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Highly Mobile Solvent Holes in Viscous Squalane Solutions As Detected by Quantum Beats
and MARY Spectroscopy Techniques
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The quantum beats and magnetic field effect on the reaction yield spectroscopy techniques were employed
to study the formation of diphenyl sulfide radical cations in squalane solutions under ionizing irradiation. It

is demonstrated that the precursors of diphenyl sulfide radical cations are short-lived primary solvent radical
cations (holes) with the electron spin resonance spectrum narrowed by the resonance charge transfer reaction.
The rate constant of hole scavenging by diphenyl sulfide molecules was measured directly and amounts to
6.1 x 10° M1 s71, exceeding the diffusion-controlled one several times. The obtained value is well in line
with the data on pulse radiolysis of squalane solutions with optical monitoring of the highly mobile precursor,
supporting the hypothesis about the hole nature of the latter.

Introduction

Highly mobile positive charge carriers in hydrocarbons were
discovered by Warmarwhen studying pulse radiolysis of the
cyclic alkanes, cyclohexane, atrdns-decalin. The microwave
conductivity experiments yielded the mobilities of the carriers
exceeding 2640 times the diffusion-controlled ones, with the

lifetimes of tens to hundreds of nanoseconds in the absence of
scavengers. The existence of these species in cyclohexane wa

also confirmed by the dc conductivity experiments with laser
multiphoton ionizatior®® The recent progress in the pulse

radiolysis technique allowed for obtaining the optical absorption
spectra of the short-lived intermediates and for measuring the

rate constants of their scavenging by acceptérsAll these

experiments demonstrate an extremely high reactivity of the

cations, accenting their importance for the primary radiation
chemistry transformations in hydrocarbons. Apart from cyclic
alkanes, similar highly mobile solvent cations have recently bee

Techniques based on the effects of spin cohefhicethe
recombination of radical ion pairs can provide unambiguous
confirmations to the hypothesis on the hole nature of the highly
mobile positively charged species in irradiated alkanes. These
techniques are sensitive exclusively to processes involving cation
and anion radicals, completely ignoring any spinless ions.

It is well known that in a radical pair the dynamic transitions
getween the levels of different multiplicities take place. The
transitions result from the coherent initial state of the pair. Being
nonstationary, it leads to singtetriplet oscillations in the
system, making it possible to directly observe the spin dynamics
in the pair by monitoring the recombination fluorescence kinetics
of the samplé® Employing this principle, two new techniques

to study the primary processes in alkane radiolysis have been
designed: the quantum beats spectrostbpyand the Zeeman
level crossing, or magnetic field effect on the reaction yield

n (MARY) spectroscopy:**¢

detected in the long-branched hydrocarbon squalane by the pulse  Quantum beats have thus far been observed in the recombina-

radiolysis techniqué. Although the experimentally observed
mobility is lower than that of cyclohexane by an order of
magnitude, it is still several times higher than the diffusion-
controlled limit for squalane.

Most of the investigators today tend to accept the hypothesis
that the highly mobile primary positive species forming in the
alkane radiolysis are the solvent radical cations (holes),
CeH12™. Fast (resonance) iermolecule charge transfer of the
latter can generally lead to a hyperdiffusional transport in
solution. The extremely high mobility of holes in cyclic alkanes
is usually related to the presence of a rigid six-member ring in

tion of spin-correlated radical ion pairs generated by ionizing
radiation in saturated hydrocarbons with added electron and hole
acceptordl~1317 As has been recently demonstrated on the
example of isooctan®,the method allows extraction of the hole-
scavenging rate constant from the phase shift of the oscillations,
provided that the electron spin resonance (ESR) spectrum of
the holes is narrowed by fast charge transfer.

