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Transient absorption kinetics in radiolysis of¢saturated cyclohexane has been studied«(D0D ns; 306

800 nm). The spectra indicate the involvement of at least three cations (ions |, Il, and Ill), only one of them
having abnormally high mobility. lon Il is probably the cyclohexene radical cation, and ion Il might be the
dimer olefin ion. These two ions absorb as much as ion | at-80 nm. While ion Il and ion Il are
scavenged by ethanol and triethylamine with a rate constamtl6f® mol~* dm? s7%, the scavenging of ion

| proceeds with rate constants ®0 x 10'° and 2.3x 10" mol~* dm® s, respectively. The spectrum of

ion | is similar to the spectrum of the radical cation of cyclohexane isolated in low-temperature matrices.
We were not able to observe the absorption from ion | at delay times longer than 50 ns. A corresponding
fast growth of the absorption from solute radical cations of pyrene and perylene was observed. The data
(simulated using continuum-diffusion and Monte Carlo approaches) indicate that the scavenging constant is
~4 x 10" mol~* dm? s7%; the lifetime of the precursor of the aromatic radical cations 39 ns. This short
lifetime cannot be explained by a reaction with radiolytic products or by homogeneous recombination, and
it seems to be incompatible with identification of the long-lived high-mobility ions observed in conductivity
experiments as the radical cation of cyclohexane. A mechanism in which the mobile radical cation is in
equilibrium with a normally-diffusing ion is examined in an attempt to resolve this conundrum.

Introduction of the holes is still 7 times faster than diffusion. Thus, in
squalane the mobile iorere rapidly hopping alkane holes.
Over the years, this simple view has been challenged and
the opinions as to the nature of the HMI in cycloalkanes
diverged considerably. Warman, who pioneered the conductiv-
ity study on HMI, developed a concept of delocalized hdles.
Some of us have argued that low chemical stability of alkane
radical cations at room temperature seems to contradict the

On ionization, four cycloalkanes, cyclohexane, methylcyclo-
hexane, cis-decalin, andtrans-decalin, yield cations (high-
mobility ions, HMI) whose mobility is 525 times greater than
that of the normally-diffusing ionk.® The mobility of HMI is
independent of temperature over the entire liquid range of these
four cycloalkanes; no HMI were found in crystalline or vitreous
solids? These ions are long-lived and can be detected using )
time-resolved conductivity techniqua&$ In pure cyclohexane ~ observed longevity of HME. It was proposed that HMI are

the conductivity signal from HMI decays with a first-order rate  SOMe secondary ions derived in the ionization eVei@ome
constant (1.53) x 10°s"1.26 Jon—molecule reactions of HMI ~ Support to this idea came from fluorescence studies which failed

are also very fast:® Scavenging rate constartg2—3) x 1011 to indicate that the mobile holes are involved in the generation
mol-1 dm? s have been reported for cyclohexatfethis is of delayed fluorescence from a scintillatorThe mobile holes

20 times faster than a typical diffusion-controlled reaction; (1~ Were not observed with magnetic resonance techniques, such
1.5) x 10 mol~1 dm3 s~1.14-6 as fluorescence detected magnetic resonance (FOME)en

Following the discovery of HMLit was proposed that these ~ When the fast charge hopping was eliminated by dilution with
ions are the alkane radical cations (holes) involved in rapid Nigh ionization potential (IP) alkanes, the radical cations of
resonant charge transfe?. Assuming that the transfer occurs ~ Cyclohexane andrans-decalin were not observed. These
between the neighboring molecules, it has been estimated thaPbservations indicated a short lifetime of the radical cation.
the residence time of the charge on an alkane molecuielis Other concerns arose from the picosecond pulse radiolysis
ps3 This short time scale suggests that no nuclear motions occurexperiments by Jonah and Le Mot&isNo ultrafast scavenging
during the charge transfer. Therefore, such a rapid transfer mayof transient absorption from cyclohexane ion was found. These
occur only when the geometries of radical cations and the parentobservations contradict the results of Menhettal> who
molecules are close. In most alkanes, the transfer is less observed such a behavior for several scavengers and of Hummel
efficient and the resulting migration is slower than diffusion. et al.and others*who observed fast generation of solute radical
Recently, we have found HMI in squalane;o8s,, a viscous cations on scavenging. Interestingly, the earlier optical studies
branched alkané. These HMI were identified as the squalane which lend support to the idea that HMI are the radical cation
radical cations. Due to their short lifetime &35 ns), the holes of cyclohexane gave no indication that the precursors of
species were not observable by dc conductiViffhe residence  the solute radical cations weteng-lived*® Hummel et al.
time of the squalane holes is relatively long, HEDO0 ps, but, concluded that the lifetime of these precursors'# ns#2The
due to the high viscosity of the liquids#20 cP), the migration lifetime of the conductivity signal from HMI is~10 times
longer36 Warmanet al. suggested that these discrepancies are

:\1/'\;) leihomrfthe cgrres(?on?hence should bfetﬁddgf?sed.f Basic £ due to the reactions of HMI with products and showed that the
Sciencoers, B(ii/isoicr)rr;]gf (éjhnerﬁircal eScailgr?geI:%SS?DOéund(la?'ecgntraelzstlﬁo.r\.'/s-rg)l/- “fetlme %f HMI IS. decreased on Contmu.ou§ radiolysis Of.the
109-ENG-38. solution!® As will be shown below, this is only a partial
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Two candidates for HMI in cyclohexane other tra@sH; 2" flash lamp. The response function of the detection system was
have been suggested: the proton addeeCdHist) and the obtained by observing Cerenkov light emitted at 350 nm by
carbonium ion ¢-C¢H111).8 Proton and hydride transfers were air-saturated kD. Alternatively, the absorption signal from
suggested for the migration mechani&nif the HMI are not solvated electronge at 500 nm was acquired and corrected by
the solvent holes, then one needs to explain how a transfer of(i) the geminate decay ofe[this decay was simulated &t)

