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Abstract

The phase shift of quantum oscillations observed in the recombination fluorescence of the (diphenylsulfide-dio)*/ (p-
terphenyl-d14) ~ radical ion pair in isooctane has been detected experimentally. The shift is caused by the delay in
(diphenylsulfide-d10)* formation in the reaction of solvent holes with a diphenylsulfide molecule. Comparison with a theo-
retical model has given for the rate constant of isooctane hole capture by diphenylsulfide molecules the value (3.5+1) x 10"
M™~' s~ which exceeds the diffusion-controlled one. The fraction of singlet-correlated pairs in the track has been estimated

from the oscillation amplitude to be approximately 35%.

1. Introduction

Dynamic transitions between levels of different
multiplicity are known to occur in spin-correlated
radical pairs. The initial coherent state of a radical
pair being nonstationary, singlet-triplet (S-T) os-
cillations arise in the system (see e.g. Refs. [1,2]).
Recombination of radical ion pairs in nonpolar sol-
vents gives rise to either singlet- or triplet-excited
products '-*P*. Their multiplicity corresponds to that
of the pair one (S, T) upon recombination which
allows the direct observation of the spin dynamics in
the pair by recombination fluorescence kinetics [3].

The S-T oscillations have been observed in the re-
combination of spin-correlated radical ion pairs form-
ing under ionizing radiation in saturated hydrocarbons
containing electron and hole acceptors [4-8]. Due to
the conservation of spin angular momentum in the ion-
ization process the primary pairs appear in the nonsta-
tionary singlet state. The capture of primary species
by aromatic acceptors and subsequent recombination
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leads to the formation of luminescing products.

In a static external magnetic field the dynamics
of S-T transitions are governed by the Zeeman and
hyperfine interactions (hfi) of the electron spins. Par-
ticularly, in the strong magnetic field region the tran-
sition frequencies coincide with the differences in the
ESR spectrum frequencies of pair partners. Therefore,
the conditions for observing oscillations are mostly
favorable in systems with simple spectra, otherwise
the oscillation pattern is a superposition of many
modulation frequencies. Thus, hfi-induced quantum
oscillations have been observed in the recombination
of (tetramethylethylene)*/ (p-terphenyl-d;4) ~ pairs
forming under radiolysis of a tetramethylethylene and
p-terphenyl-dy4 (PTP-d;4) solution in squalane [5].
The oscillations result from the hfi with the twelve
equivalent protons in the tetramethylethylene cation.
Therefore, the oscillation pattern observed corre-
sponds to a superposition of multiple harmonics. An
appropriate electron acceptor, p-terphenyl-d;4, was
taken both as a counter-ion with narrow spectrum
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widths (~1.5 G) as well as an effective luminescing
agent P* with short fluorescence lifetime.

The quantum oscillations induced by the differ-
ence in g-factors of pair partners have been recorded
in the (diphenylsulfide-d o)t/ (PTP-d4)~ system
[6]. Diphenylsulfide-d,;o (DPS-d}p), a hole accep-
tor molecule with narrow cation spectrum and large
g-factor shift, on the one hand, and a simple ESR
spectrum of the system, resulting in a single oscilla-
tion frequency, on the other, have favoured the obser-
vation of large-amplitude oscillations. In both of the
examples described, the oscillation pattern has corre-
sponded to the ESR parameters of pair spectra. How-
ever, the observed oscillation amplitude has appeared
to be less than that expected which could be explained
by the contribution of non-correlated pairs to bulk
luminescence arising from cross-recombination in the
radiation track.

The quantum oscillations phenomenon could be em-
ployed to study the process of charge transfer from
primary solvent holes to solute molecules. The ioniza-
tion of a dilute solution results in a free electron and a
solvent hole. The electrons are scavenged fast enough
due to their high mobility whereas the holes are cap-
tured in much slower reactions that are assumed to
be limited by molecular diffusion. As a result, oscil-
lations in the secondary radical ion pair start with a
delay. This delay is sure to lead to a phase shift of os-
cillations and related decrease of their amplitude. In
earlier papers the oscillation amplitude has been re-
ported to vanish with dilution of the solution of the
holes acceptor. However, the phase shift has not yet
been recorded [8]. Probably, the shift of oscillations
did not exceed 2 ns which was beyond the time reso-
lution of the apparatus used.