As opposed to the quantum beats technique, yielding kinetic
information, the effect of the spin-correlated radical ion pair
level crossingP can be utilized for an identification of radicals
involved in a magnetosensitive reaction. Furthermore, a

the molecular skeleton, favoring the resonance transfer. Ac- modification of the technique (MAR¥ESR) allows taking the
cording to this mechanism, both the hole positive charge and ESR spectra of radical cations without microwave pumpfhg.
its spin are localized on the same molecule. However, an This method has recently been employed to detect the ESR
alternative point of view has been put forwafdr when a cation ~ Spectrum of squalane holes at room temperatur&o an
being a product of the molecular transformations of the solvent Opportunity to compare the pulse radiolysis data and the data
holes serves as a mobile carrier. In this case the charge transpofOm the quantum beats method on hole scavenging without
proceedsia the proton H (a spinless species) transfer between any a priori assumptions about the spectrum structure has
a solvent molecule and its protonated counterpad, (CsH13"). emerged for the first time.

In the present work the rate constant for squalane hole
scavenging by a diphenyl sulfide molecule is directly obtained
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using the quantum beats technique. The value obtained agrees Diphenyl sulfided,;o (DPSd;0) andp-terphenyle, (PTPd,14)

quite well with the data on pulse radiolysis of squalane
solutions? giving stronger background to the hypothesis about
the hole nature of the highly mobile solvent cations in squalane.

Experimental Section

The recombination fluorescence was monitored using the
photon-counting technique as described elsewker@he
radioactive isotop&°Sr with activity of about % Ci served as
a source of ionizing radiation. The external magnetic field was
provided by a Varian (E-3) electromagnet with pole concentra-
tors, giving the field of up to 9600 G with inhomogeneity better
than 2 G at thesample location. Photons were detected by a
fast microchannel photomultiplier tube (PMT) with the single-
photon pulse rise time less than 200 ps. The fluorescence from
the luminophore excited singlet state was separated by a cutoff
light filter, A < 350 nm. Time resolution of the setup was about
700 ps, and the fluorescence kinetics were reproducible with
an accuracy allowing extraction of the time lag of the beats
within 200 ps.

The following procedure was adopted to extract the phase of
the beats. To separate the oscillating contribution, the kinetics
I(t) was taken two times for each sample: in a strong fiéldx
(9600 G), where the oscillations are rather pronounced, and in
a weak oneHyn, where the oscillations are virtually absent.
The weak field used (170 G) was close to the residual field of
the magnet. For the analysis of the phase shift of the beats th
ratio of the kineticsimax ()/Imin(t) was used. As has already

€

were used as acceptors for quantum beats experiments. To
avoid hole scavenging bg-terphenyld;4 molecules, the con-
centration of the latter was taken rather low (30M). The
experiments with this concentration of PARrand with 2 x

10~ M of PTP-dy, appeared to give identical results. MARY
spectra were taken using hexafluorobenzegie; @s an elec-
tronacceptor with equivalent nuclei. The hexafluorobenzene
concentration in the solution was taken sufficiently low to
suppress the &~ line broadening due to charge transfer
reaction. In our experimental conditions its contribution to the
overall line widths was about 1 G. The solvent, squalane (2,6,-
10,15,19,23-hexamethyltetracosane, 99%, Merck), was purified
on a chromatographic column with alumina activated with silver
nitrate (10%). The solvent purity was monitored by its UV
absorption spectrum, the fraction used had its optical density
equal to 1 m a 1 cmlayer at the wavelength 210 nm. We
estimate the amount of unsaturated impurities (particularly,
olefins) in the fresh purified solvent is less than~1QW.
Diphenyl sulfide was purified by distillation. The solutions were
degassed te-1073 Torr by repeated freezeoump-thaw cycles

and sealed off in thin-walled quartz cuvettes. All experiments
were carried out at ambient temperature. The valugsfattors
(2.00 28) and spectrum widths = (Y a2 l(lx+1)/3)Y2 = 0.68

G for (PTPdis)~ and 2.00 39 and 10.6 G, respectively, for
squalane radical cations, necessary for simulations, were taken
from the literaturé?2® Theg-factor value of 2.00 82 for (DPS-
dig)*t was found from the frequency of oscillations.

