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Abstract

A computer model of the formation of molecular excited states in irradiated alkane solutions was applied successfully to the analysis of
the experimental delayed fluorescence decays measured in the range 0-250 ns after X-ray pulsed irradiation of n-dodecane solutions of
N,N,N', N -tetramethyl-para-phenylenediamine (TMPD). The modeling demonstrated that a track produced by 20-keV X-ray quanta in
n-dodecane in the studied time range could be described by a set of isolated spherical spurs containing 4-5 ion pairs. The radius of such

“effective” spurs were found to be about 5nm for four pairs or 9—10 nm for five pairs.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The analysis of irradiation-induced reactions in the track
of an ionizing particle is known to be complicated by,
firstly, quite a variety of possible reactions and, secondly,
the complexity of the kinetic law of these reactions due to
nonhomogeneous spatial distribution of active species.
These circumstances necessitate the use of computer
modeling for studying the early stages of radiolysis. At
present, the most adequate approach to develop such a
model is likely to be the computer simulation of the
movement of ions and other active species in the track,
starting from an initial spatial distribution of thermalized
primary charge carriers (Schmidt, 1983; Lozovoy et al.,
1990; Sauer et al., 1991; Bartczak and Hummel, 1997;
Anishchik et al., 1998).

Recently, a model of this kind was suggested to describe
the yield of electronically excited species in irradiated
alkane solutions as well as the effect of electric and
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magnetic field on the kinetics of delayed fluorescence
(Borovkov and Velizhanin, 2006). In that work an attempt
was made to take into consideration all factors, which were
conventionally believed to be responsible for excited states
formation. The reaction scheme compiled, besides ion pair
recombination, reaction of electronic excitation energy
transfer, triplet—triplet annihilation as well as excited state
quenching due to contact interactions involving the
intermediates in irradiated alkane solution.

The present work describes the application of this
computer model to the analysis of experimental delayed
fluorescence decays measured in the range 0-250ns after
X-ray pulsed irradiation of n-dodecane solutions of
N,N,N', N'-tetramethyl-para-phenylenediamine  (TMPD).
Furthermore, the effect of external magnetic and electric
fields on these decays is also discussed. The system was
chosen for the analysis because of its relative simplicity.
Primary radical cations of n-dodecane are comparatively
stable species, and their mobility is close to the mobility of
molecular ions (Saeki et al., 2001; Borovkov et al., 2002).
TMPD molecules capture solvent holes due to their low
ionization potential of 6.2¢V (Kondratyev, 1974) but do
not capture excess electrons. The low mobility of excess
electrons in dodecane makes it possible to register the
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recombination kinetics of (TMPD " /e™) pairs in nanose-
cond time domain (Borovkov et al., 1997).

This work also addresses the question what an “effec-
tive” spur is in irradiated alkanes. Such “‘effective” spur is
thought to be the simplest one, which allows describing as
many as possible experimental facts including manifesta-
tions of intermediates interactions without considering full-
scale track structure. In the present work, the initial spatial
distribution of solvent holes and excess electrons in
“effective” spur in n-dodecane irradiated by 20-keV X-
ray quanta is determined relying on reproducing the yields
of both free ions and singlet excitations as known from
literature as well as kinetic dependences reported here for
the first time. Such single-spur model is the successive stage
as compared to the single-pair model (Hummel, 1987) to
include reactions between short-lived intermediates in
irradiated solution.

According to the results of Borovkov and Velizhanin
(2006), the geometric parameters of an “‘effective’ spur can
be determined in a more correct manner by a combined
analysis of the effects of external electric and magnetic
fields on the fluorescence kinetics. This is because electric
field is a natural tool to separate the contribution of ion
pair recombination to the intensity of delayed fluorescence
from other ones. In turn, the effect of magnetic field is
determined largely by the fraction of geminate radical ion
pairs, i.e., by the geometrical structure of the spur
(Anishchik et al., 1998).

2. Experimental

Delayed fluorescence of n-dodecane solutions under
ionizing irradiation was detected by the single photon
counting technique using an X-ray fluorimeter described
elsewhere (Anishchik et al., 1989). The duration of the
ionizing pulse was about 2ns with quantum energy of
about 20keV. The collected light was passed through an
optical bandpass filter (380—480 nm). The sample cuvette
design allowed measuring the influence of applied electric
field on the fluorescence intensity and was similar to that
described elsewhere (Borovkov et al., 1997). The studied
solution was flooded into the space between parallel
electrodes placed with the gap of 2.3+0.07mm. The
solution was irradiated through the thin wall of one of
the electrodes. Fluorescence was detected in perpendicular
direction relative to irradiation. All of the parts of the
cuvette were made of nonferromagnetic materials and
measuring of magnetic field effects was performed in the
same experimental conditions as for the electric field
effects.

To quantitatively analyze the effects of the external
fields, the ratios Ig,p(f)/1o(f) were used, where I p(f) and
Iy(t) were kinetics of delayed fluorescence registered with
electric (£) or magnetic (B) field applied to the irradiated
solution and kinetics without the external fields, respec-
tively. These ratios are referred to as time-resolved electric
field effects (TR EFE) and magnetic field effects (TR

MFE), respectively (Borovkov et al., 1995, 1997, 2003;
Klein and Voltz, 1977; Veselov et al., 1991; Brocklehurst,
1997; Bagryansky et al., 2004). To reduce the influence of
instrumental drift, the fluorescence decays were recorded
for periods of 250s, alternatively, with and without
external fields. The electric field strength in solution was
up to 24kV/cm with an accuracy of about +5%. The
nonzero magnetic field was equal to 0.1 T. Zero magnetic
field was adjusted to within +0.05mT.

