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ABSTRACT: Chemical stability of primary radical cations (RCs)
generated in irradiated matter determines substantially the
radiation resistance of organic materials. Transformations of the
RCs of the glyme molecules, R(−O−CH2−CH2−)nO−R (R =
CH3, n = 1−4) has been studied on the nanosecond time scale by
measuring the magnetic field effects in the recombination
fluorescence from irradiated liquid solutions of the glymes. In all
cases, the RCs observed were different from that expected for the
primary ones and revealed very similar hyperfine couplings
independent of the poly(ethylene oxide) chain length and of the
substitution of terminal methyl groups by C2H5 or CH2CH2Cl, as
has been shown with diglyme as an example. Quantum chemical analysis of possible chemical transformations for the monoglyme
RC as a model system allowed us to discover the reaction pathway yielding the methyl vinyl ether RC. The pathway involves
intramolecular proton transfer followed by C−O bond cleavage. Only one (−O−CH2−CH2−O−) fragment is involved in this
transformation, which is nearly barrierless due to the catalytic effect of adjacent glyme molecules. The rapid formation of the
methyl vinyl ether RC in the irradiated monoglyme was confirmed by the numerical simulation of the experimental curves of the
time-resolved magnetic field effect. These findings suggest that the R′−O−CHCH2

•+ formation is a typical decay pathway for
the primary RCs in irradiated liquid glymes.

1. INTRODUCTION

Organic saturated compounds typically have ionization
potentials sufficiently high to prevent the formation of their
radical cations (RCs) in thermal, electrochemical, or photo-
chemical reactions. However, RCs of such compounds can be
generated using high-energy radiation. Understanding the
pathways of chemical transformations of these RCs is critical
for improving the radiation resistance of the compounds. This
paper presents a study of radical cationic species arising upon
the irradiation of liquid acyclic glymes (ethylene glycol
dimethyl ethers), R(−O−CH2−CH2−)nO−R. It is of impor-
tance for applications of these substances as the electrolyte
components of lithium batteries,1 which can be exploited in a
high-energy radiation environments like space or nuclear power
plants. Similar cyclic compounds, crown ethers, are used for the
extraction of radioactive metal cations from liquid nuclear
waste, and the radiation stability of the extracting agent is of
considerable importance (e.g., see ref 2 and references therein).
Very recently, it was proposed to simulate the aging of
electrolytes in Li-ion batteries using high energy radiation.3

Undoubtedly, an adequate model of the processes in the

irradiated electrolytes should take into account the involvement
of possible radical cationic species.
Note that the primary RCs and excess electrons generated in

organic liquids by ionizing radiation are initially separated by
several nanometers. Therefore, the probability for these pairs to
recombine is high, resulting in short lifetimes even for
chemically stable RCs. This typically prevents them from
being observed using conventional EPR techniques in liquid
solutions, so matrix isolation techniques are commonly used
(e.g., see refs 4 and 5).
Pulsed radiolysis experiments with liquid glymes used as

solvents were focused on studying solvated electron (e.g., see
refs 6 and 7) or secondary ions (e.g., see ref 8). Radiation
studies of glyme related radicals were carried out in low-
temperature matrices in order to stabilize the radiolytically
generated products. In irradiated frozen solution of the
monoglyme (1,2-dimethoxyethane) in CFCl3 at 77 K, Symons
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and Wren9 observed a radical with an EPR spectrum that
corresponded to the isotropic hyperfine coupling (HFC)
constant a(10H) ≈ 1 mT. This HFC was attributed to the
protons in the monoglyme RC.
On the other hand, authors of refs 10 and 11 reported that

the EPR spectrum observed in the irradiated frozen
monoglyme as well as monoglyme in freon matrices does not
exhibit any signal from the primary RC. The EPR spectrum
observed at 77 K in the monoglyme solutions in CFCl3
revealed a triplet with a HFC of about 2 mT. This spectrum
was attributed to ROCH2