been demonstrated, such a processing technique allows one nOI{ZesuIts and Discussion

to consider the complex kinetic profile of the intratrack
counterion recombinatiolf. Since undep-particle irradiation,

the fluorescence results from the consequential events of the
counterion recombination and the radiative deactivation of the
excited recombination products; the observed time profile is
actually a convolution of the kinetics with the luminophore
fluorescence lifetime. For a luminophore with a short radiative
time (p-terphenyl) the following expression approximately holds

IMAX (t)/IMIN(t) 0 WMAX (t)/WMIN (t) (1)
whereW (t) is the convolution
W) =7, " foe T WgE) d )

HereWs(t) is the singlet state population of the radical ion pair
at timet. The convolution was performed numerically. The
fluorescence lifetimey measurements were carried out with
the same samples. The fluorescence was excited by the pulse
of Cerenkov light, arising from electrons passing through a 45
mm quartz converter. In the absence of diphenyl sulfide the
fluorescence lifetime of PTH:s amounted to 1.23 0.04 ns,
agreeing well with the known literature value of 1.19%A&lo

The Quantum Beats Study. In the primary event of solvent
ionization a free electron and a solvent hole are formed. The
electron spins of the counterions are correlated, and the initial
(singlet) state of the pair is nonstationary. In a static external
magnetic field the dynamics of the singfdtiplet (S—T)
transitions are governed by Zeeman and hyperfine interactions
(HFI) of electron spins, and the multiplicity of the forming
excited product$3P* corresponds to the multiplicity of the pair
(S, T) at the moment of recombination. Electron capture by
acceptor (PTR}4) molecules proceeds rather fast because of
their high mobility, but the holes are scavenged in a slower
reaction

S"+D 5 S+D* (3)
where S stands for a solvent molecule and D for the hole
acceptor (DPShg), respectively. As a result, the oscillations
& a (DPSdy)™/(PTPdy4)~ radical ion pair start with a certain
offset in time, resulting in a phase shift of the beats and damping
of the beats amplitude. Monomolecular decay of the holes, track
recombination with counterions, and spin relaxation all compete
with this process, diminuating the phase shift and diminishing

fluorescence quenching was observed when raising the diphenylthe observed amplitude of the beats.

sulfide concentration, and this value remained constant within
the accuracy of the experiment. The fluorescence lifetime thus

To obtain a quantitative description of the radical ion pair
spin dynamics the equations for density matrix were solved

obtained was then used to determine the phase shifts and thewumerically. The simulation procedure allowed consideration

capture times.

The MARY spectroscopy setup has been described else-
where!® About 1 mL of the sample solution in a quartz cuvette
was put into the magnetic field of a BRUKER ER-200D ESR
spectrometer, equipped with an X-ray tube for irradiation and
a PMT. The fluorescence was registered with modulating the
external magnetic field at 12.5 kHz and lock-in detection,
yielding the first derivative of the signal. No microwave
pumping was applied.

of the finite spectrum widths, ioamolecular charge transfer
rates, and lifetimes of the pair partners, as well as hole-
scavenging processes in the track. On the other hand, as has
already been pointed ott,it is possible to provide a simple
analytical description of the quantum beats profile given that
the HFI in S" are averaged down to O by fast charge transfer,
and there are no HFI in (DP&yg)*. Under these conditions

the numerical calculations and a simple exponential model yield
quite similar results. For brevity, below only the analytical
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description of the beats profile is presented, the details of the
numerical procedure will be presented elsewhere.