This Letter reports the observation of the phase shift
of oscillations in the (DPS-dyo)*/ (PTP-d|4) ™ pair.
It is demonstrated that from the phase shift measure-
ments one can find the rate constant of hole capture
by acceptor molecules and also estimate their lifetime
in the net solvent.

2. Theoretical model
Assuming the electron to be captured instanta-

neously, the formation of radical ion pairs under
ionizing radiation and their recombination yielding

excited products can be described by [9]

s+p L, st +pm, (1)
St +P™ — S +P*, (2)
St+D -2, s+D", (3)
D" +P~ — D +P*, (4)

where S is the solvent molecule; P and D are accep-
tors of electrons (PTP-d,4) and holes (DPS-do), re-
spectively. The yield of fluorescing products depends
on the S-T evolution in the radical pairs, and the mul-
tiplicity of the excited products !*P* formed corre-
sponds to that of the pair (S, T) at the moment of
recombination. The fluorescence from the singlet ex-
cited state has been studied by experiment.

Let particles of type ‘1’ (holes) be captured by ac-
ceptor molecules ‘2’ (diphenylsulfide) with time 7
while particle ‘3’ (PTP™) is formed instantaneously.
It is also known that the radical-cations of alkanes are
unstable at room temperature and disappear via reac-
tions of deprotonation [ 10]. Neglecting pair recombi-
nation, the corresponding time-dependent concentra-
tions of cations with regard to the hole decay time 7,
are read as (supposing C‘V(0) = 1)

CV (1) =e781, (5)
CE(1) = g1 —e7k), (6)

where ko = 1/70 = k[D]; k is the rate constant of
bimolecular hole capture, [D] is the DPS concentra-
tion and 73 is the mean hole lifetime, k§ = (73) ™' =
(ro) ' + (7).

In the presence of ion—molecular capture, the pop-
ulation of the system spin states is more convenient
to describe by a density matrix depending on reagent
concentration: ¥ (1) = p® (£)C® (¢), where p(1)
covers only spin components. The matrix obeys the
equations [11]

oV =ilVa'V — k3o, (7)
o? =ilPa?® + koV, (8)

where the components of the diagonal spin tensor
T describe the motion of spin 1/2 in the basis
(S+,8-,8:),
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el 1o (). (9)

In the absence of hfi or upon its averaging by fast ion-
molecular charge transfer the radical’s correlation ten-
sor just corresponds to the rotation of spin with Lar-
mor frequency, wy = g«BH in the external magnetic
field H [12],

i eiwu 0 0
T® (1) = 5| o e~ 0 |, (10)
0 0 1

A simple form of expression (10) is determined by
specific experimental conditions when narrow-spectra
deuterated compounds are taken as acceptors. It is
also assumed that the hyperfine structure of the sol-
vent holes S* is averaged down by fast ion-molecular
charge transfer. In this approach both the influence of
the partners linewidth as well as relaxation terms are
neglected. The validity of such a simplification will
be mentioned below in discussions. A full expression
for T (¢) can be found in, for example, Ref. [13].
The yield of singlet products of recombination in
reactions (2) and (4) is given by the expressions

Gu(1) = €0 (1)

+3[2Re(a® (1) e7) + 0P ()], (11)
where w3 is the Larmor frequency of the PTP anion.
From formulae (5)-(11) one could obtain
G (1) = Je k' 4Le ™  cos(wint), (12)
Ga(1) = [R(1) + 3cospcos(wnt — )], (13)

¢ = arctan(w,) 73 ), where w;; = @; — w;, and R(?) is
the smooth function,

R(1) =11 —e%") —Le ki cos’ . (14)

Thus, the yield of singlet pairs oscillates with time and
the value of phase shift is determined by the capture
rate, the hole decay time and g-factor shift upon hole
capture,

wy cote = k[D] + (7). (15)

Consequently, the hole capture and decay rate con-
stants could be extracted from the slope and cut-off of
the concentration dependence.