The rate constant of triplet—triplet annihilation of triplet-
excited TMPD molecules in liquid dodecane was measured
using a conventional laser flash-photolysis setup (excimer
XeCl laser, 308 nm, 15ns, 30mlJ) described in detail in
Grivin et al. (1990). The measurement procedure for the
rate constant was very similar to the one described in
Okamoto et al. (2001). Briefly, the absorption by *TMPD"
was measured at different intensities of the excitation laser
pulse and the rate constant of *TMPD " absorption decay in
bimolecular process was determined. The obtained absorp-
tion characteristics for “TMPD" (Amax ~ 600 nm,
e~ 1.2 x 10%) were close to the literature values (Potashnik
et al., 1969; Carmichael and Hug, 1986). Laser pulse power
was controlled by a Fieldmaster power/energy meter
(Coherent, Inc.). Optical density of the sample (1cm) in
the series of the experiments was varied from 0.1 to 0.4.

n-Dodecane (Fluka, 99%) was stirred with concentrated
sulfuric acid, washed with water, passed several times
through a I m column of activated alumina, and stored
over sodium. Using gas chromatography, we found that
the used n-dodecane contained several methylundecanes
(about 1%) as the main impurities. Other impurities were
found to amount to about 0.1% and were not identified.
Dodecane isomers could not be removed from the solvent
by the purification procedure, but their presence is believed
to have no significant effect on the obtained results. TMPD
(Aldrich, 99%) was sublimed under vacuum several times
before use. Hexafluorobenzene (HFB, 99%), 1-bromohex-
ane (98%), and diphenylacetylene (DPA, 98%) were used
as received from Aldrich. The solutions were degassed by
repeated freeze-pump-thaw cycles. All measurements were
performed at 293 +0.5K.

3. Description of the model and choice of the parameters
3.1. Outline of the algorithm

The algorithm for modeling the processes initiated by
irradiation and the used reaction scheme are described in
detail by Borovkov and Velizhanin (2006). In this section,
we give a basic sketch of the model. This simulates the
radiation-induced reactions starting from an isolated
spherical spur, because in order to simulate the early steps
of the radiolysis it is sufficient to consider only species born
close to each other. The active species, whose reactions
were considered and, consequently, whose coordinates and
states were processed in the program, were excess electrons,
(e7), dodecane and TMPD radical cations (S*°, D™ "),
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singlet and triplet excited dodecane and TMPD molecules
(*3s", '°D"). It was assumed that °S” decayed instantly
forming a pair of neutral radicals *(R" ... R") (Brocklehurst,
1992a,b; LaVerne et al., 1997). Parameters of all these
intermediates are given in Table 1. For brevity, Table 2 lists
only the main reactions that, in the framework of the used
model, contribute substantially to the delayed fluorescence
intensity and to external field effects. The only reaction
between the active intermediates included in Table 1 is the
annihilation of triplet TMPD molecules (°D"). Other
possible encounter reactions of the intermediates can be
found in Borovkov and Velizhanin (2006). In Table 2 also
given are the values of rate constants as well as effective
radii and probabilities for the reactions.

The modeling of the motion and reactions of the
intermediates starts from a random placing a number of
solvent radical cations in a spherically shaped spur, and
placing excess electrons isotropically distributed around
corresponding cations to form ion pairs. Then diffusion
displacement of the species and the drift of the charged
species in the electric field of the surrounding ions and the
external electric field, if the latter was non-zero, were
calculated. At each step of the program, the probabilities of
quasi-monomolecular reactions for the species were calcu-
lated. Reactions between active species were considered to
occur if the distance between the species became smaller
than the sum of their radii. Reactions with a neutral
TMPD molecule were described as a quasi-monomolecular
reaction with a rate constant k(r) = 4nRyDo(1+Ro/(nDot)"
%), where R, is reaction radius and D, is the sum of the
diffusion coefficients of the reagents. In Table 2, 4nRyD,
values are given as rate constants.

The program produced a file where the moments of all
the events processed by the algorithm were recorded. These
were the recombination of oppositely charged species,
formation of neutral radicals or excited states of various
multiplicities, radiative deactivation of singlet excited

Table 1
Characteristics of particles involved in reactions (1-11)*

Particle D (cm?/s) u(em?/Vs) R (m)° T,=T, T, (ns)
(ns)

CppHY"  65x107%  26x107* 0.5 304+10° 200+ 50°

e 21x107*  85x107%® 05 0 0

TMPD"" 38x107°  1.5x107* 038 (ki)™ 220450°

C,H5g 89x107%  — 0.5 — —

TMPD 8.2 x 107% 0.38 — —

(TMPD")

R’ 8 x 107 — 0.4 — —

4D is the diffusion coefficient, p is the mobility, R is particle’s radius, 77,
T>, and T, are the times of spin-lattice relaxation, phase relaxation in
strong magnetic field and in zero field, respectively.

As determined in this work.

“Estimated as described in the text.

9Relaxation rate depends on TMPD concentration (see text and
Appendix A.1).

states, as well as encounters of all active species. For
recombination of radical ion pairs, it was also taken into
account whether the radical ions were born as one pair
(geminate recombination) or not (cross recombination).

3.2. Model parameters

The most part of the model parameters used to fit the
experiment were determined by supplementary measure-
ments or by estimation from data available in literature
(vide infra). However, some of them were obtained as a
result of the search of optimal accordance between the
experiment and the simulation.

First of all, parameters concerned with the spatial
distribution of primary ion pairs in the spur were varied
to reach the accordance. These were the spur radius, the
initial number of ion pairs, and the distribution function of
the initial distances between geminate ions. Spur radius
value and the number of ion pairs were varied between 1
and 20nm and between 2 and 10 pairs, respectively.
Distribution function of the primary ion-electron (S™ °/e™)
pairs was chosen in the exponential form f(r>a) = 1/bexp
(=(r—a)/b), where a=1nm was the closest distance
between approaching oppositely charged species. Para-
meter b was selected so as to obtain the free ion yield in
electric fields of 0 and 10kV/cm were about 2.2% and
3.5% of initial number of ions, respectively. These values
came from the premise that four ion pairs arose per each
100 eV of absorbed energy, and the yield of free ions in n-
dodecane irradiated with 20keV X-rays was equal to yield
in n-hexane in similar conditions and amounted to 0.09/
100eV (Schmidt and Allen, 1970; Holroyd and Sham,
1985). Changing the distribution function to
flr>a)~exp(—(r—a)’/b*) gave somewhat worse results.

The better and approximately equivalent descriptions of
experiment were obtained using spurs of 5-5.5 nm in radius
containing initially four ion pairs or spurs of 9-10nm in
radius containing five ion pairs, with » = 4.2-4.5nm. The
calculated curves given below, unless indicated otherwise,
were calculated for the case of four pairs in spur of 5nm in
radius with » = 4.3 nm.