Assuming homogeneous spectra for botha®d (DPSd;0) ™,
the singlet yield from the pairs'§PTPd.4)~ and (DPSd;q)*/
(PTP4d1,)~ is given by?8

Gi3= %[ei(koﬂl)t + gttty Cos(;4t)] 4)

ko

R

[R(t) + e "6 cosg cos@,t — ¢)]  (5)

respectivelywij = (g — g;)SHA 1 being the frequencies of the
beats in the static external magnetic field and indices “1”,
“2”, “3" referring to S*, (DPSého)*, and (PTPd14)~, respec-
tively. ko = k[D], wherek is the rate constant for bimolecular
hole scavenging andD] is the DPS concentrationki, = ko +

ki — kz, wherek; andk; are the total rates of depletion of holes
and acceptor cations, respectively, in the course of track
recombination and monomolecular decay reactlag = ko

+ ki* — ko* = ko + Kkdeo Wherek* = k; + 1L/, are the observed
rates of the beats’ decay for the first and the second chagnel.
= arctan{vioki2*) is the angle of the phase shift of the
oscillations. 6 = exp(—0.5A3%?) is the oscillations’ damping
factor due to the inhomogeneous spectrum width of (-,
and finally, R(t) is a smooth background

k * *
R(t) = kl—2(1 — e M%) — g (" cosg cos, 4t — @)
12

(6)

The total yield of pairs recombining to give singlets in both
recombination channels is

Wq(t) = [Gy(t) + Gpa(1)]O + l/4(1 - 0) (7)
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Figure 1. Quantum beats for the solutions of M p-terphenylel4

in squalane and different concentrations of DR&- (a) 0.12 M; (b)
0.036 M; (c) 0.012 M. Solid lines indicate values taken from
experiment, and circles represent those from simulation. The solution
was held at ambient temperature.

squalane, taken at room temperature. The presented curves are
the ratios of the recombination fluorescence kineligs/Imin

where it has been taken into account that singlet correlated pairs2Nd clearly demonstrate the transformations of spin dynamics

comprise only a fraction® < 1 of the total number of
recombining pairs€.g, refer to ref 24).

It should be noted that quantum beats from the primary pairs
SHY/(PTPdy)~, given by theGs term, could be observed in
strong fields even without any acceptor (DPS)However, the
contribution of this channel to the total fluorescence yield of
the sample decays exponentially with the time constant of the
hole scavenging (decay), so only the beats from the pairs
involving acceptor molecules (DR&o)/(PTP€14)~ will remain
at longer { > 20 ns) times. In this time domain the singlet
yield oscillates with the frequenay,s, and the phase shift is
determined only by the rate of hole scavenging and by the
g-factor shift @12)

W12 COtQD = k[D] + kdec (8)

with slowing hole scavenging. At high concentrations of DPS-
dio (Figure 1a) the hole capture is almost instant. Correspond-
ingly, the beats’ amplitude reaches its maximum and no phase
shift is observed, implying that almost all radical catiens
precursors of (DP$ho)™ are effectively captured by acceptor
molecules. When the DP&y concentration is decreased, the
beats drop in amplitude (Figure 1b) and almost vanish in
strongly diluted solutions (Figure 1c). It could be noticed that
parallel to the drop in amplitude, an offset (lag) of the beats
emerges, its magnitude not exceeding a quarter of a period. So
this picture agrees qualitatively with the predictions of the
theory. Expressions 3 and 4 provide a quantitative description
of the process of hole capture by an acceptor. The dots in Figure
1 give the results of the theoretical calculation according to (eq
1). All the curves were obtained using the same set of
parametersk=6.1x 1° M~1s™1 k* =0.11x 10° s (r*

Thus, the hole-scavenging rate constant can be extracted from= 9 ns), and® = 0.22. This®-value is lower than that (0.6)

the slope of the concentrational dependencefcotg. The
expression (eq 8) is the basis for determining the rates of primary
short-lived solvent holes scavenging by acceptors with lower
ionization potentials. The experimentally measured phase shift
valuesg unambiguously determine the scavenging rate, since
g-factors of the corresponding radicals are known. When the
acceptor concentration is decreaded;> 0, the phase shift tends

to its maximum value,pmax = arctanfpidkyed, making it

obtained in magnetic field effect experimeftsThe possible
origin of this discrepancy is that only primary solvent holes
are responsible for quantum beats in a viscous solvent while
olefin cations contribute also to the magnetic field effécthe
observed rate of the beats’ decay depends on the concentration
of DPS4yp in solution and within the experimental accuracy
changes fronk* = 0.017x 10° s71 (0.12 M) toky* = 0.03 x