When the hole lifetime 77 is prolonged, the phase
shift of oscillations ¢ tends to 77/2 and their ampli-
tude drops to zero. Note that oscillations appear in
both the hole recombination channel (12) and accep-
tor recombination (13) and the experimentally ob-
served pattern is a superposition of them both. How-
ever, since the difference in the g-factors of the alkane
holes and the p-terphenyl anion as counterion is not
large (w3 < w23) the quantum oscillations induced
by primary pairs are found to be observed only at high
magnetic fields (~18 kG [7]}). Moreover, the contri-
bution of this channel to the total fluorescence emis-
sion exponentially vanishes with the time of hole cap-
ture so that at longer times only secondary pair oscil-
lations are observed.

Expression (15) serves as a basis for the method
presented of the direct evaluation of the time of capture
of primary solvent holes by acceptors with a lower ion-
ization potential. The experimentally measured mag-
nitude of the phase shift ¢ unambiguously determines
the capture rate constant since g-factor values of the
corresponding radical ions are available from the lit-
erature.

3. Experimental

Recombination fluorescence was recorded by the
photon counting technique as described in Ref. [5].
The radioactive isotope *Sr of about 5 xCi in activity
was used as ionization source. Electrons arrived at the
sample along the magnetic field direction.

To observe the oscillation phase shift the apparatus
was modified in order to increase the long-term sta-
bility of all equipment parameters and to improve the
time resolution. To this goal, a magnet system was
made consisting of a Varian E-3 electromagnet and
power supply unit controlled by a Hall probe. Using
pole concentrators the field up to 9600 G was obtained
in a magnet gap with inhomogeneity being not more
than 2 G at the sample site. Field calibration and its
long-term stability were checked with an NMR mag-
netometer. Employing fast microchannel PMT tubes
(ELDI) with a single-photon pulse risetime <200 ps
(from 0.1 to 0.9 of maximum amplitude) and short
(~10 cm) lightguides has improved the time resolu-
tion up to 700 ps (fwhm). Eventually, the attained re-
producibility of fluorescence kinetics curves allowed
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one to extract the time shift of oscillations to within
~200 ps.

The fluorescence time of the excited recombination
products P* was measured using the same apparatus.
For these measurements a cuvette section was modi-
fied to excite solution fluorescence by Cerenkov light
pulses arising upon passage of fast electrons through
a 45 mm thick quartz converter totally blocking ion-
izing radiation of the radioactive source.

Solutions were prepared using as acceptors
diphenylsuifide-d;o and p-terphenyi-d,s whose iso-
topic purity (~99%) was controlled by NMR.
Isooctane (99%, FLUKA) was used as a solvent,
Diphenylsulfide was purified by distillation.

Particular attention was paid to solvent purification.
The initial chemical purification of the solvent was
performed by treating it with a mixture of sulfuric and
nitric acids at room temperature. The traces of unsat-
urated solutes were transferred into the corresponding
nitro compounds then separated by distillation with
sodium. Chemically purified solvent was additionally
passed through a chromatographic column with alu-
minum oxide. The isooctane used has optical density
1 at 205 nm.

Samples were degassed by repeated freeze-pump-
thaw cycle and sealed in thin quartz cuvettes. All ex-
periments were carried out at room temperature.

4. Results and discussion

Figs. la-1d depict the experimental radiofluores-
cence decay curves Iy(t) of the 107> M PTP-d)4
and 3 x 10~2 M DPS-d,g solutions in isooctane taken
at room temperature in various magnetic fields. For
convenience the curves are shifted arbitrary along the
vertical axis. In strong magnetic fields (Figs. la-
1c) the oscillation pattern can be observed on curves
whose frequency is proportional to field strength and
coincides with the calculated one for the pair (DPS-
dio) T/ (PTP-d\4)~. As follows from Fig. 1d, the
curve taken in the field of 170 G bears no oscillations
(w;jt < 1) and could be used as a reference to get
the oscillating components in curves la-lc.

The phase shift was analyzed in terms of the relation
Iy(t) /I170(t). Figs. 2a and 2b exemplify the time
profiles Ige00/ 1170 obtained from experimental curves
for two different concentrations of diphenylsulfide in
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Fig. 1. Recombination fluorescence intensity curves of the 1073 M
p-terphenyl-dy4 and 3 x 10~2 M diphenylsulfide-d o solutions in
isooctane at room temperature for magnetic fields: (a) 9600 G,
(b) 4800 G, (¢) 2400 G, (d) 170 G.

Beats intensity, Issoo/ [170.