An additional criterion for choosing the spur structure
was the probability of geminate recombination of S™° /e~
pairs, which for the majority of such pairs occurs in sub-
nanosecond time domain. Therefore, the spin state of these
geminate pairs is singlet, and their fraction determines the
yield of singlet excited solvent molecules. According to
Holroyd et al. (1997), the yields of singlet-excited molecules
of cis- and trans-decalin for energy of irradiation quanta
15keV are about 1.9 and 2.5 excitations per 100eV. For
dodecane, the corresponding value was taken to be equal to
about two, so the probability of geminate recombination
should be about 0.5. This value is also validated by the
results obtained by Sauer and Jonah (1994). All the
presented results of modeling match up to this criterion.

Other adjustable parameters were the rate constant of
the energy transfer reaction (6) and the yield of '"TMPD" in
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Table 2

Rate constants, radii and probabilities of the most important reactions used in simulation®

Reaction Rate constant Reaction radius (nm); (reaction probability)
S— St +e” (1) — .

St e — 13 ) — 1; (1)

S**+D— S+ D+ (3) (9.84+0.7)x 10°M~1s71® 0.88+0.1% (1)

D™ e — 3D ) -

st — 3s* (5) 24x10%s7!

'S*+D — S+ 'D* (©) (1.1£0.3) x 10""M 157 10¢
'S*+D - S+°D* (©) -

'D* — D~ o 1.9 x 10%s7!

’D* +°D* —» D + 'D* (®) (9.440.4) x 10% 57"
3D* 4 3D* — D 4+ 3D* ®) o

'D* > D+ hy ©) 1.8x107s7!

St 4+(S) > S+ (ST (10) 108571

Dt + (D) - D+ (D) an (5+1.5)x10°M~!s7I®

L; (1)

0.880.3% (0.45)

0.8840.3% (0.55)

0.76+0.2; (1/9)

0.76+0.2; (1/3)

The complete collection of the reactions used can be found in ref. (Borovkov and Velizhanin, 2006).
#Here S is the solvent molecule, e~ is the excess electron, D is the TMPD molecule, S" and D" are the molecules in excited states with their multiplicity

indicated.
®As determined in this work.
°For the values of rate constants the values of k = 4ntR,D, are given.

this reaction. To obtain a satisfactory agreement between
the experiment and the simulation within the initial portion
(050 ns) of the decays at TMPD concentration ranged
from 1 to 20mM the value 1.1 x 10'*M~'/s for encounter
frequency of the reactants in reaction (6) was chosen. Note
this is comparable with a value of 1.7x10"°M™'/s
reported earlier for the rate constant of the diffusion-
controlled reaction of energy transfer from excited n-
dodecane molecules to benzene (Mehnert et al., 1988).
Besides, to provide, in parallel with the agreement of the
earlier portions of the fluorescence decays, the proper
contribution of triplet—triplet annihilation at longer time,
the probability of the formation of a singlet excited
molecule 'TMPD" in the reaction (6) was taken equal to
0.4540.05, assuming the formation of STMPD" in the rest
of the cases (reaction (6')).

3.3. Diffusion coefficients of the reactive particles
Diffusion coefficients D of the neutral species were

determined using data reported in Blum et al. (1985),
Kowert et al. (2001), and Kowert et al. (2003), where

empirical dependencies of the diffusion coefficients of
aromatic molecules on molecule size and solvent viscosity,
as well as self-diffusion coefficients of n-alkanes, are given.
According to Kowert et al. (2001), in n-dodecane at 293 K
the diffusion coefficient of DPA molecules, which have
similar volume and shape to molecules of TMPD, is about
8.2 x 10"®cm?/s. This value was used for neutral TMPD
molecules. For the diffusion coefficient of solvent mole-
cules the value of 8.9 x 10~®cm?/s was taken, which was
obtained from averaging the values published in Blum et al.
(1985) and Kowert et al. (2003) for 25°C under the
assumption that the coefficient is proportional to solvent
viscosity raised to the power 0.8. Such dependence
corresponds to the case of solute and solvent molecules
with approximately equal sizes. The diffusion coefficients
of a molecule in its electronically excited and ground states
were taken to be the same (Terazima, 2000; Ukai et al.,
2000).

Diffusion coefficients of charge carriers involved were
determined using Nernst—FEinstein relationship u/e = D/kT
from the mobilities of the species measured by the method
of TR EFE, which allows determining the sum of
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mobilities of the recombining radical ions (Borovkov et al.,
2003).

The mobility of excess electrons (8.5 x 107> cm?/Vs at
293K) was determined from TR EFE curves for n-
dodecane solutions of TMPD. In this case, the observed
mobility was provided almost exclusively by electron
movement. In order to measure the mobility of radical
cations, experimental conditions should be chosen in such a
way that the radical ion pair would include a slow radical
anion with a known mobility.

A suitable electron acceptor is HFB, which captures only
excess electrons in dodecane solutions. The mobility of
HFB™" (2.4 x 10~*cm?/Vs) was measured using approach
exploited before in Borovkov et al. (2003) for a similar
measurement in n-hexane. Briefly, the relative mobility of
the secondary radical ions DPA** and HFB™ " in n-
dodecane solution of 3mM HFB+3mM DPA was
measured. Then this relative mobility value was decreased
by that for DPA radical cation in n-dodecane
(1.6 x 10~*cm?/Vs), which was determined earlier
(Borovkov et al., 2003).

The mobility value (2.6 x 10~*cm?/Vs) of the solvent
hole (or the corresponding alkene radical cation, a possible
product of the decay of a primary radical cation), was
calculated as the difference between the relative mobility of
radical ions in n-dodecane solution of 10 mM HFB and the
mobility of HFB™". The mobility of TMPD"*
(1.5x 107*cm?/Vs) was determined using dodecane solu-
tion of 3mM TMPD+3mM DPA, in which the positive
charges rest on the TMPD molecules and the negative
charges are on DPA molecules. Note that diffusion
coefficient of TMPD molecule is twice as much as that of
TMPD " °. This is in accordance with the results reported
earlier (Terazima et al., 1995).