1® s1 (0.012 M). As the figure demonstrates, this simple

possible to also obtain the hole lifetime in the absence of theoretical model describes quite satisfactorily the transforma-

scavengers;*, since the value ok, could be extracted from

the experimentally observed damping of the oscillations.
Figure 1a-c shows the quantum beats from the solutions of

103 M PTPdi4 and DPSd;g at different concentrations in

tions of kinetic profiles at long timeg & 15 ns) with dilution

of the solution. At shorter times the theory and the experiment
diverge slightly, and the amplitude of the first oscillation is lower

than predicted. The discrepancy must result from an ap-
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Figure 2. The dependence o, cot ¢ on the concentration of DPS-

dho in solution. Squares are experimental points. The solid line is the
linear approximation. The dashed curve represents the simulation for
an olefin cation with a broad spectrum,= 25.2 G, as a precursor of
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TABLE 1: Rate Constants of Squalane Hole Scavenging by
Acceptors at 293 K

acceptor k, 1M 1s?t ref
TMPD?2 6.5 6
DPSdio 6.1 this work
triethylamine 6.0 6
biphenyl 3.8 6

aN,N,N',N'-tetramethylp-phenylenediamine.

proximate character of the expression (eq 1) in the vicinity of
the abrupt recombination kinetics falldff. The oscillations at
times of about 1 ns arise from a drift of the fluorescence profile
maximum (200 ps) and do not cause any major aberrations
at long times.

Measuring the phase shift allows one to determine the rate
constant of hole scavenging by acceptor molecules and the
monomolecular hole decay rate in a straightforward fashion
(expression 7). The experimental dependence;efcot ¢ on
the DPS concentration is shown in Figure 2. Within the
accuracy of experiment the data points lie on a straight line, its
slope yielding the scavenging rate constant wadis intercept
giving the decay rate. For the rate constant of squalane hole
scavenging by diphenyl sulfide molecules, this procedure yields
k= (6.1% 1) x 10° M1 s71, which agrees well with the data
on pulse radiolysis for other acceptbrand exceeds the

Usov et al.
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Figure 3. Stern-Volmer plot of the beats’ amplitud&{/A) cos¢ vs

the reciprocal of the DP8r, concentration. Circles are experimental
points. Solid line is the linear approximation.
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For a comparison the dashed curve in the same figure shows
the result of numerical calculation ef;, cot ¢ versusacceptor
concentration, assuming that an olefinic radical cation with a
broad unresolved spectrum of the width= 25.2 G5 serves
as a precursor to (DP&qp)™ and there is no charge transfer.
The rates of scavenging were taken to be equal for both cases.
For a fixed scavenging rate constant, the line slope deviates
only slightly from the actual value~x10%) (Figure 2), justifying
the application of this technique of scavenging rate constant
measurement irrespective of any assumptions about the precursor
spectrum structure. It could be noticed that the inhomogeneous
width of the precursor appears in a greayesxis intercept.
Significantly smaller experimental intercepts (Figure 2) allow
one to exclude cations of olefins from the list of possible
precursors to DPS radical cations. Another reason to ignore
olefins is the high value of the rate constant extracted from the
slope, since the scavenging of olefin radical cations would have
proceeded at rates not exceeding the diffusion-controlled one
((0.6 - 1.5) x 1® Mt s71)61627 The above mentioned
considerations allow us to conclude that it is a squalane hole
that serves as the main precursor of (DR§

As follows from expression 4 the amplitude of the beats from
secondary pairs depends on the acceptor concentration, reflecting
both the fraction of holes captured and the phase shift of the
oscillations asA ~ (ko/kiz*)©® cos ¢. In the limit of high
acceptor concentrations, the beats’ amplitude reaches the plateau

A, which depends only o®. The dependence of amplitude

diffusion-controlled one several times (Table 1). The decay ypon acceptor concentration follows a modified Steviolmer

rate constankgec = ki* — ko* is obtained from Figure 2 by a
linear approximation to infinite dilution and amountsk@. =
(0.0834+ 0.02) x 10° s7L.