H* (which involves a considerable rearrangement of the nuclei) = 0.56+ 0.29 exp{t/r;) + 0.16 expét/tz) with 73 = 9.5 ns
can occur on the time scale of 1 ps and be a nonactivatedand r, = 1.2 ns; this formula was suggested to us by C. D.
process. Jonah (and based on new picosecond radiolysis work)] and (ii)

One must also explain the fast formation of solwaeical the first-order decay of && in reactions with oxygen and
cations. It appears necessary to assume that there are twaémpurities (ca. 10s™* under conditions of our experiment). The
mobile ions: a short-lived one and a long-lived one. The short- corrected absorption traces and integratece@kov traces were
lived ion is the alkane hole whose scavenging leads to the fastsimilar. The fast component in the response function (90%)
formation of the solute radical cations. The long-lived mobile has a fall time of 180 ps; the slow component has a fall time of
ions (observed by conductivity) form no radical cations on ~1.7 ns.
scavenging. During radiolysis, the solution was passed at a rate-6% 2

The progress in the research on HMI in cyclohexane was mL/pulse through the cell (but not recirculated) to decrease
stalled by the absence of reliable data on transient absorption.scavenging of HMI by reaction products. First, the solution
The use of 30 ps electron pulses from Argonne linac, fast was saturated with D for 10-15 min. Then, it was passed
detection, and extensive averaging allowed us to obtain kineticsthrough the cell under a small excess pressure of the gas. All
much superior in quality to previous results. We have also experiments were performed at room temperaturé23The
carried out a new study on photoinduced and radiation-induced details of the dc conductivity setups are given in ref 14.
dc conductivity in cyclohexane (these results are discussed in
the second paper of this sedfds It was found that the  Results
scavenging constants reported by Warretal 23 and Schmidt
and Sauef?for the long-lived HMI were overestimated by-2
times. With the correct values, it is impossible to explain either
the transient absorption kinetf&sor the transient microwave
conductivity>2 in cyclohexane radiolysis. It appears that two
mobile ions are needed. We, however, wish to propose a
different explanationthe mobile radical cation in cyclohexane
is in equilibrium with a normally-diffusing ian

Transient Spectra in Cyclohexane. Absorption spectra in
the pulse radiolysis of neat cyclohexane have been reported by
Menhertet al® and by Jonah and LeMotai3. The latter results
were obtained using picosecond pulse radiolysis. Mengtert
al. used 20 ns pulses and a photomultiplier with response time
of 2—5 ns® The spectra observed by these two groups were
markedly different. While the spectra obtained by Jonah and
LeMotais were broad and featurelédshe spectra observed
by Menhertat al. exhibited a sharp peak at 500 #nThe latter
spectrum somewhat resembles that of the matrix-stabilized

Materials. Aromatic solutes, perylene (Pe) and pyrene (Py), radical cation of cyclohexane observed by Shida CCIsF at
were obtained from Aldrich and twice sublimeéd vacuo. 77 K). According to Menheret al.> a bell-shaped spectrum
Absolute ethanol, cyclohexene, and triethylamine (TEA) were was also observed by Benz and Duribavho studied photo-
used as received from Aldrich. Cyclohexane (Baxter) was dissociation of several alkanes. Our examination of the latter
passed several times through activated silica gel. The purity work, however, showed that the spectrum obtained by Benz
of the cyclohexane was monitored by (i) its absorption at200 and Dunbatfin fact, is as broad and featureless as that obtained
240 nm and (i) the lifetime of the HMI in the pure liquid (which by Jonah and LeMotais.
was~ 0.5-0.6 us). Nitrous oxide (research grade, 99.999%)  We used 30 ps electron beam pulses and a detection system
was from AGA. with a response time180 ps. Cyclohexane was saturated with

The solutions were radiolyzed with 30 ps fwhm pulses from 0.12 mol dnm3 of N>O and passed through the cell continuously;
a 15 MeV Argonne linac. Usually, for transient absorption the traces were corrected by the transient absorption signal from
spectroscopy we used 6 krad pulses; in some experiments théhe cell windows. The latter signal comprised up to 20% of
dose was decreased to 0.8 krad/pulse. The beam irradiated théhe total signal at > 30 ns. Nitrous oxide scavenges &vith
center 15% of a 8 mL, 2 cm long, suprasil cell. R1328U-02 a rate constant of % 10'2 mol~* dm?® s~1.17 |t also quenches
and -03 photodiodes (Hamamatsu) were used for detection. Thethe excited state of cyclohexane with a rate constant 0f2.4
signals were sampled on a Tektronix 7250 digitizer with 20 ps 10'° mol~! dm® s™? (the actual decay is 1.8 times faster due to
resolution. A set of 520 traces was collected and averaged the time dependence of the rate const&ht)n N.O-saturated
to improve signal-to-noise ratio. A set of interference filters solution, ¢ and c-CgHi2* have lifetimes< 200 ps. Att >
with 7—12 nm bandpass at 33®30 nm and 40 nm bandpass 0.5 ns, the signal must be only from cyclohexane ions.
atl > 630 nm was used for spectral resolution. The absorption According to refs 2-4, the radical cation of cyclohexane
was measured with the light pulse from a Hamamatsu L2416 accounts for>80% of all cations formed in radiolysis. The
flash lamp (10 W) used with a EG&G Elecrooptics PS302 power spectra observed in J-saturated cyclohexane are shown in
supply (equipped with an extra 10F high-voltage capacitor).  Figure 1; the decay kinetics are shown in Figure 2. The spectra
The probing light entered the cell in the direction opposite to observed in the first 2 ns after the pulse are similar to those
the linac beam. For kinetics longer than 100 ns we used a obtained by Jonah and LeMotd’. The spectra obtained &t
Photon Technology, Inc., arc lamp (75 W) with LPS-220 power > 50 ns are similar to those reported by Mentedral. (Figure
supply and a Tektronix SCD 5000 digitizer. The kinetics were 1b)> In no time interval did we observe the end-of-pulse
corrected by transient absorption from suprasil windows of the spectrum reported in ref 5 (Figure 3).
cell. The absorbance of the empty cell at 300 nm was It appears that at least three cations contribute to the transient
(1—2.5) x 1073, For aromatic solutes, the OD was corrected absorption at 308800 nm. We will call them ion I, ion II,
for fluorescence from the solution. Broad band cutoff filters and ion Ill. Absorption of ion | is centered at 45600 nm.
were used to minimize excitation of the solute by the analyzing This ion reacts with scavengers much faster than the other two