• radicals, in particular, to a distonic
RC, CH3−OH+−CH2−CH2−O−CH2

•. Perhaps this should be
present as the products of the intramolecular proton transfer.
When the temperature increased, the EPR spectrum changed to
a 1:4:1 superposition of the ESR spectra from three postulated
radical species: CH3−OH+−CH2−CH2

•, CH3−O−CH
CH2

•+, and CH3−O−CH•−CH2−O−CH3.
10

In irradiated liquid solutions of spin traps in the monoglyme,
adducts of spin-traps with the products of RC transformation
have been observed in place of that with the primary RC.11 In
particular, the EPR spectrum obtained in the tert-nitroisobutane
solution in the monoglyme at T = 293 K was attributed to the
adducts with C•H2−O−CH2−CH2−O−CH3, CH3−O−C•H−
CH2−O−CH3, and CH3−O−CHCH2

•+ radical species.
A study of the monoglyme RC decomposition in the gas

phase suggested12 that the most favorable reaction for the
isolated RC was the methyl alcohol elimination yielding the
methyl vinyl ether RC, CH3−O−CHCH2

•+. The postulated
decay includes three sequential intramolecular H atom
transfers, a, b, and c (the maximum barrier is about 10 kcal/
mol), followed by the C−O bond cleavage as shown in Scheme
1.

Thus, transformations of the primary RCs of glymes
involving intra- and intermolecular transfers of a proton or an
H atom yield a variety of neutral radicals and radical cations,
including distonic ones. These free radicals were studied either
indirectly with spin trapping in liquids or on a comparatively
long time scale with the steady-state EPR technique in low
temperature matrices.13 Note that the neutral radicals were
investigated in more detail compared with the less stable radical
cations, the study of which demands an approach with a high
time resolution. To the best of our knowledge, there are no
data on the glyme RCs transformation to the radical cationic
products on the nanosecond time scale.
To address this issue for liquid glymes, we used the

technique of time-resolved magnetic field effect (TR MFE) in
the recombination fluorescence.14,15 This technique probes the
radical ions providing information on the spin-correlated radical
ion pairs, whose recombination results in the electronically
excited states of luminescent molecules. Such pairs are
generated by the ionizing irradiation, and importantly, the
chemical transformation of a radical ion to another radical ion

does not change the spin correlation between the pair partners.
It allows focusing on the radical cationic pathway of the primary
RC transformation, that is, the pathway along which the
positive charge and unpaired electron spin can be considered as
remaining unseparated. If charge and spin were separated via an
irreversible intermolecular proton transfer then no fluorescence
sensitive to external magnetic fields would be expected.
The TR MFE method is in close connection with the EPR

method14,15 yielding the spectroscopic information on HFC
constants and g-values for the radical ions having very short
lifetime.15,16 Previously, the TR MFE technique was used to
establish the structure and explore the dynamics of alkane RCs
in liquid solutions.17,18 Recently, RCs in ionized liquid
tetrahydrofuran19 and monoglyme20 have been detected using
this technique; however, the nature of those RCs was not
recognized.

2. METHODS AND MATERIALS

2.1. The Approach. In irradiated organic solution, the
radical ions that are formed in the early stages of radiolysis are
the solvent RC and excess electron. To readily observe the pair
recombination luminescence and isolate the features related to
the RCs, we need to scavenge electrons with a suitable
acceptor. To this end, the scavenger should be a luminophore
molecule with a short fluorescence lifetime. Another prereq-
uisite condition is a sufficiently small HFC in the radical anion
to slow the decay of the initial spin coherence in the spin-
correlated radical ion pairs. That is why we used the dilute
glyme solutions of para-terphenyl-d14 (pTP) whose lumines-
cence quantum yield is close to unity and radical anions have
negligible HFC constants.
Note that the excess electrons migrate more rapidly than the

molecular ions, so they are scavenged typically much faster than
the solvent RCs. Therefore, shortly after the irradiation pulse,
delayed fluorescence should appear due to the recombination
of radical anions of pTP with the positive charge carrier S+•

resulting from the solvent ionization:

+ → + *+• −•p pS TP S TP (1)

