed in
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irradiated PC glasses at 77 K, and assigned to the PC radical
anion,”° exhibited a g-value close to that of aromatic radical
ions, g &~ 2.0028. This is in dramatic disagreement with the
value of Ag &~ 0.0032 observed in our experiment.

The sign of the electric charge of the solvent-related radical
ion was determined by measuring the TR MFE curves for
solutions of 2 in PC and, for a comparison, in dodecane and
cyclohexane. The experimental curves, as well as the corre-
sponding simulation results, are shown in Fig. 2.

This aromatic solute, 2, has been chosen since the radical
anion and radical cation of this compound are expected
to exhibit very different EPR spectral widths, by analogy with
1,2-bis[(p-N,N-dimethylamino)phenyl]ethyne which was previously
studied.” Due to the electron-donating character of the dimethyl-
amino group, the radical anion spin density is delocalized into the
extended m-system of diphenylacetylene, whereas for the radical
cations, a significant portion of the spin density is delocalized at
the nitrogen atoms. Therefore, in the RC the HFCs are compara-
tively large with the "N nucleus as well as with 6 B-protons of the
methyl groups.

In the studied 1 mM solution of 2, excess electrons are
scavenged within a couple of nanoseconds in each alkane.>**!
Under the experimental conditions, the solvent holes are
scavenged in DD with a characteristic time of about 100 ns.>°
Therefore, the observed fluorescence, within the studied time
range in DD, is determined by the recombination of the RC of
DD and the radical anion of the aromatic solute, 27°. HFCs in
the dodecane RC are small due to the degenerate electron
exchange, which involves this RC. Note that this exchange is
not rapid enough to affect the bimolecular reaction rates.>*

In CH, the solvent holes exhibit very high mobility that
results in a very high rate constant for the secondary RC
formation of up to 3 x 10" M~" s™' (see, e.g., ref. 23). This
suggests that in CH the observed recombination fluorescence
appears due to recombination of geminate pairs of 2"*/27°.
Consequently, the additional peak at ca. 8 ns on the TR MFE
curve observed in CH is a manifestation of HFC in 2*°. As
expected, TR MFE simulations show that the EPR spectral
width for 2** is characterized by g, = 1.2 mT, which is three
times greater than that for 27° (o; = 0.37 mT). We are not aware
of literature data on HFCs in these radical ions to estimate how
accurate these modeling parameters are. However, possible
inaccuracies seem to be insignificant compared to the difference
between the obtained o-values for 27 and 2*.

In the PC solution, the observed TR MFE feature, the peak at
ca. 22 ns, is very similar to that observed in the DD solution.
This strongly suggests that in the PC solution one of the
recombining geminate partners is the radical anion of the
aromatic solute, while another one is an RC that originates
from the ionisation of a solvent molecule, without involvement
of the solutes. According to the TR MFE curves presented in
Fig. 1 and 2, this radical cation has an EPR spectral width less than
0.1 mT as well as a significant g-value difference, Ag ~ 0.0032,
relative to the g-value of the solute radical anions.

Note that any neutral radicals as well as distonic radical
cations observed in previous EPR studies, which were focused
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on the search for the PC radical cation in low-temperature
matrices, exhibited EPR signals with a total spread of more than
10 mT.’ As for the above-discussed complex, (PC-H)*- - -(H"- - -PC),
predicted by the quantum chemical calculations,"® the spin density
distribution is close to that in a carbon-centered neutral radical,
with a significant contribution to the EPR spectral width originating
from the B-protons (see Chart 1). Hypothetically, a distonic radical
cation, R™-O-C*=0, formed via the very unfavorable and, conse-
quently, slow rupture of the C,-O; bond, would correspond to a
negligible HFC. However, the g-value of the distonic RC seems to be
similar to that observed for alkoxy carbonyl neutral radicals,
ca. 2.0011,>* and that is in a strong disagreement with the
TR MEFE results.

An additional way to significantly decrease HFCs in the
observed positive charge carrier would be via the reversibility
of the intramolecular proton displacement in the complex
(PC-H)*---(H"---PC) and the subsequent degenerate electron
exchange, involving the RC and neutral molecules of PC.
Though the quantum chemical calculations® predict a non-
negligible HFC in the RC of propylene carbonate, the proposed
electron exchange would reduce HFCs in the fast spectral
exchange limit. However, the energy gain during the proton transfer
seems to be very high,'*> making this option improbable, too.

The above consideration shows that none of the previously
mentioned open-shell species look to be appropriate to explain
the unpaired electron spin interactions observed using the TR
MFE method. It can be speculated that the observed carrier of
both positive charge and unpaired electron spin in the irradiated
PC is an ionized symmetric complex of two PC molecules having
parallel, but opposite, orientations of the carbonyl groups. In this
case, the spin density can be delocalized over both groups without
HFC from protons, while a significant shift of the g-value could
be expected, owing to the involvement of the oxygen atoms.
The formation of such complexes can be assumed on the
basis of computer modeling® that predicted an appreciable,
ca. 30 k] mol ', energy gain for such dimerization of PC
molecules. A very recent investigation®® of the dielectric proper-
ties of liquid PC also demonstrated that in liquid PC molecules
exhibited a head-to-tail type dipolar coupling. However, further
investigations are needed to elucidate this issue. In particular,
the lifetime of an RC formed from such a complex should be
estimated using quantum chemical approaches. Besides, it is
advisable to calculate optical absorption bands of the proposed
RC to provide guidance to researchers exploiting the pulse
radiolysis technique to study transients in irradiated media.

Conclusions

In this work, the delayed radiation-induced fluorescence from
the luminophore solutions in propylene carbonate that is
sensitive to an external magnetic field has been observed on
the nanosecond time scale. This strongly suggests that in
irradiated PC spin-correlated radical ion pairs, which are
composed of carriers of both electric charge and unpaired
electron spin, are formed. The analysis of the quantum beats
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in the recombination fluorescence as caused by hyperfine
couplings as well as Zeeman interactions has revealed the
radical cations in these RIPs to be rapidly formed owing to the
ionisation of PC molecules. However, the nature of the observed
RC remains unknown. Based on the magnetic resonance para-
meters of the RC, it is proposed that this is an ionized complex
composed of two PC molecules having opposite orientations of
carbonyl groups. The performed measurements of the relative
changes in the fluorescence decay curves give little information
about the absolute yield of these yet unidentified RCs. However,
if their yield is significant then these RCs, which exhibit lifetimes
as long as tens of nanoseconds, should be taken into account in
models of early radiation-induced events in liquid carbonates.

It is worth noting that the experimental finding of the
present work also shows the high polarity of irradiated medium,
not to rule out the observation of spin-correlation effects in the
intratrack recombination of radical ions. Therefore, the method
of the time-resolved magnetic field effect in the recombination
fluorescence is, in principle, applicable to much more types of
organic solvents than it was believed up to now. The specific
selectivity of this method regarding the radical ions can help in
searching for previously unrecognised radical ionic pathways in
radiation-induced processes to complement data obtained with
the pulse radiolysis technique.
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