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We have previously shown that, in the case of extremely short lived chlorocarbon anions {0OEECE) in

liquid MCH solutions, one observes the formation and decay of the solvent separated ion PaEs R,
instead of the geminate ion recombination between the solvent cation {M&td the fragment anion (Ql.

For longer lived anions (CHE) there was no formation of ion pairs (IPs) observable. To evaluate the
correlation between IP formation and anion lifetime three new chlorocarbon solutes (RCI), hexachloroethane
(Hexa), pentachloroethane (Penta), and tetrachloroethane (Tetra), were studied, for which a coarse lifetime
classification from positronium studies suggested that Hexal Penta should be short lived (IP formation
possible) and Tetra long lived (no IP formation). The results in this paper agree with this expectation and
confirm the correlation witlt~. With anion lifetimes of 250 and 150 ns for Hexand Penta at 143 K, ion

pairs were observed, whereas Tetwith 7~ = 13.7us decayed too late to yield IPs. The solvent separated
ion pairs are formed through charge transfer (CT) from MQHl the fragment radical Rrom the anion
decay: MCH + R: + :Cl=—# — (R"||CI")son. The IP absorption is due to the CT band of ® MCH), and

the stability relates to the complexing with the solvent. The efficienfyr CT reduces with time and therefore
correlates to the anion lifetime: the lateriRfreed, the lowen. It also correlates with the ratio @as/Duair
(competition of the high mobility approach of MCHwith Dx,s) toward CI and the diffusional escape of R

(with Dgi), away from Cft). It is shown that; reduces by a factor of about 6 from 133 to 295 K in parallel

to Dras{ Dair reducing from 400 to 10. It is concluded that the high mobility of the solvent cation is a requirement
for positive CT from MCH to R. The IP formation therefore gains importance at very low temperature;
however, it loses importance at room temperature. The IP lifetime at 143 K is longest fp(#Gf 111

us), followed by Hexa, = 22.7 us) and Pentazr, = 5.3 us). If no IP is detectable, IP formation is still
possible, buti, < v~ (probably true for CHG). For all IPs so far found (list of 7 given) the IP decay rate
constank, is characterized by a very low preexponential Arrhenius factor oAleg8—10. For CCl, Hexa,

and Penta, the log values are 9.6 0.2, 8.3+ 0.3, and 10.4t 0.4, respectively. Simulation of the complete
mechanism is rather complex, but it is carefully analyzed with schemes of various complexity, particularily
with and without the cation mechanism, related to the precursgrdflthe high mobility cation MCH. It

is shown that the details of the cationic mechanism are covered up by the strong absorption from the ion pair

IP, if formed.

I. Introduction

In the past we have reported on the geminate ion kinetics for
some chlorocarbons in liquid methylcyclohexane (MCH),
studied by pulse radiolysis, mostly at low temperatures. The
solutes were CGJt—3 CFCk,* and CHC}.> They all scavenge
electrons (g,,) to form anions, which then fragment by a
variety of rates. Consequentially, the geminate ion kinetics is
built up of three consecutive pairs of geminate ions, as shown
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in Scheme 1. The initial step of electron scavenging usually

was outside of the observation time.

For CHCE® the anion fragmentation CHE1 — CHCl* +

Cl~ was directly observed as an overl
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SCHEME 2

MODIFIED SCHEME 2
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R.--Cl- = fragment product, with R initially close to CI-, permitting

positiv charge-transfer

in a box are detected by their optical absorption.
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lifetimes (e.g. CHGS (ref 5)) R becomes available too late
and the geminate kinetics follows Scheme 1.