This reaction is expected to determine the fluorescence
response until S+• also reacts with pTP. Note that pTP−• can
also recombine with distonic RCs (see the Introduction) or
with closed-shell cations, the possible cationic products of the
proton transfer from the glyme RC to a solvent molecule. It
seems unlikely, however, that pTP* fluorescence can originate
from such recombination since those reactions are expected to
have insufficient energy to yield electronically excited pTP (e.g.,
see ref 20). On the other hand, Vyushkova et al.21 ascribed the
delayed fluorescence from the irradiated concentrated solutions
of 2,2,6,6-tetramethylpiperidine in alkanes to the recombination
of radical ion pairs involving the complex between radical
cation and neutral molecule, in which the charge and the spin
densities were well separated due to the intracomplex proton
transfer. Therefore, a priori we cannot exclude the contribution
of the distonic RCs to the delayed fluorescence from the glyme
solutions.
The recombination fluorescence intensity, I(t), is propor-

tional to the yield of singlet excited state of the luminophore via
reaction 1. In turn, this singlet state, 1pTP*, appears upon the
recombination of the radical ion pair in its singlet state, whose
population, ρSS(t), varies with time due to singlet−triplet
transitions. These transitions are driven by the electron spin

Scheme 1. Sequence a, b, c of Intramolecular Transfers: 1−
5, 4−1, 5−2 in the Monoglyme RC
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interaction with nuclear spins as well as those with an external
magnetic field, B. Though it could scarcely be justified
rigorously, it is believed that in weakly polar solutions the
rate, R(t), of the radical ion pair recombination does not show a
noticeable dependence on both the spin state of the pair and
the external magnetic field. To our knowledge, there is no
experimental evidence that argues against this statement. As a
result, the fluorescence decay curve, I(t), turns out to be
dependent on external magnetic field as follows:

ρ∝I t R t tB( ) ( ) ( , )SS (2)

The R(t) dependence cannot be determined independently;
thus it is advisible to explore the spin evolution of spin
correlated radical ion pairs using the ratio
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This ratio defines the TR MFE kinetic curve and can be
calculated analytically in the limit of strong magnetic field B.14

For zero field, the analytic calculation is possible for radical ions
having isotropic HFC with one or two groups of magnetically
equivalent protons,14,15 as well as for radical ions with
unresolved EPR spectrum.22 Otherwise, a numerical solution
of the Liouville−von Neumann equation for the spin density
matrix ρ(t) is necessary.
2.2. Experimental Details. A series of the glymes, R(−O−

CH2−CH2−)nO−R (R = CH3, n = 1−4), and two substituted
diglymes (R = CH2CH3 or CH2CH2Cl) have been examined.
We irradiated (1−5) × 10−4 M solutions of para-terphenyl-d14
in these glymes and also in 0.1−1 M solutions of the glymes in
n-hexane, decane, and squalane (2,6,10,15,19,23-hexamethylte-
tracosane). Short X-ray pulses having quantum energy of about
20 keV were used to irradiate the samples. The fluorescence
response of the system was studied using the single photon
counting technique with a time resolution of about 2 ns.23

The fluorescence from the irradiated samples was observed
in the magnetic field range of 0−1 T. We used the optical filter
with the bandpass of 260−390 nm to isolate the pTP
fluorescence. The temperature dependence of TR MFE was
measured in the range 253−333 K (±1 K). Before the
experiments, oxygen was removed from the solutions by several
freeze−pump−thaw cycles.
In the present work, the TR MFE curves were simulated

using the numeric calculation of the ρSS(t) spin state evolution
taking isotropic HFC and Zeeman interactions into account.
Paramagnetic relaxation was included as described previ-
ously.14−18 The contribution of the pTP radical anion to the
spin dynamics was described using a quasiclassical approx-
imation22 at the width σ = 0.068 mT of the EPR spectrum of
the radical anion (e.g., see refs 14 and 15).
2.3. Chemicals. We used 1,2-dimethoxyethane (mono-