Fig. 2. Quantum oscillations logo(1)/N170(¢) for 1073 M
p-terphenyl-d;4 solutions in isooctane at diphenylsulfide-do con-
centrations: (a) 1.2 x 10~ M, (b) 1.2 x 10—2 M., Solid lines:
experiment; points: theoretical fit to curve (a).

solution. At a high DPS concentration (curve 2a) the
oscillation depth reaches 70% and the corrected phase
shift (see below) is actually absent. In agreement with
the theoretical model, the oscillation phase shift has
been observed at low acceptor concentrations (curve
2b) accompanied by a decrease in their amplitude.
The phase shift ¢ was determined by fitting the cal-
culation curves to the experimental one. To compare
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theoretical expressions (12) and (13) with experi-
mental data the following items should be pointed out.

(i) A simple form of expression (10) was ob-
tained by neglecting the unresolved hyperfine struc-
ture of both the (PTP-d;4) ~ and (DPS-d|o) " spectra
as well as the relaxation processes induced by reso-
nance charge transfer. Such a simplification is deter-
mined by specific experimental conditions where the
deuterated compounds with narrow spectra have been
chosen as acceptors. This approximation is sufficient
for determining the phase shift ¢ and allows clear an-
alytical expressions. Evidently, the introduction of the
unresolved spectrum width and ion-molecular charge
transfer cause the decay of oscillations (see e.g. Ref.
[7]1). These processes can readily be taken into ac-
count when deducing expression (10). Therefore, a
full computation procedure has been used to process
experimental data [13]. Indeed, as follows from Fig.
2, the experimentally observed oscillation pattern dis-
plays some decay that is likely to be assigned to these
reasons.

(ii) In the radiation track, the singlet-correlated
pairs compose just a fraction @ of the total number of
recombining pairs (see e.g. Ref. [14]). Therefore, a
fraction of singlet-recombining pairs is

Ws(1) = [Gi(1) +G2(1)] @+ 3(1 - 6). (16)

The last term conforming to the contribution of un-
correlated pairs reflects the fact that the fraction of
the singlet component among these pairs is constant
and amounts to %. As seen from Fig. 2a, even at high
DPS concentrations the oscillation amplitude fails to
reach 100% which allows one to estimate the fraction
of spin-correlated pairs in the track @ =~ 35%. The
value obtained is slightly lower than those obtained
from magnetic field effects [14] and corresponds to
the data obtained by optical methods [15].

(iii) The theoretical expression for the observed
fluorescence decay /(¢) is given by the convolution,

1(t) = (7q) " /exp (—’ — f) Ws(€)F () d¢,

k3
0
(17)

where F(1) o« t~%? is the kinetics of the radical
ion pair recombination independent of magnetic field
strength [16], and 75 is the P* fluorescence time.

It was checked numerically that the explicit form
of the F(¢) function is insignificant for determining
the magnitude of the phase shift ¢, whereas the flu-
orescence time is highly essential for consideration
(see Table 1). As already mentioned, to get the oscil-
lating component the kinetics have been accumulated
twice for each sample: in a strong magnetic field (e.g.
H =9600 G) and in a reference magnetic field Hyes =
170 G. The result has been presented as the ratio of
these two curves: I5(t) /Is(2). For this approach the
following expansion holds:

I [Lret = Wy (1) [Weee (1) + O(arn), (18)

where a@ = (1/F)(3F/at) is the slope of function
F(1), W(¢) is given by the convolution

W () = ()~ /exp (—t—_—{) Ws(£)ds, (19)
0

i

and F(¢t) drops out from the equation. Therefore, the
phase shift ¢ can be found by using the approximate
expression (18). With 7q4 — 0 the accuracy of expres-
sion (18) increases. Thus, it is desirable to use fast
luminophores.