The aim of this paper is to further evaluate the correlation
with the anion lifetime. Therefore, experiments were chosen
with anions expected to show different lifetimes. Unfortunately,
there is little information about such lifetimes in the literature.
From positronium (Ps) studies a very coarse classification of
anion lifetimes was publishédyhich was based on the findings
that Ps formation is suppressed by short anion lifetifnEse
anions of CCJ, pentachloroethane (Penta), and hexachloroethane
(Hexa) are classified as “short lived”, whereas the anions of
CHClI3, CH,Cl,, and tetrachloroethane (Tetra) are called “long
lived”. In analogy it is expected that Penta and Hexa should
also yield solvent separated ion pairs with a corresponding
unimolecular decay, whereas Tetra should not. The results for
these three chloroethanes are given in this paper.

Our method to analyze such ion kinetics is again based on
the semiempirical~%-¢ kinetic law? (see section IlI), which we
extended to cover iohmolecule reactions and unimolecular
ionic processes.

II. Experimental Section

A. Methods. The technique of pulse radiolysis with a
Febetron 705 accelerator (Physics International) for 30 ns pulses
of 2 MeV electrons has been used as repoftieBxperiments
with methylcyclohexane (MCH) as solvent were typically
performed in the temperature range from 133 to 183 K in the
liquid state. The stainless steel cell had an optical path length
of 2 cm. A typical dose was between 50 and 120 Gy. Dosimetry
was done by calorimetry. All data are normalized to 100 Gy,
unless otherwise stated. The data treatment, kinetic analysis,

recombination kinetics, revealing a fragmentation rate constantand data simulation were based on a modified version of Tek-

of k(143 K) = 3.6 x 10° s7! (lifetime 7~ = 280 ns).
CCl,1~3 and CFC4,* however, are characterized by extremely
short lived anions. They appear to fragment within a single

SPS-Basic from Tektronix. In the®® linearity tests there are
usually three different experimental curves from a single
photomultiplier (Hamamatsu R1509). They cover three different,

vibrational period, so that the geminate ion recombination should partially overlapping time ranges and are from two different

only be observed with the fragment aniorm Clery comparable
to the findings with NO~ in a N,O saturated solution in

transient digitizers: Tektronix 7912AD or 2440 and Datalab
DL912. The experimental curves are partly smoothed by digital

MCH.16"However, a very strong absorption was found instead filtering.

(Amax = 470 nm), decaying by first order and covering up all
expected geminate ion recombination kinetics. We have shdwn

All the experimental signals were corrected for the cell
window signal (quartz defect§)The origin of shock waves in

that a product, absorbing at 470 nm, was formed from the pulse radiolysis cells and the method to minimize the effect

geminate ion recombination: Sdlv- CI~ — Product, and the

have also previously been discussed in dét#il.

observed first-order decay is due to the decay of the geminate Room temperature pulse radiolysis was done at Tokai-mura
product. Scheme 2 illustrates the principle of the mechanism (University of Tokyo}! with a LINAC for 28 MeV electrons,

with CCl, or CFCE, wherek™ is so rapid that the recombination
of the primary pair of ions (4 is not observable. The crucial
point of this mechanism is that the high mobility solvent cation
is able to reach the anion Chefore the radical R from the
anion dissociation, has time to diffuse away (visualized by
writing (R- - -CI7)). Consequently, some of the cations (S9lv
will find R* (e.g. CC}") available for positive charge transfer

(CT) before reaching the anion. As shown in Scheme 2, the

geminate ion recombination then ocurs betweenaRd Cr .

having a time resolution of 2 ns. The detection system was
composed of a Hamamatsu R1328U-02 photodiode (rise time
60 ps) and a Tektronix SCD1000 transient digitizer (rise time
350 ps). Signal averaging was done on a NEC computer. For
dosimetry a MO saturated aqueous solution of 10 mM KSCN
was used. (SCN) was observed at 472 nm witd = 6.1 (100
eV) ! ande = 7580 M1 cm~1.12

B. Chemicals. Methylcyclohexane (MCH) (Fluka purum,
>098% GC) was passed through a column of aluminum oxide,

The recombination product is a solvent separated ion pair dried over molecular sieves A4, and then fractionated through

(RTIMCHI|CI™)sop (or simply (RY[|CI7)son), stabilized by com-

plexing with the solvent (or solute) molecule, thereby suppress-

ing the neutralization for the length of the ion pair’s lifetime.