The simple analytical description of the beats profile, egs 3

expression

(AJA) cosp = 1+ (kg K[D] (9)

and 4, can be derived only if it is assumed that the hyperfine from which one can obtain the decay rate of the hdigs

structure of the squalane holeé"  completely averaged out

independently, provided that the scavenging constant rate is

by fast spectral migration. If this is not the case, a numerical already known. The function of the beat amplitude correspond-

simulation making use of additional information on the ESR

ing to the left hand side of eq 9 plottegrsusthe reciprocal of

spectrum structure of the primary cation is required. The high the DPSel;o concentration is shown in Figure 3. Experimental
experimental rates of hole scavenging seem to result from high points fit a straight line, the slope of which yields the ratio of
hole mobility due to fast hopping over the solvent molecules. the decay and scavenging rate constigitk = (0.014+ 0.001)
Assuming diffusional motion of the holes over the closest M. Substituting the value ok obtained above, one finds the
neighbors, the mean residence time can be readily estimatedhole decay rate dfgec = 0.085x 10° s71, coinciding with the

Tres X 4Vmolk = 330 ps, wher&/me = 0.5 M1 is the squalane

phase shift analysis result. Using the known value of the beats’

molar volume. It is clear that charge transfer and, consequently, decay raté* and ignoring the contribution from the relaxational
fast frequency exchange will average the HFI and shrink the width of the hole, the latter yields for the hole lifetime in solution

hole spectrum into a narrow line of the widthTa®) = A1%7es

71 =9 ns kK = ki* = 0.11 x 10° s71), which is close to the

= 0.65 G, thus lending support to the assumption about the characteristic time of squalane hole intratrack deeai? ns,

homogeneity of the hole spectrum.

known from the pulse radiolysis experime#ts.
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in squalane in the absence of DB- Solid line indicates values taken RN R RN AR AR RARERRE N LARRERRERY LRRERRRRLY|
from the experiment at ambient temperature. Dotted line indicates the -50 0 50 150 250 350 450 550
theoretical calculation with paramete®s= 0.2, 7;* = 19 ns. H.G

0

-

According to eq 3, quantum beats could be observed even in
the absence of acceptor (DPS). In this case the beats arise in
the primary pair $/(PTPd,4)~ due to theg-factor difference
of the pair constituents. Since for squalane radical cations the '30L
difference is not large, the oscillations are degenerate in the
fields below 2 T Figure 4 shows the quantum beats for the
solution of 103 M PTP-dy4 in squalane without diphenyl sulfide
added. The experimental profile is just a single spike of the
beats with the decay decrement being close to the beat period.
The profile of the beats from primary pairs is also described by
the general expression 6, but the paramkte(the rate of the
beats decay) no longer has a recombinational contribution since
the latter is disposed of during the normalization procedure (eq
1). Thus, the beats from the primary pairy@TPd;4)~ have
the monomolecular decay rate as the single adjustable parameter
as opposed to the beats from acceptors which bear the
information about the total rate of hole decay in the processes
of hole capture, track recombination, and monomolecular decay.
As follows from Figure 4, the theory and the experiment can
be reconciled with the following set of parameterg* = 19
ns k* =0.053x 1P s 1) and® = 0.2. The fraction of spin-
correlated pairs@, for the primary pairs is identical to that
extracted from the beats from acceptors (DR§L/(PTPd) ™, T ! ' ! ! ! '
and the hole lifetimery* agrees well with the data on pulse  -1%0 -50 0 50 100
radiolysis for squalane 20 fis. field offset, G