glyme, 99.5%), diglyme (99.5%), triglyme (99%), tetraglyme
(99%), di(ethylene glycol) diethyl ether (99%), squalane
(99%), n-hexane (99%), decane (98%) and para-terphenyl-d14
(98% D atoms) received from Aldrich. The solvents were
additionally purified by a passage through a column with
activated alumina and then stored over sodium to keep them
dry. The synthesis of 1,11-dichloro-3,6,9-oxo-undecane is
described in the Supporting Information.
2.4. Quantum Chemical Calculations. The calculations

of the glyme molecules, RCs, and the profiles of potential
energy surfaces (PESs) along the pathways of the RC

transformations were carried out in the adiabatic approximation
using the density functional theory (DFT) with the B3LYP and
M06-2X functionals implemented in GAMESS package.24 The
most calculations, including estimation of the HFC constants,
were done at the B3LYP/6-31+G* level. In some cases, the
M06-2X functional was used, but no significant differences were
found. The stationary PES points were located, and their type
was determined from the analysis of normal vibrations. The
interrelations between the stationary points were established
using the intrinsic reaction coordinate (IRC) calculations. The
effect of the medium was taken into account using the
conductor-like polarizable continuum model (CPCM) built in
GAMESS, with tetrahydrofuran as a reference solvent with a
dielectric permittivity close to that of glymes.25

3. RESULTS AND DISCUSSION
3.1. Time-Resolved Magnetic Field Effects. Figure 1

shows the experimental TR MFE curves for liquid glyme

solutions of pTP. The curve features in Figure 1 do not change
noticeably for different compounds. They remain nearly the
same upon the dilution of the glymes by the alkanes down to
0.1 M. No significant temperature variations were observed in
the range of 253−333 K.
The features in the curves originate from singlet−triplet

oscillations (quantum beats) in the spin-correlated radical ion
pairs, S+•/pTP−•, that are driven by HFCs in the radical ions.
HFC constants in the deuterated radical anion are too small to
contribute to the spin evolution before 30−50 ns. Therefore,
the appearance of the first TR MFE feature with its maximum
at τ1 ≈ 7−8 ns is determined by the width, σ, of the EPR
spectrum of the RC.14,15 The presence of another feature at τ2
≈ 20−23 ns suggests that the number of magnetically
equivalent protons with the largest HFC constant in the RC
is even.14,15

Using the known equations,14,15,18 one can estimate the
second moment, σ2, of the EPR spectrum of the RC, σ ≈ 9/
τ1(ns) ≈ 1.1−1.3 mT, and the largest HFC constant, a(H) ≈
36/τ2(ns) ≈ 1.6−1.8 mT. A more quantitative analysis will be

Figure 1. Experimental TR MFE curves, IB(t)/I0(t), for solutions of 5
× 10−4 M pTP in the glymes indicated in the plot in the magnetic field
B = 0.1 T. The results were obtained at room temperature. For the
chlorinated compound, the data obtained with 0.1 M solution in n-
hexane are given. The data for 0.1 M solution of tetraglyme obtained
in squalane at 333 K are indicated with circles. For clarity, the curves
are spaced vertically relative to each other.
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given below, although even this crude estimate suggests that
there are only two protons with significant HFC constants. In
the EPR spectra, such RCs would be observed as a triplet with
line splitting that is similar to the ones observed in low
temperature experiments (see the Introduction). For the
solvent RCs, we would expect a greater number of coupled
protons due to the rapid conformational dynamics occurring in
a liquid solution.
Therefore, the delayed fluorescence observed in our

experiments originates from the recombination of pairs

involving RCs, which are not the primary ones but which
appear on the radical cationic pathway of the primary RCs’
decomposition. A relatively large magnitude of the quantum
beats in the observed TR MFE curves (Figure 1) allows
estimation of an upper limit of the typical generation time of
these secondary radical cationic species. The quantum beats
pattern would be smeared significantly if the generation time,
which determines the incoherent scatter of the starting
moments for the beats in particular spin-correlated pairs,
were comparable with the rise-up portion of the quantum beats