Experimental Section
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Figure 1. (a) Time evolution of absorption spectra frorpQdsaturated 1]
cyclohexane (30 ps pulse, 6 krad/pulse). Empty squares indicate the
end-of-pulse spectrum obtained by LeMotais and JéAg¢h) Com- .
parison between the absorption spectra obtained-atdnd 46-80 ns
in this work with normalized spectra obtained in similar time regimes _
in refs 5 and 12.
Y o T T T T T T T T
0.8 (a) 350 450 550 650 750
3 \ A, nm
0.6 ""\/(ii) Figure 3. Comparison between the difference spectra (i, ii) with
5 H absorption spectra of cyclohexane radical cation given in refs 5 and
3 LD 15. Traces subtracted are (i}-2 and -2 ns and (ii) 46 ns and 24
LRSS T ns.
.............. which might absorb in red, is the dimer ion of cyclohexene
gt radical cationt?® The spectra obtained at 5000 ns resemble
N those obtained in & mol dn2 solution of cyclohexene. The
e 8 fast generation of the dimer olefin ions is possible in multiple
time, ns pair spurs (see below). Though cyclohexadienes also absorb
‘ in the red!®2%their fast formation seems to be unlikely.
0.8 /") (b) Since ion | reacts faster than other ions, on addition of
scavengers its absorption decays faster than those of ion Il and
0.6 ion lll. These two ions are stable, and their decay follows the
c . kinetics of geminate recombination for normally-diffusing ions.
-fg’ In terms of the spectral shape, the absorption signals from ion
s o S Il and ion IIl do not evolve with time. Since the recombination
R e of ion | is faster, the spectral evolution of the overall signal is
0.2 ' due to the systematic decrease in ion | relative to ion Il and ion
h lll. Figure 2 shows simulated decay curves for mobile (trace
0.0 43 i) and normally-diffusing ions (trace ii) convoluted with the

T T T T T T T T
0 2 4 6 8
time, ns

response function of the detection system (solid lines in Figure
2a,b, respectively). In this calculation, ion | was assumed to
Figure 2. Broken lines: a Monte Carlo simulation of geminate decay b_e §tab|e. For normally-(_jiffusing lons, the si_mulated curve is
for a high mobility (i, u: = 9.5 x 102 cm?/Vs 3) and a normally S|m|Iar_to the trace obtalneql at 313 nm (Figure 2b). After
diffusing ion (ii, s = 3.2 x 1074 cMBIVs; u— = 6 x 1074 c/Vs 3). correction for the response time of the setup, the decay curve
Dots: normalized transient absorption traces observed at (a) 450 andfor a normally-diffusing ion has a flat top &t< 3 ns, while the
(b) 313 nm (30 ps pulse). Solid lines: convolution of curves i, ii with  signal from mobile ion rapidly decreases in the first 5 ns (Figure
the response function of the detector system. 2). Reducing the spectrum observed a2lIns by the spectrum
observed at 23 ns, we enhanced the fraction of the signal from
ions (see below). lon Il and ion Il have normal reactivity. lon ionlatleast 4 times (Figure 3). A qualitative similarity between
Il absorbs atl < 400 nm; ion IIl absorbs at > 550 nm. It the spectrum shown in Figure 3 and thatefsH:>"* observed
seems very likely that ion Il is cyclohexene radical cation. Since by Shidd® suggests thabn | is indeed the radical cation of
this olefin ion does not absorb at> 500 nm1°the absorption  cyclohexane Our analysis suggests thab0% of the absorption
in red must be from another species. Proton adducts andat 450 nm is from this ion.
carbonium ions of alkanes and the oxidation products generated To establish the existence of ion | at later times, we used the
in reactions with ©@, O»~, and HO (formed on electron fact that its scavenging is faster than that of the other two
scavenging by pD) are not known to absorb at 36800 nm. cations. Figure 4 shows the spectra observed;D-Saturated
The only ion derived from cyclohexane that we can think of, cyclohexane containing 0, 18 and 4.5x 10~ mol dm3 of
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Figure 4. Time evolution of spectra from XD-saturated cyclohexane 1.0
with (i) no, (i) 2072 mol dn13, and (jii) 4.5x 102 mol dn12 of ethanol
(30 ps pulse). Spectra ii and iii are normalized to spectrumii at 8 [TEA] {
700 nm. Integration windows: (a)2, (b) 2-5, (c) 5-10, and (d)
15-25 ns.
ethanol (the spectra are normalizediat 700 nm). Ethanol
scavenges ion | with rate constant of (@&:90.1) x 101 mol~?!