a Fischer “Spaltrohrkolonne” with about 30 theoretical plates.
Hexachloroethane (HexaClg), pentachloroethane (Pentg;C
HCls), 1,1,1,2-tetrachloroethane (1112-Tetra, §38,Cl), and

The absorption of this ion pair product was found to be due to 1,1,2,2-tetrachloroethane (1122-Tetra, CHGEICl) from Al-

the CT band between*Rand MCH (or solute): R <— MCH.
There is a finite efficiencyy with which such positive charge

transfer (Solv + R* — R*) may occur. Details of; are so far

not known. Howevery is expected to depend on how early R

becomes available from the anion fragmentation. Short anion

lives (e.g. CCJ (ref 1)) lead to a high yield. For long anion

drich (>99%) and NO from PanGas, Luzerne CH (99%), were
used as received.
[ll. Theory for Data Analysis

The simulation of the rate data is based on the semiempirical
t~0-6 kinetic law for the geminate ion recombination as initiated
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by van den Ende et a1t describes the probability of survival
of the geminately recombining ions relative to the free ion yield:

G _

06 _ absorbance) _ A(t)
Gfi

~ absorbancef) 1A
r2 0.6
with a=0. 5° (1)

wherea is the mobility value and 1A= A() is the free ion
intercept.

The absorption may have contributions from both types of
ions (sum of both absorption coefficients). Any plot of the
absorbancé\(t) againstt~%6 should be linear. Its intercept IA
for t = o (t796 = 0) corresponds to the absorbance of the free
ion yield. The slope divided by the intercept IA is calleda
mobility value (org, v, etc. for other geminate pairs). From
this value, with the known Onsager radiysan experimental
diffusion constant can be derive@e, = Dt + D~

Theoretical support for the%6 rate law was given by Barczak
and Hummel*15We have given experimental suppbpt79.16-18
and could derive some experience about the validity range: for
low-temperature studies in liquid MCH (e.g. 143 K) th@6
kinetic law holds at least t6%6 = 4.0 ¢ = 100 ns). In this
range all deviations from thig%6 linearity had a chemical reason
and could be explained. For this purpose the theory was
extended to cover such ionic reactions overlapping with the
geminate ion recombination kinetics (for a survey, see ref 9).

A. If one ion reacts (ion—molecule reaction or unimolecular
process with rate constaky), there is a change from a primary

1+«

to a secondary pair of geminate ions that can be simulated by

eqs 245
The primary geminate ion kinetics is given by

—A”I'r\“(t) =[1+at e ™

;
with a = 0.6[

Dprim

2
C

0.6

and 1A= Ay () (2)

The secondary geminate ion kinetics is approximated by

Asedl)

B

[1+ /091 —e ™

6[ r
with B =0.

DSG

2
c

0.6
J and 1B=A(x) (3)

The sum of primary and secondary ion absorbances then

simulates the experimental time profile
A(t) = Aprim(t) + Asec(t) (4)

Application of thist=0¢ simulation has been shown, for example,
for positive charge scavenging with norbornadiene (NBD),
MCH* + NBD — NBD™ (ref 6), or for anion fragmentation
with chloroform, CHC}~ — CI~ + CHCl".®

B. If one of the ions takes part in two parallel, competitive
reactions then the secondary geminate ions are mixed, possibly
with different mobilities: for example, if the initial cationA
suffers simultaneously a fragmentation wighto yield Ct and
a relaxation withk, to yield B*, then the secondary cations'(B
and C) are mixed. The decay rate fortAs kit = ky + k.. The
mixed pairs are still following the=%¢ kinetics, even if the
mobilities of the two product ions (mobility valugs and y)
should differ®

J. Phys. Chem. A, Vol. 107, No. 51, 200B1363

Ay = ID[1 + 6t (5)

LGS

S=bB+(1—b)y with b= e T o

(6)

and an intercept of IB= Gﬁ(lf)’e_ + ktﬁe;’ + Ee:{] 7
ot ot

with f = [conc(M)/G value](1/100 eV)~ density (gcm3) x
dose (Gy)x 1077 andl = optical cell length (cm).