The data presented show that i_n the case of squalane the_valugigure 5. (a) MARY spectrum from the solution of 1.2 10°2 M
© = 0.22 £ 0.02 for the fraction of spin-correlated pairs pexafluorobenzene in squalane. Dashed line represents the simulation
describes satisfactorily the entire body of experimental data. for squalane holeX = 10.6 G, {9t = 3 x 1(° s). The satellite
At the same time, similar studies of a series of sol\&nts line atH* = 3a s put into the box. The center of the line is marked
demonstrated that, for nonviscous alkanes (isooctane, hexaneby the arrow at the axis. (b) MARY spectrum in the vicinity of the
cyclohexane, decalin), the observed fraction of singlet-correlated z?rtsee”t't@"nﬁ*g'.\"tﬁRZ;E?sr"ﬂ?é chlﬁf‘e"’;‘”gnh dci)LES)I—isBlgt;i%rlTj ?))%25 tgeg';'g
pairs is about two times highe®(= 0.35+ 0.56) than for  ~ =20 00 ar?wbient temperature? g P
squalane. One can hardly find any physical reasons for such a
difference. Obviously, the fraction of spin-correlated pairs is spectroscopy) gives spectral information about the pair partners
determined by the track density (linear energy transfer upon and, in the case of squalane, allows one to arrive at a definite
ionization) and by the electron thermalization length and should conclusion about the homogeneity of the hole spectrum.
be approximately the same for all hydrocarbons studied. An Furthermore, a modification of the technique (MARESR)
explanation could be that the low amplitude of the beats in helps one get the ESR spectrum of the holes.
squalane results from some parallel reactieng, the recom- Figure 5a shows an experimental MARY spectrum of the
bination of (PTPey4)~ with olefin radical cations forming in 1.2 x 1072 M solution of hexafluorobenzene in squalane, taken
the track at the instance of ionization. As can be deduced from at room temperature. Together with a pronounced signal at zero
the pulse radiolysis resulfdntroducing a certain amount (30 field, a satellite line dwells in the fielti* = 405 G (marked
15%) of such ions at = 0 improves the agreement between by an arrow). As has been recently demonstratetie line
theory and experiment. allows one to ascribe the observed spectrum to hexafluoroben-

The MARY Spectroscopy Study. Apart from the quantum zene radical anion, the hyperfine coupling constant of which is
beats technigue yielding kinetic information about the radicals known to bea(6F)= 135 G22 Since the spectrum observed is
involved in a magnetosensitive reaction, the effect of level formed in the process of the spin-correlated radical ion pair
crossing in spin-correlated radical ion pairs (dubbed the MARY recombination, it comes naturally that the partners g#C be
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the solvent holes and the cations or radiolytic products (olefins) detected magnetic resonance techniques, where the central line
because we intentionally did not add any hole acceptors to theof the spectrum is often overlapped with the signal of the
solution. To preclude the hole capture, the solvent was fluorescing counterion, in MARY-ESR the entire spectrum
thoroughly purified from traces of impurities with low ionization  belongs to the cations of the pair. The ESR spectrum of the
potential (IP) (aromatics and olefins), and the high IP of the squalane hole is a homogeneous (Lorentzian) line with the width
hexafluorobenzene molecule prevents positive charge transferof abou 8 G (half-width at half-maximum), coming mostly from

from a solvent molecule. the rate of intratrack hole dec&y*. The dashed curve (Figure
The shape of the spectrum lines (Figure 5) identifies the hole 5b) presents the results of theoretical calculation with the value
nature of the cation. As has been recently demonstiten of ki* taken from the beats simulation. Taking into account