dm?s~1. While the normalized end-of-pulse spectra are similar
(Figure 4a), the spectra observed at®2ns (Figure 4b) and

5—10 ns (Figure 4c) show rapid decay of absorption from ion
| relative to that of normally-diffusing ion Il and ion IlIl. At Figure 5. Formation of TEA" ((a) 4 = 313 nm) and decay ((b) =

> 10 ns, no ion | is observable in the solutions contairirig -3 750 nm) of ions from cyclohexane observed on radiolysis g¢D-N

3 L . saturated cyclohexane containing no (dots),4.503, 3 x 1073, and
mol dr.n_ of ethanol. Att > 10 ns, the absorption is from ion 6 x 1073 mol dm 2 of triethylamine. The arrows indicate the increase
Il and ion Il and the spectral shape does not change any longer ) and decrease (b) of the OD on addition of TEA.

(the upper trace in Figure 4d). A comparison between the
spectra in cyclohexane and in the ethanol solutions shows that
even att = 30—50 ns there is a weak absorption from ion | in
cyclohexane (ca. 10% of that from ion IIl). At later times, the
absorption from ion | is too weak to measure. The mobile ion
observed in the conductivity experiments lives 3®&00
nS.2'3’6'l3 8

Fast Scavenging Kinetics. Convincing evidence that ion |
and the ion observed by conductivity are the same species would
be the similarity between their reaction constants.

Menhert et al®> demonstrated that at = 500 nm the
absorption in the geminate spike was scavenged by TEA (and e e L LI
some other solutes) faster than in the “tail” of the deday ( 0 10 20 30 40
20 ns). Jonah and LeMotais found that the absorption at 450 time, ns
nm was scavenged by TEA with second-order rate constant
~100 mol~! dm® s7%, typical for scavenging reactions of
normally-diffusing ionsi2 Both of these experiments shared
the same deficiency: the absorption from the solute ions was
superimposed on the absorption from cyclohexane ions. Since
the latter signal is very weak, even poor absorbers like TEA 8
can easily dominate the spectrd The growing signal from 17
the solute ions compensates for the decay of absorption from
cyclohexane ions. In the case of TEA, the fast formation of
TEA*" is quite evident at 313 nm (Figure 5a). At= 750 nm,
where TEA' does not absor®, the fast scavenging of ion | 04
can be observed without much interference (Figure 5b).

To measure the reaction rates of ion | we added a solute which
does not yield light-absorbing ions on scavenging: ethanol Figure 6. Decay of optical absorption from cyclohexane ions on
(Figure 6). Ati < 370 nm the absorption decayed with the agditiond();ﬂ eth%nl%! to t(he) N);atu;eggd soég;iog ct)f c’)\/lclohtﬁxanle,
diffusion-controlled rate (Figure 6a). At > 400 nm the gd(sjeerdveSoIid ines_ \?\/Th iﬁa?rach b O:Im oL 10(rs~;’ an%i;?o
klnetlcs exhibited two components.: a fa§t one andl a slow one 1072 mol dn12 of ethanol. The (arrow indicat()e/)s an artifact in our detector
(Figure 6b). These curves were fit by biexponential depend- system.
ences. The bimolecular rate constants corresponding to the slow
component were taken from the fits to the 313 nm traces. The These rate constants are close to the values given by Warman
rate constants measured in this study are compiled in Table 1.and Schmidt and Sad@ifor the long-lived HMI observed by

time, ns

(a) 313 nm

2x102 (b) 450 nm

T — —r T
10 20 30 40
time, ns

oI



High-Mobility lons in Cyclohexane

TABLE 1: Rate Constants for Scavenging of lon | and lon
Il As Determined by Biexponential Analysis (See Textps
Rate Constants for the Scavenging of HMI As Determined
by Microwave and dc Conductivity (x10 mol~1 dm3 s71)

scavenger ionll ion | ref3 ref 6a
triethylamine 0.11 22+0.1 2.5 2.3
ethanol 0.096 0.9+0.1 1.6 0.5

aFrom the tail of the 450 and the 750 nm kinetie&rom the 313
nm kinetics.

=-4— 40-80 ns

T T
500 550

T
450
A, nm

500 550

A, nm

600

Figure 7. Formation of radical cations of (a) perylene (550 nm band)
and (b) pyrene (450 nm band) in irradiategNsaturated cyclohexane
solutions ([Pel= 3 x 1074 mol dnr3, [Py] = 103 mol dn1®). In traces

b, the peak at 410 nm is from triplet pyrene.

conductivity. Yet the formation kinetics of aromatic radical
cations (see below) indicates that the lifetime of the mobile

precursor is ca. 30 ns and that the rate constants of electron
transfer are two times higher than the numbers given in Table

1.

Formation of Aromatic Cations. The fast formation of
solute radical cations has been observed by several gtdups.
Unfortunately, the quality of data in these studies is insufficient
for quantitative analysis. Particularly, it is not clear from those

results whether the formation is fast due to rapid scavenging,

fast transformation of ion I, or both.
In the latter studies, 2050 ns electron pulses were used and
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the traces observed at 530 and 570 nm: s6B- %/5(ODs3p +
ODs7). 3Pe, Pg™, and PeH do not absorb at 536570
nm20.2324 Any signal whose spectrum in the 53670 nm
region can be approximated with a line is removed by this
subtraction procedure.