Diffusion coefficients of neutral radicals were selected
arbitrarily. The value of this parameter is of no importance
because the contribution of neutral radicals in the
discussed processes is insignificant (Borovkov and Veliz-
hanin, 2006). All diffusion coefficient values used in the
simulation are summarized in Table 1.

3.4. Rate constants for reaction of secondary radical cation
Jformation

In order to determine the rate constant k3 of the
formation of D" ° in reaction (3) an approach suggested
in Borovkov and Velizhanin (2004) was used. In this, like
to the methods of TR EFE or TR MFE, the relative change
in the fluorescence decay of solutions of 10mM HFB
caused by the addition of a certain amount of TMPD was
analyzed. According to the results of the cited work, the
ratio between the fluorescence decay for the solution,
which contains both HFB and TMPD, and that containing
only HFB, gives the kinetics of TMPD " ° formation via
reaction (3). The rate constant of reaction (3) averaged
over a series of measurements with different TMPD
concentrations was found to be (9.8+0.7) x 10°M~/s.

3.5. Rate constants for reaction of triplet—triplet
annihilation

As was mentioned above the measurement procedure for
the rate constant of the triplet TMPD molecule decay in
reaction (8) was close to the one described in Okamoto et
al. (2001). Lifetime of *TMPD” in quasifirst order reaction
was found to be about 50us. The second order rate
constant ktra of "TMPD" decay via reaction

23D*= D

was obtained to be 2krra = (4.3+0.2)x 10°M~'/s. In
order to estimate the frequency of encounters between
3STMPD” it was assumed that the process of triplet—triplet
annihilation (TTA) involving *TMPD in dodecane solu-
tion of TMPD is described by the same reaction scheme
(Scheme 1) as for mn-hexane and methylcyclohexane
solutions of 2-acetonaphthone studied in Okamoto et al.
(2001). Here D denotes TMPD molecule.

According to the results of the mentioned work
(Okamoto et al., 2001), the constant ks can be expressed
in the following way

1 1 ks+kr+k_qar
2krra kdir kr+ (14 @)ks

Here kg and k_gr are diffusion rate constants of the
formation and the decay of an encounter complex of triplet
molecules, respectively, kt is the rate constant of reaction
(’D"),—°D" + D proceeding in the complex, kg is the rate
constant of the parallel reaction °D"),—'D"+D, ¢ is the
fluorescence quantum yield of 'D”. In this work, the value
¢ = 0.09 (Nakamura et al., 1984) was used, and it was
assumed that there were no channels of 'D” deactivation
other than intercombinational conversion.

Unfortunately, because of the nonlinearity of the
photomultiplier tube used in laser flash photolysis experi-
ments, we could not determine the ratio between the
intensity of fluorescence of directly excited singlet TMPD
molecules (at t<50ns) and the intensity coming from
triplet—triplet annihilation with sufficient accuracy. In
other words, we could not get information about the
ks/kT ratio from an independent experiment. Therefore, it
was assumed that the rate constants k_gip> kgirr and
ks:kt:k_gire = 1:3:5. In other words, the state of triplet
molecules in a quintet complex does not change and the
outcome of encounter between two triplet TMPD
molecules is completely determined by the multiplicity of
the initial pair of triplets. Under these assumptions, the
probabilities of forming 'TMPD" and TMPD" in

k k

N N diff R T
DD > D, S o
k. .
i k . /
iff S D+D T> Dt+hv
Scheme 1.
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reaction (8) are 1/9 and 1/3, respectively, and kg =
(9.4+0.4) x 10°M~!/s (Table 2). These data were used to
describe accurately reaction (8) and to estimate character-
istic radius of *TMPD" (vide infra).

3.6. Sizes of particles

According to results of the work by Bondi (1964), if
TMPD molecule is considered to be a ball then its radius is
about 0.29 nm. For n-dodecane, such an estimate looks too
crude. As a characteristic geometric size of this particle the
value (RnyRZ)l/ 320.38 nm can be taken, where R; is the
dimension along the corresponding axis estimated from
bond lengths and atomic radii in the molecule of dodecane.

However, it is well known that the average distance at
which a diffusion-controlled reaction occurs can substan-
tially differ from the sum of van-der-Waals radii of the
reagents (Doktorov and Burstein, 1975; Heisel and Miche,
1982). The effective reaction radius for a reaction with rate
constant k is determined as R, = k/4nD, where D is the
sum of diffusion coefficients of the two reagents. Using the
rate constants for processes discussed above one can
calculate that effective radius of reaction (3) of electron
transfer from a TMPD molecule to a radical cation of
dodecane is about 0.88nm, contact radii for *TMPD"
triplet—triplet annihilation is about 0.76 nm and that for
energy transfer reaction (6) is about 0.88 nm.

When estimating the effective radius of electron transfer
in the reaction of electron self-exchange (11) it should be
remembered that the rate constant of this reaction
5x10°M~'/s (Table 2) is determined indirectly, from
concentration dependence of phase relaxation rate for
radical ion pairs. For sufficiently high rate of electron
transfer, the probability that the unpaired electron would
remain at the original partner in the same magnetic
environment is 0.5. If the duration of contact is much
shorter than the characteristic time of singlet—triplet
transitions 1/yo~4ns, the exchange rate is only half the
rate of binary encounters of reagents in reaction (11). Here
o =143mT is ESR spectrum width for radical cation
TMPD "* (Fisher, 1990), y is gyromagnetic ratio for
electron. The effective radius of electron transfer in
reaction (11) estimated by this way is R.~ 1.1 nm, which
exceeds doubly the sum of ‘“geometric” dimensions of
reagents. On the other hand, if the duration of contact is
large enough that each encounter effectively contributes to
the rate of phase relaxation, electron transfer radius in
reaction (11) should be reduced to one-half of the above
estimate.

As a summary, in this work the following radii were
taken when considering binary encounters: 0.38 nm for
effective size of excited and ionized TMPD molecules,
0.5nm for dodecane molecules, 0.4 nm for neutral radicals,
0.5 nm for excess electrons. The particular size attributed to
excess electron is not very significant, since in nonpolar
solutions the reaction of ion neutralization, where electron
participates, only weakly depends of the reagent radii. In

addition, collisions of electrons with neutral particles have
not very significant effect on the yield of excited states at
the ionization densities considered in this study (Borovkov
and Velizhanin, 2006).