Figure 2. Calculated PES sections along the reaction coordinate for the monoglyme RC conversion to methyl vinyl ether RC (a) and to distonic RC
CH3−OH+−CH2−CH2

• (b). Another distonic RC, CH3−OH+−CH2−CH2−O−CH2
•, corresponds to the local minima C and C′ in panel b. The

dashed lines indicate the PES profile for the isolated monoglyme RC, and the solid lines indicate that for the complexes of RC and neutral glyme.
The structures indicated with two-way arrows are transition states, while other structures correspond to the PES minima. For clarity, hydrogen atoms
that are not involved in the transformations are omitted. Oxygen atoms are shown as black spheres.
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pattern. This rise-up time is about 7−8 ns, and since the
generation time of the secondary RCs should be much shorter,
we estimate its upper limit as 1 ns. The very short generation
time is also confirmed by the TR MFE simulation results (see
below) that were obtained assuming instantaneous formation of
the secondary RCs.
Note that in the alkane solutions of glymes the secondary

RCs are the same as ones that were observed in the directly
ionized glyme molecules, although these RCs are likely to be
generated due to the charge transfer from alkane RCs in their
ground state. This implies that the highly excited states of the
glyme primary RCs are unlikely involved in the reactions, which
is apparently facile even in the ground state of the RCs. The
shapes of the TR MFE curve are nearly the same in a wide
temperature range, which indicates that in the liquid state (as
opposed to the gas phase experiments12) the conversion of the
primary RCs of glymes to the secondary RCs has negligible
energy barriers.
The similarity of the TR MFE curves obtained for the

compounds having terminal moieties different from the
methoxy group (two the lowest curves in Figure 1) suggests
also that the observed quantum beats are determined by HFC
with protons from one of the (−O−CH2−CH2−O−) units of
the poly(ethylene oxide) chain after the primary RC undergoes
the rapid transformation. Additional argument against the
important role of the terminal moieties in the transformation is
offered by the similarity of the monoglyme and the tetraglyme
solutions, in which the relative content of the ethylene oxide
units differs significantly.
3.2. Quantum Chemical Analysis. We restricted our

computational analysis to the simplest glyme, that is, 1,2-
dimethoxyethane. As was discussed in the Introduction, the
most likely products of the primary monoglyme RC decay in
the low temperature matrices include the RCs of the methyl
vinyl ether, CH3−O−CHCH2

•+, and two distonic RCs,
CH3−OH+−CH2−CH2−O−CH2

• and CH3−OH+−CH2−
CH2

•.
Using the DFT calculations, we obtained the sections of the

PESs corresponding to the primary monoglyme RC trans-
formations leading to these RCs. The calculations were carried
out in two variants. For the first one, the effect of the
environment was taken into account using solely the CPCM
model. For the second, keeping in mind the possibility of the
specific interaction of RC with ether solvent molecules,19 we
included explicitly another glyme molecule in the calculations.
The results of the calculations for the isolated monoglyme RC
are indicated with the dashed lines in Figure 2a,b; the solid lines
in this figure relate to the results for the RC−molecule
complexes.
Figure 2a presents the reaction pathway for the primary RC

yielding the methyl vinyl ether RC and the methyl alcohol. The
process combines the proton transfer from the carbon atom to
the remote oxygen atom along the pathway 3−5 (Scheme 2a)
followed by the cleavage of the C(4)−O(5) bond.
For the RC-molecule complex, the stationary PES structures

located along the reaction coordinate reflect a sequential
formation of hydrogen bonds between the migrating proton
and oxygen atom of the nearby molecule, first C−H···O and
then more energetically favorable O−H···O are formed.
Importantly, the process described is accompanied by
considerable conformational changes of the glyme molecules.
The distonic RCs appear successively in the pathways shown

in Figure 2b. In this case (see Scheme 2b), a proton is

transferred from the methyl group (the pathway 1−5) yielding
the CH3−OH+−CH2−CH2−O−CH2

• radical (the points C
and C′ in Figure 2b). Then the C(2)−O(3) bond breaks,
leading to the dissociation into the CH3−OH+−CH2−CH2