The signal from Pe (centered at 580 nifwas eliminated
because the solution was saturated wigdN0.12 mol dnS 33,
In cyclohexane, aromatic solutes scavenge electrons with rate
constants of (£3) x 10 mol~* dm?® s71,25 which accounts
for rapid generation of perylene radical anions. To suppress
their formation, a high concentration of a second electron
scavenger is required. Since the lines from™Rand P& (as
well as those from Py and Py~) strongly overlap, the presence
of Pe~ substantially distorts the kinetics, even after being treated
with our subtraction approach. A good test for the accuracy of
the subtraction is to compare @fg — 1/,(ODs3zo + ODs7¢) and
ODsso — 1/5(ODs4o + ODsg) traces. In our concentration
regime ([Pe]< 5 x 1074 mol dnv3; [Pe])/[N2O] < 4 x 1073)
the two sets of curves were identical. With scavengers other
than NO we obtained less reliable results. Due to low
concentration (0.01 mol dm 33 and slow scavenging rate (5
x 10 mol dnm329, O, competes insufficiently with the
aromatic compounds. In oxygenated-1@nol dm3 perylene
solution, the signal observed from*Patt = 1 ns is 2 times
greater than the signal from Pe We found that in oxygenated
cyclohexane the signals from Peand Py~ decayed with a
half-lifetime < 10 ns. This must be due to rapid electron
transfer to G:
Pe +0,— Pet+ 0O, Q)
After the first 10 ns, the formation kinetics of Peobtained in
0O, and NO saturated solutions using the subtraction technique
are identical.

Planar aromatic radical cations yield sandwich dinférs:

)

which do not absorb in the spectral regions of monomer #ns.

Pe’ + Pe— Pg"

either the end-of-pulse absorption or the decay on a submicro-To measure the rate constant of reaction 2 we observed the decay
second time scale was analyzed. No correction for the absorp-of pert on the time scale of 045 us. For Pet we found the
tion signal from cyclohexane derived ions was made. Hummel yate constant 1.25 10° mol~* dm? s2; for Py+ we obtained

et al. used oxygen-saturated (0.01 mol din solutions of
biphenyl, pyrene, dimethylaniline and tetramethyphenylene-

diamine? Radical cations and triplets of aromatic amines have

1.2 x 109 mol~t dm? s72%,
our simulations.
To observe the kinetics of scavenging of normally-diffusing

Reaction 2 was included in all of

nearly identical absorption spectra, which makes the resultsjons we added 0.1 mol drd of cyclohexene. This olefin

unreliable?! In oxygenated solutions, many aromatic anions
and triplets are formed on radiolysisThe absorption signals

rapidly reacts with HMP213.14 At this concentration the lifetime
of ion | is less than 10 ps, so the observed kinetics is from

from these species strongly overlap with the absorption signal scavenging of cyclohexene radical cation. The kinetics are

from the corresponding radical catiot%s2® These complica-

shown in Figure 8a. The lines drawn through the points are

tions were not taken into account. By simple analysis of the {he simulated kinetics (see below). The agreement between the

formation kinetics, Hummaedt al. estimated that the rate constant
of scavenging was 45) x 10" mol~! dm? s~1 and the lifetime
of the precursor ions is<50 ns*@ Later, the Delft group

experimental and theoretical results is very good.
The effect of perylene concentration with no cyclohexene is
shown in Figure 8b. Without cyclohexene the formation of Pe

reconsidered both of these estimates to accommodate thgs mych faster. The maximum absorbance front Rer a given

observations with microwave conductivity.
We studied the formation kinetics of radical cations of
perylene (P¥) and pyrene (Py) in N O-saturated cyclohexane

concentration of perylene is<b times greater. Both observa-
tions indicate fast scavenging of the precursor radical cation.
However, the traces cannot be simulated with the assumption

solutions. Our analysis fully supports the earlier estimates of that the precursor ion is long-lived (Figure 8b). Assuming the

Hummelet al:*2we determined the rate constanta$ x 10!
mol~! dm?® s71 and the lifetime of the precursor ions a0
ns.

Perylene. The absorption spectrum of Peexhibits a sharp
peak (fwhm 30 nm) at 550 nm (Figure %). To remove the

scavenging raté&y ~ 3 x 10" mol~1 dm?® s71 (given as the
maximum scavenging constant of HMI by Warmenal2-3),

we tried to fit the traces by varying, the lifetime of mobile
holes. Figure 9 shows two such simulations obtained in the
assumption that HMI are transformed into normally-diffusing

absorption from cyclohexane ions (which have broad spectra), ions which (i) do or (ii) do not transfer charge to perylene. The
we subtracted from the trace observed at 550 nm a half-sum ofkinetics were simulated using the continuum-diffusion model
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3x10°2 - anions of perylene are 3.1% 1074 cn?/Vs; mobility of O~
; : e (and/or NO*") is 6 x 1074 cm¥/Vs;2 the rate constant of electron
transfer from perylene to olefin ionsligp = 1.5 x 1019 mol~2
dm?® s1 (corresponding to the rate of a diffusion-controlled
charge transfer reaction); the dimerization constant is %25
1019 mol~! dm? s71; the rate constant of electron scavenging is
2.4 x 102 mol~1 dm? s7417 and [NyOJsar. = 0.12 mol dnr3.3
The simulation (i) witht ~ 30 ns fits the data best; the
e No discrepancy could be due to formation of some normally-
o ’ diffusing ions at = 0. Simulation ii also fits the data reasonably
) ..‘”“"W well, so we cannot tell which route, (i) or (i), is preferred.