3.7. Lifetimes of excited states

Lifetime of isolated singlet excited solvent molecule 'S
was taken to be 4.2ns as determined in experiments with
photoexcitation of dodecane (Shinsaka et al., 1985). In
Table 2 the inverse of the 'S” lifetime is given as rate
constant of reaction (5), since quantum yield of fluores-
cence for dodecane molecules is negligibly low (Rothman
et al., 1973).

The lifetime and the quantum yield of 'TMPD" were
taken to be tq =4.9ns and ¢ = 0.09, respectively (Naka-
mura et al., 1984). The value of 75 = 4.3 ns as measured in
isooctane solutions is also given in Schmidt et al. (1990),
but the experimental Kkinetics cannot be satisfactorily
described using such short value. Quite the contrary,
modeling shows that somewhat better results are obtained
assuming zgq = Sns.

In Table 2 the values k7 = (1—¢)/tq and kg = @/tq are
given as the rate constants for reactions (7) and (9),
respectively. A possible uncertainty in the magnitude of ¢
has an insignificant effect on the results of modeling, as
every component of the fluorescence kinetics gives a
contribution proportional to ¢. As long as ¢ <1, such an
uncertainty will have only very weak effect on the
contribution of triplet—triplet annihilation.

3.8. Spin dynamics of geminate radical ion pairs

Determination of the probability of singlet-excited
luminophore yield upon recombination of radical ion pairs
requires taking into consideration spin dynamics of
geminate radical ion pairs, i.e. the probability of finding
such a pair in its singlet state at the moment of
recombination pg(?) (see Appendix A).

Experimental curves of TR MFE as presented in this
work did not show pronounced quantum beats, and
comparison with experiment was performed using the
level of magnetic field effect at times comparable or
exceeding phase relaxation times. So to reduce computa-
tional costs of simulations a simplified way of TR MFE
curve calculation was employed. As it was in Borovkov and
Velizhanin (2006), when calculating spur reactions it was
assumed that the probability of producing a singlet
excitation in the recombination of geminate pairs S™"/e™
is equal to 1, and in the recombination of geminate pairs
D™ ° /e~ this probability is equal to 0.25. This assumption is
likely to be valid for the TMPD solutions because of rather
high rate of singlet-triplet transitions due to phase
relaxation time and hyperfine interactions in radical
cations.

The explicit details of spin dynamics were accounted for
only when calculated TR MFE curves were compared with
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the experimental ones. Paramagnetic relaxation time of
S** and TMPD " as well as the rate constant of the
electron self-exchange of TMPD " * in reaction (11) were
determined from the modeling of magnetic field effects.
Details of these TR MFE curves calculation for zero and
nonzero magnetic field are presented in Appendix A. The
simplified procedure of TR MFE calculations leads only to
minor deviations in the yield of triplet TMPD molecules
and in the contribution of TTA in the total intensity of
fluorescence. Since about 90% of 'TMPD" are converted
to triplets, such a simplification results in the change of
STMPD* yield not greater than few percents. Trial
calculations with explicit account of spin dynamics during
the radical ion pair recombination in the spur have
demonstrated that within stochastic deviations the calcu-
lated fluorescence decays and TR MFE curves were not
distorted by this simplification.

In calculation of spin dynamics, it was taken into
account that radical cations of dodecane and TMPD took
part in the reactions of electron self-exchange (Grampp
and Jaenicke, 1984; Werst, 1996; Borovkov et al., 2002),
which have no effect on the mobility of charges and show
up in spin dynamics only as phase relaxation:

St +S" — S+ (S)"" (reaction 10 in Table 2),

D™ + D' — D+ (D)** (reaction 11 in Table 2).

In the model, we did not consider the possibility of
transforming the primary solvent radical cation into a
corresponding olefinic radical cation (Schwarz et al., 1981;
Werst et al., 1990). Such decomposition has practically no
effect on the mobility of this charge carrier and does not
change significantly the rate of TMPD radical cation
formation. It is clear that the formation of olefinic radical
cation having ESR spectrum width substantially larger
than the width of S™° would affect spin dynamics of
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radical ion pairs. However, in the conditions of limited
experimental accuracy this effect can be adequately taken
into account by an additional shortening of phase
relaxation time (Borovkov et al., 2002).

4. Results and discussion

4.1. Key components of delayed fluorescence decay
(qualitative analysis)

This section qualitatively describes some features of the
delayed fluorescence decays initiated by pulsed irradiation
of TMPD solutions in dodecane. Additionally, here the
effects of electric field and electron acceptors are discussed
in short. Figs. la and Ib show experimental decays
registered in the case of solutions of 20mM (a) and
ImM (b) TMPD concentration, as well as these decays
after applying external electric field, adding electron
acceptor (0.3mM of 1-bromohexane), or saturating the
solution with atmospheric air.

Fig. la shows that application of electric field and
addition of I-bromohexane lead to very similar transfor-
mations of the observed fluorescence kinetics. Both the
factors suppress the TMPD * */e™ pairs contribution to the
fluorescence intensity at rather long times. Electric field
rapidly decreases the recombination probability for pairs
TMPD " /e~ (Borovkov et al., 1997). Excess electron
capture by bromohexane, which in n-dodecane proceeds
with rate constant about 10'"'M™'/s via dissociative
electron attachment, suppresses the formation of TMPD"
upon recombination of the ion pair formed after the
capture (Werst, 1996; Borovkov and Velizhanin, 2004).
A several-fold increase in the concentration of bromohex-
ane results in a further decrease of fluorescence intensity in
the time range 50-250 ns, but addition of bromohexane has
a weaker effect than addition of air oxygen, which is not

107 A
106 1 N
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10* 1
108 1

102 1

100 150
Time / ns

Fig. 1. Experimental delayed fluorescence decay curves of 20 mM (a) and 1 mM (b) TMPD solutions in n-dodecane (curves 1 in both parts), as well as the
decay curves for the same solutions upon application of external electric field of 24kV/cm (curves 2), upon addition of 0.3 mM [-bromohexane (circles),

and upon saturation of the solution with atmospheric air (curves 3).
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only an electron acceptor, but also a quencher of molecular
excited states (Lissi and Encinas, 1989). The main
difference for the solution with lower concentration of
TMPD (Fig. 1b) is a significantly stronger effect of both
application of electric field and addition of bromohexane.