lines of MARY spectra are sensitive to the distribution of that the line is slightly overmodulated-10%), the agreement
magnetic nuclei over the pair partners. The presence of HFI in Petween the calculations and the experiment is quite satisfactory.
the cation splits the satellite line of hexafluorobenzene in the At the wings of the spectrum certain deviations from the

field H* = 3a by the projection of the total nuclear sgif in calculated curve, appearing as a broad background, can be seen,
the cation, leading to broadening and to a drop in amplitude of Which may be due to a contribution of a broad line from olefin
the line. The width of the central line in the field* = 0 radical cations. Including the signal of an olefin radical cation

remains practically unchanged, reflecting only the relaxational (A = 25.2 G) with the weight~50% into the simulations
properties of the systedl. Consequently, the full spectrum  improves the agreement _between calculated and experimental
helps conclude the homogeneity of the cation spectrum. WhenSPectr&® agreeing also with the quantum beats results.

the HFI in the cation are completely averaged down by fast

charge transfer, the ratio of the widths of the lines depends Conclusion

exclusively on the slopes of the pair electron terms in the
crossing point$d* = 0 andH* = 3a. For hexafluorobenzene,
where MARY signals result mainly from the nuclear suben-
semble with total spinl = 2, this ratio is close to 3.

The techniques of quantum beats and MARY spectroscopy
were employed to study the primary squalane holes forming
during radiolysis in the radiation track. It was demonstrated
inhomagenefy of the cation ESR spectrum Ieads to additonal i counterions and monomolecuiar decay. I the absence o
broadening of the satellite line over this value. solute the lifetime of the holes in solution is about 19 ns. In

To provide an example, the dashed curve in Figure 5a gives the presence of an acceptor with a low ionization potential, the
the result of simulations for Squalane radical cation in the holes of Squa|ane are Scavenged to form Secondary radical
conditions of strong spectrum narrowing due to fast-ion  cations of the acceptor. In the case of diphenyl sulfide the rate
molecular charge transfer over the matrix molecules. As a of scavenging, extracted from the phase shift of the beats,
starting nonperturbed spectrum, a broad inhomogeneous Gaussexceeds the diffusion-controlled one several times, amounting
ian-type profile withA = 10.6 G was taken. The simulation 0 6.1 x 10° M~1 s™%. Such a high value results from charge
prOCGdUre is described in ref 16. As could be concluded from hoppmg due to ioamolecular Charge transfer as Opposed to
the figure, the theory fits the experiment quite satisfactorily molecular diffusion, yielding higher mobilities. MARY spec-
given the complete averaging of HFI in"Sy fast charge  troscopy was used to obtain the ESR spectrum of squalane holes,
transfer with a raterted ' = 3 x 10° s™1. As has already been  peing a homogeneous line with the width determined by the
pointed out, at such high exchange rates the spectrum of theoverall lifetime of holes in the track until recombinationq
squalane holes converges to a single homogeneous line. Thes).
observed width comes from the intratrack decay rafe,= The results obtained agree well with the data on pulse
0.11x 10° s7%, and the chargeexchange broadening o6fs ", radiolysis of squalane solutichand lend confirmations to the
1/T> = 1 G. Within the experimental error<(15%) the ratio  pojle nature of the track positively charged species. Although
of the widthsAH(3a)/AH(0) = 3, forcing a conclusion thatthe  the measured mobility of squalane holes does not reach the
ESR spectrum of the cation is a single homogeneous line, which extremely high values typical for cyclic alkank$, our results
should be ascribed '[0*8 Similar theoretical calculations were point to the importance of hopp|ng processes in other alkanes
also carried out for an olefinic radical cation with a broad as well in Considering the ESR spectra and possible reactions

spectrum A = 25.2 G) with charge transfer switched éffln of solvent holes.
this case the ratio of the widths exceeds 10, and the calculated
spectrum does not resemble the experimental one. Acknowledgment. The authors are deeply grateful to Dr. I.
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5a). The bottom axis marks the field offset from the center of
the line H—H*). The corresponding ESR field offset is given References and Notes
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