Importantly, the shape of the formation kinetics is rather
insensitive to the rate constdaiy once it exceeds-10'* mol~*
dm® s71. The only way to estimatéyy is to compare the
kinetics obtained in cyclohexane and the cyclohexene solutions
(Figure 8). Assuming that cyclohexene fully scavenges charge
from the cyclohexane radical cation and fully transfers it to
perylene, we obtained the maximum scavenging rate ef 4
10 mol~r dm® s L. If kyy &~ 3 x 10 mol~1 dmB s71, one
must assume that10% of the charge is lost in side reactions
of cyclohexene radical cation.

If the precursor of the solute radical cations and the long-
lived HMI observed by conductivity are the same species, the
value we obtain for cannot be explained without invoking a
generation of radiolytic products which scavenge the HMI.

time, ns Warmanet al. found that the lifetime of the conductivity signal
Figure 8. Formation kinetics of Pe in N,O-saturated solution of (@) ~ from HMI rapidly decreased with absorbed dd&eTo test
1 vol % of cyclohexene in cyclohexane and (b) cyclohexane as a Whether the mobile ions were scavenged by stable radiolytic
function of perylene concentration (@49 — /2(ODs3o + ODsvg), 30 products (such as cyclohexene and bicycloh&®A3, we
g?fgufi’ 61k(r§1d /Z:]’('jsg) 4Trafg§ ?n é??sﬁt??'r?céosmb [P[gL; ;-gx studied the formation of P& in 1074 mol dnt3 perylene

, 1.4 x s 4x . : .8 X . H

10°5 5.9 x 105, 1.1 x 104 2.6 x 10-*, and 5x 10-4 mol dnr solution. To decrease the buildup of t.he products, the flow rate
Solid lines: normalized simulated curves for (a) scavenging of normally was increased from 2 to 6 mL/pulse; the dose per pulse was
diffusing ions and (b) scavenging of HMI with infinite natural lifetime ~ decreased from 6 to 2 to 0.8 krad. In all of these experiments
(kam = 3 x 10" mol™ dm® s7%). we observed no change in the shape of the formation kinetics
of Pe*. In another experiment, JD-saturated cyclohexane was
radiolyzed under our usual experimental conditions. An aliquot
of 2 x 1076 mol dm3 anthracene was added to the collected
radiolyzate, and the resulting solution was photoly&&d The
lifetime of the HMI as determined by photoconductivity was
not changed by the radiolysis. Furthermore, we directly
measured the lifetime of the HMI under the conditions of our
experiment using the pulse radiolysis dc conductivity setup
described in ref 14. The dose in these experiments was varied
from 0.7 to 3 krad/pulse (estimated from the collected charge).
After the correction for second-order decay due to homogeneous
ion recombinatior? the lifetime of the HMI was determined
to be 506-600 ns. Thus, the short lifetime of ion | is not
due to decay via homogeneous reaction with anions or radiolytic

T T U products.

time, ns Pyrene. Pyrene is more soluble than perylene which allows
Figure 9. Simulation of formation kinetics of Pe (dots: same as  a wider concentration range to be used. The 450 nm absorption
experimental curves in Figure 8b) with the assumption of a short-lived band of Py" was used for detectio. For [Py] < 1072 mol
precursor of Pe (i.e., short—liv_ed rac_iical cation_of cyclohexane_) with  gm=3 the ODysp — Y2(OD430 + OD470) traces were collected;
dgcay timer = 33 ns. Trac«_as i are S|mu!ated with the assu_mppon tha@_ at higher concentrations the Q43— Y/»(ODaao+ ODus) traces
this decay does not result in the formation of a radical cation; traces ii o
are simulated with the assumption that the product of the transformation were Cc_)”eCted (for the latter, we used normalization fa_Ctor 1.58
is a radical cation. determined for [Py]= 5 x 10* mol dnm3). In the higher

concentration range, some *Py(500 nm band) andPy (410

presented in the Appendix; the calculations using the Monte nm band) were formed even in,®-saturated solutions. The
Carlo model gave very similar results. We assumed the formation kinetics obtained in (0.635) x 10~ mol dn3 pyrene

8x107

following parameters:bg for the r>-Gaussian distributiop(r) solutions are shown in Figure 10. Once more, the simulations
= r2 exp(—[r/bc]? of thermalized electrons is 6.3 nm (corre- obtained in a model witlr ~ 200—600 ns did not account for
sponding to a free ion yield of 3%); recombination radRis’ the data. These results, however, can be simulated with the
1 nm; permittivitye ~ 2.02; electron mobility is 0.23 c#Vs;3 same parameters which were used to fit the Rmetics (Figure

the mobility of HMI is 9.5 x 1072 cn?/Vs;® mobilities of 10a). At [Py]> 5 x 107 mol dn13, the agreement between
normally-diffusing ions of cyclohexane and radical cations and the theoretical and experimental traces ffor 20 ns is poor.
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. between the species; the spin conservation laws were rigorously
enforced. The number of pairs in spurs was varied between 5
and 50, and different geometries (linear, cylindrical, spherical,
random) were tried. We found that though the scavenging of
cyclohexane radical cation by cyclohexene and cyclohexyl
radical is quite efficient at < 1 ns, the simulations consistently
showed little effect of these iermolecule reactions at> 2
ns, when most of the remaining mobile holes escape the
Coulombic field of the anion¥ Since such holes are well-
separated from the center of the spu20—30 nm), they react
U with the radiolytic products very slowly.
20 40 60 80 Furthermore, as shown in part Il of this waorkthe long-
time, ns lived HMI observed in dc conductivity experiments reacts with
a typical scavenger with the rate constant of {a15%) x 101
1 \ (b) mol~1 dm® s71, which is 2-5 times slower than has been
\ estimated previously. This discrepancy is related to the inability
\ of a model with a single mobile ion to account for the dichotomy
) p._‘:__\ in the scavenging rates. Whereas at 100 ns the scavenging
\ is very fast &4 x 1011 mol~1 dm?® s71),3613.143tt > 100 ns, it
is 3—5 times slowet* When one fits the observed kinetics in
terms of a monoexponential decay of a single HMI, the “rate
constants” are quite similar to the numbers given by Wa#fman
and Schmidt and Sadér(and Table 1). In other words, the
short-lived and the long-lived HMbehae as two different