Therefore, in the solution of 20 mM TMPD in dodecane
a substantial contribution to fluorescence intensity is due to
'TMPD" formation in a channel, which is not originated
from electron recombination. A comparison with the
results of computer simulation of spur recombination
(Borovkov and Velizhanin, 2006) leads to the conclusion
that at times shorter than 50ns the fluorescence is
dominated by the processes of energy transfer from excited
solvent molecules to TMPD. In turn, at times longer than
50ns the substantial contribution to fluorescence intensity
is due to triplet—triplet annihilation (TTA) of *TMPD".

4.2. Comparison of experimental fluorescence decay curves
with simulation results

Fig. 2 shows the ultimate agreement between calculated
and experimental kinetics of delayed fluorescence at
various concentrations of TMPD. The calculated curves
were obtained with values of parameters given in Tables 1
and 2 for spur with radius of 5nm initially containing four
ion pairs. The presented curves correspond to equal
absorbed doses or numbers of simulation cycles.

Note that the shape of the geminate recombination
kinetics only weakly depends on the mobility of the
recombining charges and spur structure (Borovkov and
Velizhanin, 2006), and the demonstrated accordance
between the experimental and the simulated fluorescence
kinetics could be attained using very different values for
parameters of the model. The most definite conclusions
that may be drawn from the fluorescence decay shape
concerns the relative contribution of energy transfer
processes and to the occurrence of reactions leading to an
abrupt change in the vyield of excited states upon
recombination of ion pairs. That is why the use of the
external fields to probe the fluorescence decays is sure to be
essential for the examination of primary radiation-induced
processes.

4.3. Time-resolved electric effect

Fig. 3 shows experimental (solid lines) and calculated
(scatter plots) TR EFE curves for solutions with different
concentration of TMPD. The best agreement with the
experiment was achieved with electron mobility of
0.0085 cm?/Vs, which is substantially lower than the earlier
reported values of 0.0038cm?/Vs (Schmidt, 1977) and
0.02cm?/Vs (Gee and Freeman, 1987). A possible reason
for such a discrepancy is the presence of impurities with
negative electron affinities, which within a very short time
capture the electron thus lowering its apparent mobility
(Schmidt, 1997; Holroyd and Nishikawa, 2002). As an
additional indication for this, a somewhat higher value of

I(t), arb. units

- T - T -
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Fig. 2. Experimental (lines) and calculated (circles) decay curves of
delayed fluorescence from solutions of 20 mM (curves 1), 3mM (curves 2)
and 1mM (curves 3) TMPD in n-dodecane. The calculated curves were
obtained for parameter values given in Tables 1 and 2, for spur with radius
of 5nm initially containing four ion pairs. All experimental curves are
normalized to equal absorbed dose, and all calculated curves were
obtained using the same number of computation cycles ( 10).
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Fig. 3. Experimental (lines) and calculated (symbols) curves of time-
resolved electric field effect for TMPD solutions in dodecane. All
calculated curves except for the one as shown with (triangles) were
obtained for spur of 5nm in radius with four pairs. Curves (1): TMPD
concentration is 1 mM, electric field strength is £ = 4kV/cm. Curves (2):
TMPD concentration is 20mM, E =24kV/cm, with triangles the
calculated curve for five pair in spur of 9 nm in radius is shown. Curves
(3) TMPD concentration is 1mM, E =24«xV/cm. Parameters of the
modeling are given in Tables 1 and 2.
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the activation energy for electron mobility in the used
dodecane—0.24 eV instead of 0.2eV reported by Schmidt
(1977) could be considered.

In the field of 24kV/cm a delay in the quenching of
fluorescence is observed, which is connected with the weak
dependence of reactions (6) and (9) on the applied electric
field. As is readily seen from Fig. 3, complete quenching is
not achieved even at times > 100 ns and the curves reach a
plateau with level depending on TMPD concentration. In
full accordance with the above qualitative consideration,
the simulation demonstrates that incomplete quenching in
the more concentrated solution can be almost exclusively
attributed to contribution of TTA reaction. However, the
simulation fails to reproduce a slight increase in the degree
of quenching by the field, which is observed in experiment.
Probably an unaccounted process leading to additional
decay of *TMPDis present in the real solution.

The calculated curves for the solution of 20 mM TMPD
are presented in two versions, for four pairs in spur of 5nm
in radius and for five pairs in spur of 9nm in radius. The
differences between calculated TR EFE curves for con-
centrated solutions of TMPD are most noticeable ones for
these two variants of spur structure. While modeling with
these spur parameters fluorescence decays as well as TR
MFE curves display smaller relative difference.

The plateau level of the TR EFE for 1 mM solution of
TMPD at field strength of 24kV/em could not be
reproduced for any parameters of the employed model.
At low concentration of TMPD, the computer model
predicts a very low amount of solute triplets. At the same
time, an almost quantitative agreement between experi-
ment and simulation can be attained assuming that the
solution contains, in addition, about 107> M of electron
acceptors that form stable radical anions, but have not as
high electron affinity as to suppress the formation of
'TMPD" upon recombination (Werst, 1996; Borovkov and
Velizhanin, 2004). Formation of molecular radical anions
having much lower mobility results in a sharp decrease of
the rate of fluorescence quenching by external electric field.

This assumption is also consistent with the effect, which
the addition of bromohexane has on the fluorescence of
1 mM solutions of TMPD (Fig. 1b). In the dilute solution
with rather low contribution of TTA the difference
between the effect of bromohexane and electric field be
explained by electron transfer from radical anions of the
suggested “‘weak’ acceptors to bromohexane. This transfer
would lead to additional fluorescence quenching. If such an
impurity is introduced into calculation of TR EFE curves
for low concentration of TMPD, then the optimal value of
electron mobility increases up to 0.009-0.0095. The above-
mentioned small amounts of impurity in the case of high
concentration of TMPD have practically no effect on the
calculation results.