•

radical and formaldehyde.
Note that for the isolated RCs, both of the reactions (dashed

lines in Figure 2) exhibit significant (∼30 kcal/mol) energy
barriers. When another monoglyme molecule is involved, the
energy barrier for the formation of the methyl vinyl ether RC
disappears (Figure 2a) and the energy barriers on the reaction
coordinate leading to the distonic radical cations (Figure 2b,
solid line) are dramatically lowered. The first of these barriers
(∼4 kcal/mol) relates to the proton transfer from the RC
methyl group to the oxygen atom of the same molecule (the 1−
5 path, Scheme 2b). This leads to bimolecular complex C
(Figure 2b) where the proton is bound to the oxygen atoms of
the two glyme moieties. This complex is ca. 10 kcal/mol higher
in energy than the complex of the methyl vinyl ether RC and
the methyl alcohol. Further transformation of complex C yields
another distonic RC, that is, CH3−OH+−CH2−CH2

•. Thus,
our DFT calculations suggest the dissociation of the
monoglyme RC to the methyl vinyl ether RC as the most
favorable pathway in solution from both kinetic and
thermodynamic points of view.
Note, these results are likely not in disagreement with the

experimental yields of the RCs under discussion in low
temperature CFCl3 matrix.

10 According to the cited work, the
relative yields of the distonic RCs are similar while that of the
methyl vinyl ether RC is higher (see the Introduction). The
DFT calculations in the present work have been performed
taking into account only one additional glyme molecule under
the conditions of almost free motion of both particles. In a low
temperature matrix, the relative energies of the species involved
may be changed arbitrarily due to interaction with several
neighboring molecules having unfavorable conformations.

3.3. Simulation of TR MFE Experiments. Experimental
and numerically simulated TR MFE curves are shown in Figure
3. Before performing the simulation, we analyzed the HFCs
obtained in our calculations for the methyl vinyl ether RC and
the first of the distonic RCs, that is, the complex corresponding
to point C in Figure 2b. The calculated structures of these RCs
are shown in Figure 4, together with the HFC constants.
One can see that for both species, there are two α-protons

with HFC constants that are close to each other. For the
methyl vinyl ether RC, the estimated HFC constants are ca.
−1.7 mT, which agree well with the EPR estimations of −1.87
mT.26 Calculated HFC constants for other protons are a′(Hα)
≈ −0.3 mT and a″(3H) ≈ 0.8 mT (for the magnetically
equivalent protons in the methoxy group). In complex C (see

Scheme 2. Proton Transfer in the Monoglyme RC along the
Pathway (a) 3−5 Producing the Methyl Vinyl Ether RC or
(b) 1−5 Producing Distonic RCs, CH3−OH+−CH2−CH2−
O−CH2

• and, finally, CH3−OH+−CH2−CH2
•
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Figure 2b), the HFC constants are predicted to be −1.3 and
−1.7 mT for the two α-protons and −0.3 and −0.4 mT for two
protons of the (−O−CH2−CH2−O−) fragment. We assume
that in liquid solution at room temperature these constants will
be averaged out inside each group due to flipping between
equivalent conformations that would give a triplet of triplets in
the corresponding EPR spectra.
The above analysis is important since the quantum beats

pattern is very sensitive to the presence of magnetic nuclear
configuration with zero total magnetic moment. In particular, in
the case of magnetically equivalent protons, some peaks on the
TR MFE curve are transformed into dips when the number of
the protons changes from even to odd.14,15

In this respect, the set of HFC constants a(2H) + a′(3H) +
a″(H) for the methyl vinyl ether RC differs from the set of
a(2H) + a′(2H) for the distonic RC. As shown in Figure 3, the
TR MFE curve simulation starting from the set for the methyl
vinyl ether RC and assuming that the secondary RCs are
generated instantaneously led to good agreement with the
experimental traces with the optimal HFC constants similar to
those calculated using DFT approach. The agreement is also
good at other magnetic fields if the difference between the g-

values of the RC and pTP radical anion was assumed to amount
to Δg = 1.0 × 10−3.
At the same time, using the expected set of a(2H) + a′(2H)

for the distonic RC, we failed to achieve a good quality fit as
demonstrated in Figure 3 by dashed line. In this particular
simulation, the fit was performed to reproduce the position of
the second peak.