TE

£
L
T W

e,
Do,
0

ST

Ty

[} -
e

o 20 40 60 80 species o _
time, ns Two Holes or an Equilibrium? In the past, we considered
Figure 10. Formation kinetics of Py in N, O-saturated cyclohexane. a possibility that the long-lived HMI are the prgtgns aquCt of
Traces a (dotshottom to top: [Py] = 3.4 x 1075, 6 x 1075, 1.2 x cyclohexané. Our recent results indicate that it is unlikely to
104, 2.5 x 104 and 4.7x 1074 mol dm3 (ODysp — Y2(OD430 + be the casé! At this stage, the identification of long-lived HMI
ODy470). Traces b: [Py 1073, 2.5 x 1073, and 5x 103 mol dnv3 as the solvent radical cations is the only way to account for

(1.58 ODasp — Y2(ODaso + ODa70)}, 30 ps pulse, 6 krad/pulse). Solid  their ultrafast diffusion.

lines (a,b): curves simulated for the given pyrene concentrations using |, this work we suggest a different approach to the problem

ki = 3 x 104 mol~t dm® s™! andz = 33 ns; the simulated traces in . . . . )

b were corrected for the response function of the detector system. We propose that_ (|)_the_rad|cal Caflo_n .Of _Cycloh_e_xa_ne IS the only
HMI formed on ionization, and (ii) it is in equilibrium with a

This is due to the response function of our detection system; if pormally-dlﬁUSlng ion. We assume that before the equilibrium

H H 1 —1
the latter is taken into account, the agreement is quite good |s_lestab_llshe(_j, the scavenging co_nstant43>< 10" mol ™ dm?
(Figure 10b). Thus, the formation kinetics in both systems s 1. This estimate is consistent with the observed rate constants

. e . : : for the decay of microwave conductivity® and the formation
indicates a short natural lifetime of the mobile radical cations. kinetics of solute radical cations &t 100 ns (see above). After
the equilibrium is established (which is required to happen over

Discussion several tens of nanoseconds), the effective scavenging constant
Our results support the view that trehort-lived mobile keft is given by

species in cyclohexane is indeed the radical cation (hole). This

view is at least qualitatively consistent with the results on Kt = (KypK + kyn)/(K + 1) 3

fluorescenceand FDMR1911 Thus, the problem is the identity

of the long-lived species observed in @iand microwavé? whereK is the equilibrium constant. The bimodality of the

conductivity experiments. decay of HMI in cyclohexane is established in ref 14. Using

From the standpoint of the transient absorption spectroscopythe experimentakest = 1.4 x 10! mol~1,14 we obtainK ~ 2
alone, the lifetime of the precursors of the solute radical cations (we address the reader to ref 14 for a more accurate treatment).
is too short to account for the conductivity signals observed as What could be the nature of such an equilibrium? It is well-
long as }2 us after ionization. Under the conditions of our known that the chair form of cyclohexane is in equilibrium with
experiment, no homogeneous reaction with radiolytic products the other two forms, the twist form and the boat form (0.22
and anions can explain the decay of mobile radical cations in and 0.3 eV above the chair form, respectively), the boat form
30 ns. Moreover, we directly observed the long-lived HMI in  being a transitory conformatiof. The first-order rate constant
the same solution for the same dose using dc conductivity. for ring inversion is~10° st at 25°C3! Thus, on the time
One could try to explain these results in terms of extreme scatterscale of our experiments, liquid cyclohexane can be viewed as
in the decay rates of the mobile holes. This might occur if the a binary mixture of the chair and twist forms. The equilibrium
radiolytic products formed in multiple pairs scavenge most of concentration of the twist form is~10~* mol dnT331 On
the holes in spur® Only the holes which would escape these ionization, the majority of the radical cations are formed in the
reactions (for example, the holes in the single-pair spurs) could chair form and surrounded by the chair-form molecules. This

be observed at> 100 ns. situation is favorable for rapid resonant charge transfeAt
To test this idea, we simulated the multiple pair kinetics some point, the chair-form radical cation (the mobile ion)
following the approaches of Bartzak and Humffehnd approaches a molecule in the twist form. Assuming that the

Brocklehurs®® The dynamics of ions, cyclohexyl radicals, and latter reacts with the mobile ion with the rate constat;y,
many radiolytic products was simulated using an elaborate we obtain 25-30 ns for a lifetime of the chair-form radical
Monte Carlo program. We included some 120 reactions cation. This estimate is similar to that obtained experimentally.
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Thus, we postulate the equilibrium between different con- states of cyclohexane radical cation), from the standpoint of
formations of radical cation of cyclohexane [the idea that the the scavenging kinetics these processes are equivalent to either
conformation dynamics is involved in the chemistry of HMI reaction 4 or reaction 5.
has been considered by Hummel and Lutjéitsiey suggested
that reaction 4a transforms the mobile radical cation to a Conclusion