There is another hypothetical possibility for explanation
of the incomplete quenching of fluorescence from solutions
with low concentration of TMPD by electric field.
Although it is generally accepted that triplet-excited

molecules of all alkanes decompose very quickly, in several
picoseconds, these species have never been observed, and
the lifetime of *S” has not yet been measured experimen-
tally. It can be suggested, for example, that *S” have never
been observed because of their poor optical absorption,
while the actual lifetime of these species is not so short. In
this case, 'TMPD" can be formed in collisions of *TMPD"
with triplet excited solvent molecules, and this channel
would contribute at any concentration of TMPD.

4.4. Time-resolved magnetic field effect

Fig. 4 shows experimental and calculated curves of time-
resolved magnetic field effect (TR MFE) for 1 and 20 mM
solutions of TMPD in the field of 0.1 T. The presented
model curves were calculated assuming that the rate of
electron self-exchange reaction (11) involving radical
cations of TMPD was k;; = 5 x 10° M~ !/s. According to
the modeling, this reaction accelerating phase relaxation is
the only way to reproduce the increase in the magnetic field
effect at times up to 100 ns with increasing concentration of
TMPD. Direct manifestation of hyperfine interactions in
TMPD ™" is unobservable because of the delay in the
formation of TMPD " °, their self-exchange (11), and
rather long fluorescence lifetime of TMPD. The tail of
TR MFE curves is determined by spin-lattice relaxation of
TMPD " *, which in a field of 0.1 T only weakly depends on
the solute concentration. Spin-lattice relaxation time of
primary solvent radical cations in these experiments is

1.20

1.15

1.10

Ig(t)/lp(t)

1.05

43
T T T T T T T T T T T

0 50 100 150 200 250
Time / ns

Fig. 4. Experimental (lines) and calculated (symbols) curves of time-
resolved magnetic field effect for dodecane solutions of TMPD with
concentration of 20mM (curves 1) and 1 mM (curves 2) The calculated
curves were obtained for four pair in spur of 5nm in radius. Non-zero
magnetic field in the experiment amounted to 0.1 T. Parameters of the
modeling are given in Tables 1 and 2.
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determined not very accurately, but the modeling shows
that it is slightly shorter as compared to that for TMPD " °.

If the main contribution to phase relaxation of spin-
correlated ion pairs can be attributed to reactions (10) and
(11), the mechanism of spin-lattice relaxation in TMPD " *
remains unclear, since typical relaxation mechanisms
cannot provide such s short relaxation time for an aromatic
radical in solution (Bartels et al., 1985). It is also clear that
the decay of the TR MFE curves cannot be explained by an
increase of the fraction of magnetic-field-insensitive emis-
sion due to reaction (8), or contact interactions of radical
cations TMPD ™ ° with other species in the spur, as their
frequency dramatically decreases after only several nano-
seconds after formation of the pairs (Borovkov and
Velizhanin, 2006). It is worth noting that long-range
spin—spin dipole interactions cannot resolve the problem
because in very similar conditions spin-relaxation time for
radical ions of para-terphenyl is about 4 us (Bagryansky et.
al. 2000; Borovkov and Molin, 2004).

It is instructive for the method of TR MFE to discuss a
meaning of “the fraction of radical ion pairs that are born
in the singlet-correlated state” in a multiparticle spur
(Brocklehurst, 1997; Anishchik et al., 1998; Bagryansky et
al. 2000, 2004). The concept stated that the recombination
rate of spin-correlated radical ion pairs amounts to nearly
constant fraction of the rate for all the ion pairs. If
fluorescence lifetime is very short, the approximation of
“constant fraction of spin-correlated pairs” allows avoid-
ing a detailed analysis of the geminate recombination
kinetics (Bagryansky et al., 2000, 2004). Under these
conditions TR MFE curve is given by the expression

I5(t)  0pB(1)+1(1 - 0)
Lo(t) — 0p%(n)+4(1 = 0)

(12)

Here 0 denotes so-called fraction of spin-correlated
radical ion pairs that give the fluorescence sensitive to
magnetic field. Typically, the value of 0 is varied within the
range of 0.1-0.5 to fit the magnitude of experimental TR
MFE curves. The spin state evolution in zero (0) and
nonzero (B) magnetic fields as described by indexed pg(?)
dependences is determined by the paramagnetic properties
of radical ions involved (see Appendix A).

The weak dependence of the 0 value on time was
demonstrated earlier in computer experiment for track
recombination of primary pairs S’ /e~ (Lozovoy et al.,
1990). In charge acceptor solution the concept is equivalent
to the requirement of nearly constant proportion between all
the reaction rates Fu(f), Fu(f), Fe(t), and Fg(¢), which
appear in expression (A.8). Obviously, such proportion is
absent and expression (12) is not valid at times where the
process of energy transfer Fg(¢), which is approximately
exponential in time dominates the other channels. Later, the
fluorescence intensity is determined by diffusion-controlled
reactions of ion recombination and TTA. At spur para-
meters, for which TR MFE curves from Fig. 4 were
calculated, the fraction of geminate pairs TMPD " /e~

among all secondary ion pairs becomes approximately
constant (0.3-0.33) starting from 10ns. In addition to
cross-recombination, the magnitude of the magnetic field
effect is decreased by TTA contribution, but both these
channels have practically the same time dependency. This
similarity allows one, in a proper time domain, to take into
account all contributions, which are insensitive to magnetic
field, with a single parameter 6. In this case this parameter
concerns not only spur structure but also luminescent
properties of the solutes used.

Finally, the example of TR MFE experiments is
convenient for discussion why increasing the number of
primary ion pairs to five requires a double increase in
spur radius to keep the level of magneto-sensitive
fluorescence the same. Magnetic field effects are deter-
mined by the relative contributions of geminate and
cross pair recombination as well as triplet—triplet annihila-
tion to delayed fluorescence. At not very high spur
density, an increase in the number of primary ion pairs
results in an increase of both cross recombination and TTA
contributions that reduce magnetic field effect. To provide
the same level of TR MFE curves one should increase
spur radius to increase geminate recombination probabil-
ity. Then the total probability of TTA is reduced but
the yield of *D” is increased (Borovkov and Velizhanin,
2006). Eventually, when spur radius is increased, within
the radius values and time domain under study, the TTA
rate becomes higher as compared to the rate observed
for smaller spur with the same ion pairs. This
interplay between the different factors results in the need
to increase the spur radius further to an unexpectedly large
value.