3.4. Other Glymes. Thus, our quantum chemical and
experimental results show that the RC of methyl vinyl ether is
formed in the course of the decay of the primary monoglyme
RC. This reaction is rapid because it has a low activation barrier
due to the catalytic effect of the oxygen atom of a nearby glyme
molecule. Based on these data and keeping in mind the
similarity of the TR MFE curves observed for various glymes
(see Figure 1), we can assume that the RCs formed by the
fragmentation of the primary RCs of other glyme molecules are
the RCs of corresponding vinyl ethers, R−O−CHCH2

•+.
The fragmentation involves only the atoms of one (−O−CH2−
CH2−O−) moiety. Note that for longer glyme molecules one
cannot exclude the catalytic effect of the oxygen atom of
another ethylene oxide unit of the same glyme RC along with
that of a neighboring glyme molecule.

4. CONCLUSIONS
Using the TR MFE method, we showed that radical cations of
the acyclic glymes (poly(ethylene glycol) diethers) rapidly (<1
ns) dissociate in liquid solutions. For the monoglyme RC, the
quantum chemical analysis of possible decomposition channels
revealed a nearly barrierless decay pathway yielding the methyl
vinyl ether RC and the methyl alcohol molecule. This reaction
channel involves the proton transfer from the methylene group
of the glyme to the oxygen atom across the ethylene oxide unit
followed by C−O bond cleavage. In both processes, the oxygen
atom of a neighboring glyme molecule is involved. The rapid
formation of the methyl vinyl ether RC is strongly supported by
our simulation of the experimental TR MFE. The similarity of
the experimental results obtained for the different glyme
compounds suggests that the R′−O−CHCH2

•+ formation is
a typical radical cationic decay pathway for the primary RCs in
liquid glymes.
At the same time, it should be emphasized that the TR MFE

technique is sensitive only to those radical cations that
appeared on the radical cationic pathway of the primary RC
transformation. In particular, this method can give no evidence
for possible parallel channels of the neutral radical formation by
any mechanism. Hence, we cannot estimate the actual yield of
the RC studied to compare our results with data of EPR studies.
The significance of the radical cationic pathway in the
decomposition of the irradiated glymes can be recognized
using the pulse radiolysis method applied to liquid glymes with
isolating the characteristic optical absorption of alkyl vinyl ether
RCs in UV range.27

The absence of a noticeable energy barrier and the local
nature of the primary RC decomposition reaction in the liquid
glymes suggest that it may be difficult to preclude the
decomposition using concurrent reactions with charge accept-
ors added to the glymes. A possible way to improve the
radiation resistance of these compounds could be the
substitution of the (−O−CH2−CH2−O−) moiety with a
more branched fragment to prevent the proton transfer, or
using fragments with a lower ionization potential to minimize
the localization of the positive charge on poly(ethylene oxide)
chain.

Figure 3. Experimental TR MFE curves, IB(t)/I0(t), for the
monoglyme containing 5 × 10−4 M pTP at B = 0.1 T and B = 1 T
(circles). The solid lines indicate the numerical simulation obtained
using the HFC constants a(2H) = −1.64 mT, a′(3H) = 0.58 mT, and
a″(1H) = −0.29 mT for the RC. Dashed line is the simulated trace for
a(2H) = −1.7 mT, a′(2H) = 0.4 mT. The difference between the g-
values of radical ion pair partners equals Δg = 1.0 × 10−3; the EPR
spectrum width of the pTP radical anion equals to 0.068 mT.

Figure 4. Calculated structures and the larger HFC constants (in mT)
for the methyl vinyl ether RC (a) and for the complex C (b) shown
without the neutral monoglyme molecule. Oxygen atoms are indicated
with the filled circles.
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