The luminophore fluorescence time 74 was mea-
sured on the same samples. In the absence of diphenyl-
sulfide the fluorescence time of PTP-d,4 was found to
be 7§ = 1.23 +0.04 ns which is in agreement with the
known value of 1.19 ns [17]. The fluorescence time
decreases with diphenylsulfide concentration accord-
ing to the relation,

(ta) ™' = ko[D] + (7). (20)

The obtained value of the fluorescence quenching rate
constant kg appeared to be close to the diffusion-
controlled one kg = 4.6x 10° M~! s~} The values ob-
tained for the fluorescence time have then been used to
determine the phase shift angle ¢ and the hole lifetime
75. Convolution (19) was performed numerically. The
values of the g-factors, 2.0028 for (PTP-d,4)~ and
2.0040 for the isooctane radical cation, necessary for
the calculations, have been taken in accord with liter-
ature data [18]. The value of 2.0086 for the (DPS-
dio)* g-factor deduced from the oscillation frequency
was in agreement with that found from its OD ESR
spectrum. The experimental data are listed in Table 1.
As follows from the table, neglecting the P* fluores-
cence time gives anomalously large values of ¢ that
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Table |

Oscillation phase shift versus diphenylsulfide concentration observed and corrected with regard to the time of luminophore fluorescence

[D] (1072 M)? 74 (ns)® Atgps (ns)* Pobs (grad) ¢ 75 (ns)® ¢ (grad)
0 123 - - - -
03 1.21 47 100 10 75
(6.6) (73) (9 (60)
0.6 119 40 90 55 65
(46) (52) (4.1) (39)
1.2 1.15 3.1 68 2.5 4
(34) (38) (24) (25)
3 1.05 20 43 1.0 21
(1.9) (19) (9) 9)
6 92 1.5 32 6 13
(1.5) (15) (.6) (6)

Magnet field strength is 9600 (4800) G.

2 DPS concentration. ® Luminophore fluorescence time interpolated according to (20).

d Observed phase shift. ¢ Hole lifetime. fCorrected phase shift.

exceed the theoretical limit of 90°. Fig. 2 gives a theo-
retical fit for curve 2a (dots) according to (18). Com-
parison testifies to a fair agreement between the the-
oretical model and experimental data. The divergence
observed at short times (<5 ns) is especially notice-
able at minor DPS concentrations. It can be assigned
to several facts, e.g. to the difference in the yields of
the excited products of recombination P* in reactions
(2) and (4) as well as to the additional fluorescence
of the luminophore resulting from direct excitation by
the Cerenkov light. Note that similar reasons make it
difficult to analyze the amplitude drop with decreasing
DPS concentration.

The experimentally obtained dependence of
(75)~' = @, cote on DPS concentration is shown
in Fig. 3. The closed circles correspond to the values
obtained in a field of 9600 G, and the open ones to
those obtained in a field of 4800 G. As expected,
the values of 7} obtained are independent of mag-
netic field strength. Within experimental accuracy the
data coincide and fall onto the straight line passing
through the zero point. Its slope gives the capture
constant and the ordinate cut-off gives the constant
of hole decay (expression (15)). Experimental error
is determined by the reproducibility of the oscillation
time shift in fluorescence kinetics (~200 ps). The
rate constant of isooctane hole capture by diphenyl-
sulfide molecules obtained by this method was found
tobe k= (3.5+1) x 101 M~! s~! which is twice

¢ Observed oscillations delay time.
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Fig. 3. Dependence of the isooctane hole lifetime

(1-3)_' = w7 cote on diphenylsulfide-dp concentration. Closed
circles: the data obtained in a field of 9600 G; open circles cor-
respond to a ficld of 4800 G. Solid line: linear approximation.

the diffusion-controlled value 1.4 x 10'9 M~! s~!
obtained from isooctane viscosity. This excess can be
related to a large radius of charge transfer between
solvent hole and acceptor because such a reaction can
follow the tunneling mechanism from the distances
exceeding the sum of the van der Waals reagent
radii. It is, however, not inconceivable that a solvent
hole displays high mobility when moving in a hop-
ping fashion over same matrix molecules (resonance
charge transfer). Within the experimental error the
straight line passes through the axis origin. This gives
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an estimate for hole lifetime from below 7, > 15 ns
which is in accord with the values obtained by the
method of pulse radiolysis for the cations of linear
and branched alkanes (see e.g. Ref. [17]).

Thus, in the present work the phase shift of lumi-
nescence quantum oscillations arising from the recom-
bination of singlet-correlated radical ion pairs (DPS-
dio)*/ (PTP-d;4) ~ has been observed. The shift is
caused by the delay in (DPS-d|o)*t formation in the
reaction of isooctane solvent holes with diphenylsul-
fide molecules. Comparison with a theoretical model
has allowed one to obtain the rate constant of isooctane
hole capture and to estimate the fraction of singlet-
correlated pairs in the track.
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