normally-diffusing one; kineticallyirre versiblereaction 4a is We report observations of fast scavenging kinetics in reactions
equivalent to any other transformation of the solvent hole t0 a ¢ (4 qjcal cations of cyclohexane with various solutes. Both
secondar_y radical cation; to cause the observed. dichotomy ing, o decay of the absorption from the solvent radical cations
the reaction rates, the transformation mustéeersible: and the fast growth of the absorption from solute radical cations
o . ) have been observed. Our data indicate that the scavenging
C-CeHy, ™ (chair) + c-CgHy, (twist) — constant is ca. 4 10" mol~ dn® s7%; the lifetime of the mobile
c-C¢H,, (chair)+ c—CGHlZ'+ (twist) (4a) radical cation is ca. 30 ns. This short lifetime cannot be
explained by a reaction with radiolytic products or by homo-
. + (twict) — 9 — (. ot ; geneous recombination. Our results cast strong doubts on
C-CeHy, ™ (twish) 2= c-CeHy,~ (chain (4b) identification of the long-lived HMI observed in conductivity
From the EPR studies by Iwasad al33 and Lundet al,3 experiments as radical _cations of cyclohexang. Ye_t the latter
it is known that in frozen matrices the lowest-energy conforma- 2PPears to be the only ion capable of fast motion via resonant
tions of cyclohexane radical cation are distorted chair forms charge transfer_. . . .
(<140 K). The EPR spectra exhibit the reversible temperature To resolve this dichotomy, we propose that the mobile radical

changes typical for non-equivalent-site exchaffgtpparently, cation is_i_n (_equilibrium W_ith a normally-diffusing ion. Two
the media enforces site-specific Jalreller distortions of the such eqw_hbna were examined: the one betwgen the conformers
radical cationg®3* It is possible that in liquid cyclohexane of the radical cation and the one due to reversible deprotonation.

the twist form is actually lower in energy than the chair form. This hypothesis will be considered further in ref 14.
Once the charge is scavenged by the twist form, it does not
transfer to the neighboring chair-form molecules until the radical
cation transforms back to the chair form (in a spontaneous
manner or by charge transfer).

Alternatively, the equilibrium can be due to a reversible
proton transfer:
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Appendix: Continuum-Diffusion Model

Diffusion equations were solved for an isolated geminate pair.
C-C6H12'+ + c-CHyp < c-C6H13+ + ¢c-CH,, (5) We |ntrOQUceCa(r;t), the concentration of theth pair, Whe(e .
r is the distance between the radical ion partners. For this pair

The irreversible deprotonation is a typical reaction of alkane
radical cations in liquid alkan€’s:-:35> Though in the gas phase
reaction 5 is endothermic by 0.42 é¥jn solid halocarbon
solutions of cyclohexane the deprotonation can readily be J,=D,[VC, + C, Vu] (A2)
observed by EPR above 100K. ¢ arTe e

Reversible reaction 5 could account for some peculiarities whereJ, is the diffusion flux through the reaction zor€,y is
in chemical behavior of HMI as observed by dc photo- the matrix of chemical transformationBy is the diffusion
conductivity®a14 Particularly, alkyl halide®8 and oxygeft were coefficient for the given pairi(r) = —Rondr, andRons & 27.9
found to be weak scavengers of the conductivity signal from nm is the Onsager radius. Equation Al is complemented with
mobile ions (oxygen, for example, scavenges the conductivity yyo houndary conditionsCe(r—o:t) = Co(r=R:it) = 0, where
with rate constant of & 10° mol~* dm® 5771 ). Bothofthese R 1 nmis the recombination radius. The initial condition is
scavengers have higher gas-phasé’ IBnd lower proton ¢, (rt=0) = concqp(r), wherep(r) is the charge distribution
affinities®® than cyclohexane, and therefore are not expected to function, p(r) = (norm) exp([r/bg]?), and cong, are the initial
react with cyclohexane radical cation at all. On the other hand, concentrations corrected by static (Perrin) scavenging. Intro-
their reactivity toward alkyl radicals is well-known. ducing

The problem with reaction 5 is that it requires too large a
value of the pseudo-first-order rate constant for the reverse _ [ 2

. e X cong,(t) = dr 4mr C(r t A3

reaction (10’ s71). If the diffusion-controlled reaction between G f R o) (A3)
the radical and the proton adduct were homogeneous, it would

aCJot=VvJ, + ;Kaﬂcﬂ (A1)

Q) — [ —st

be equivalent to a steady-state concentration of cyclohexyl Co(1sS) = f o At Co(r)e (A4)
radicals ~10-2 mol dn3, while in our experiments it was B
1076-10"5 mol dm™3. This argument, however, is incom- cong,(s) = f?)o dt cong,(t)e (A5)
plete: the proton adduct and the radical are formed as a geminate
pair and, therefore, have unity probability to recombine if one Ju(9) = f o dt J (Rte ™ (AB)
neglects the side reactions of these spe®iestill, only 5—10% )
of these geminate recombinations should occur on the time scaleve obtain
of 100 ns. Thus, we believe that the equilibrium due to reaction 4 1
4 is more realistic. —cone,p(RIX) = D /R (3c,/ax)y(x) " (3[C,y(x)}/ax) —

Reactions 4 and 5 cover all possible types of equilibria (the Z[&gaﬁ - Kaﬁ]cﬁ (A7)
one between the two isomeric radical cations and the one

between the radical cation and a radiaad cation). Though
one can envisage some other reversible transformations (for Ju(9) — (norm)(coné,) = ;[&Saﬁ — Kylcong; (A8)
example, an equilibrium between the doublet and the quartet
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where x Rir and y(X) = exp(—RoneX/R). Concentrations
cong(t) were found by inverse Laplace transform of cg(sk
Equations A7 and A8 were solved numerically.
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