5. Conclusions

The computer model of formation of excited molecular
states in irradiated alkane solutions suggested in Borovkov
and Velizhanin (2006) can reproduce the main features of
experimentally observed kinetics of delayed fluorescence as
well as the effects of the external fields. Modeling of
delayed fluorescence decay curves from solutions of TMPD
in dodecane in time range 0-250 ns shows that at times up
to 40-50ns the main contribution to the formation of
singlet-excited TMPD molecules is the energy transfer from
excited solvent molecules. At longer times the main
channels for formation of 'TMPD” are the recombination
of pairs TMPD " "/e” as well as the triplet-triplet
annihilation of *TMPD" being formed within the same
spur. The relative contribution of the second channel grows
with the concentration of TMPD.

The results of modeling demonstrate that a track
produced by 20-keV X-ray quanta in n-dodecane in the
studied time range can be described by a set of isolated
spherical spurs containing 4-5 ion pairs at the moment of
formation. The radius of such an “effective” spur is about
5nm for four pairs or 9-10nm for five pairs.
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Appendix A

For a primary radical pair, which is assumed to be
singlet initially, the evolution of the population of the
singlet state in high p2(#) and zero p%(¢) magnetic fields can
be described by the following equations

11 _ 1
pi(l):z—i—ze /T +3e T2 GB(r) GB(1), (A1)
0 13 —1/Ty 20 0
ps(0) = 5+ 0GUDG,(1), (A.2)

where the indices a and c refer to the radical anion and the
radical cation, respectively. 1/7; =1/T .+ 1/T}, and 1/
T> = 1/T5.+1/T>, are the sums of the rates of spin-lattice
and phase relaxation for radical cations and radical anions
in high field, respectively. 1/To=1/Tp.+1/To, is the
parameter to describe phase relaxation in zero field. G(r)
is a function determined by hyperfine coupling constants
and the g-factors of the radicals (Bagryansky et al., 2000).

If at time ¢ the initial radical cation ST ° is transformed
into a secondary radical cation D *, which is described by
another spin-Hamiltonian, Eqs. (A.1) and (A.2) are to be
replaced with the following equations:

R U
pi(t,t): Z+Ze 7/Ty o=(=1)/Tm

1 4 (i1 , ,
+5e T e==0/T GB (1\GE (1 — 1)GE(),

(A.3)

1 3 _, ,
P 1) = g+ 7 &7 T e OGN Gl (1 — 1) G(1)
(A.4)

in high or zero magnetic fields, respectively. Here I and II refer
to radical cations S™* and D™ ", respectively. In the present
analysis, we assume that the contribution of the excess electron
to spin dynamics can be neglected. As the solvent holes (S*°)
are captured by solute with the quasi-first order rate constant
k, the singlet state population at time ¢ for the secondary
geminate pairs can be found using the convolution of Egs.
(A.3) and (A.4) with exponential time distribution
t
b=k [ e pnirar. (A5)
0
For the situations considered in this work, spin state dynamics
in the radical pairs can be described in terms of the

semiclassical approximation (Schulten and Wolynes, 1978)
that gives for G(f) and G®(r) functions of the form:

G(1) = % [1 +2(1- y%zﬁ)e-vzdzfz/z], (A.6)

20222

GEny=¢ , (A7)
where ¢” is the second moment of ESR spectrum of a radical.
ESR spectrum of n-dodecane radical cation in solution is an
unresolved singlet with the second moment of the spectrum of
about ¢y, = 0.6 mT, and these radicals are known to undergo
the reaction of electron self-exchange with the rate that is
substantially lower than the rate of diffusion encounters
(Borovkov et al., 2002). Estimations reported in the cited work
have showed that in n-hexane the electron self-exchange rate
constant for the n-nonane radical cation was about
2 x 10M~!/s. In more viscous dodecane, the same efficiency
of encounters corresponds to the conditions of the intermediate
rate of spectral exchange (yout.)>~0.3, where 1. is the electron
exchange time. Because the exchange rate is rather high, we
assumed that the inhomogeneous width of the ESR spectrum
of S** can be neglected, and the only adjustable parameter
was the phase relaxation time 75. It was also assumed that the
phase relaxation rate was independent of magnetic field, i.e.,
1> = Tj. It should be noted that in this case a better agreement
between experimental and calculated curves was obtained.
Resolved ESR spectrum of TMPD ** in alkane solution
was not observed by the OD ESR method due to electron
self-exchange (Werst, 1996), and so the spin state dynamics
in the D" "/e™ pairs was calculated using the semiclassical
approximation with . = 1.43mT (Fisher, 1990). Further-
more, if reaction (11) is diffusion-controlled then even at
the highest used concentration of TMPD the self-exchange
provides a slow spectrum exchange. In this case, the rate of
phase relaxation coincides with the rate of the self-
exchange (Carrington and McLachlan, 1967; Schulten
and Wolynes, 1978) since other relaxation mechanisms
are likely to be insignificant (Bartels et al., 1985).
Expressions (A.3)—(A.7) were used to calculate spin
dynamics of those spin-correlated pairs D" °/e™, in which
positive charge carrier D" was formed by electron
transfer to solvent hole composing the geminate pair with
this electron. For all other pairs the probability of forming
singlet state was taken to be 0.25.
The simulated curves of TR MFE were found as the
ratios of fluorescence kinetics I5(¢)/Io(¢) as calculated in the
following way:

[, t—1
IB,O(Z)Z a/ ds CXp(— . >

l/

% / das” [Fg(l/ _ l//)pi,O(t/ _ Z//)

+qFe(t = 1)+ Fo(t = 1) + Fs(t' — )] g(1").
(A.8)
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Here Fu(t) and F(¢) are the rate of recombination of
geminate pairs and the rate of cross-recombination,
respectively, 153 is fluorescence time of Iluminophor,
g(1) = exp(—r*/5%)/(nd)'? is the function accounting for
finite time resolution of the experimental setup (6 = 2ns).
The functions Fg(f) and Fy(¢) are the kinetics of 'TMPD"
formation via reactions (6) and (8), respectively, which are
controlled in the program.
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