In consequence, the effective mobility valéiéor the mixed
cations is higher than that for the high mobility ion alone and
is A dependent through the absorption coefficienjse, and
€. For an application, see the paper on CCI

C. If the product of a geminate ion recombination is an
optical absorber (e, > 0) in the 4 range studied, then the
intercept of thet=%6 linear plot is not just the free ion yield
but, due toe, > 0 and the largesy, value, corresponds to a
higher value and the slope is much lower (may even be
negative):

A(t) = slopex t >®+ intercept (8)
9)

intercept= IX = Gy(If)(e” + ¢ ) + (G — Gy)(If)e, (10)

slope= SX=G(If)(e" + ¢ —e)a

In this case the quotient slope/intercept does not yield the
mobility value. For an application of this result, see the
formation of the solvent separated ion pair (€QICI™)so from
CClz* + CI~ in a solution of CCG{ in MCH.t

D. If mixed ions (e.g. B", C*) recombine with a common
counterion (e.g. X) to form products (e.g. Rs, Pc), both with
optical absorbances €, €,c), then the calculation follows the
same procedure as that needed for case C; however, the two
parallel recombinations (e.g. "B+ X~ — Pg and C" + X~ —
Pc) enter with their fractionsp, = ky/kiot and fe = ko/kior. The
corresponding absorption coefficients age eé for the mixed
ions andkpy, €pc for the products, and the corresponding mobility
values ares, y. The total absorbance still follows eq 8:

A(t) = slopex t %° + intercept

slope= SX=

Gi(N[fy(ea + € — B+l +e — eyl (11)

intercept= IX = Gy(If)[f,eg + fegc +€ 1+
(Giot — Gfi)(lf)[fbepb + chp(J (12)

In this case the quotient slope/intercept does not yield the
mobility value. An application follows in this paper.

E. If there are two consecutive ionic reactionscovering
different time ranges, then the simulation of the individual
reaction steps may be added to simulate the total rate curve.
For an application, see the results for the MCH solution of
quadricyclané’

F. If both positive and negative ions suffer independent
reactions, then the two separate simulations may be added.
However, for successful treatment, the corresponding time
ranges should be different. For an application, see the results
in this paper.

IV. The Three Systems in Comparison

A. The transient spectrafor the three chlorocarbons in MCH
solution at 143 K are shown in Figure 1, and the spectral data
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Figure 1. Transient spectra for the three chlorocarbons in MCH solution at 143 K, normalized to 100 Gy, as a function of time. Spectral details
at other temperatures are given in Table 1.

TABLE 1: Spectral Data for the Transients Ax1000
Amafnm A shift (early— late) 100
system T/K early late AA/nm time of shiftis ] 2) ™A,
Hexa (0.05 M) 143 420 405 -15 0.5—1.0 ]
Penta (0.2 M) 133 430 470 +40 0.25— 8.0 80
143 430 450 +20 0.35—0.65 ]
295 430 E
1112-Tetra (0.2 M) 133 450 450 0 i
143 450 450 0 80 7]
1122-Tetra (0.2 M) 143 430 430 0 1
. i . 40 ]
are summarized in Table 1. The transient spectra for Hexa and ]
Penta reveal a band shift with time near abowslindicating .
that the early transient is different from the later one. Contrary ., ]

to this, the Tetra system is not showing any band shift: neither
at 143 K nor at 133 K, for neither of the two isomers studied, .
1112-Tetra and 1122-Tetra. o

B. For Hexa and Pentathe characteristics of the early and 0 8 1 2.4 3.2 4

late transients are different: Hexa has a shift-df5 nm, yet (Time ps) " (-0.6)

Penta has one at 143 K af20 nm (at 133 K ever-40 nm).

Furthermore, for Penta the eaflyaxis temperature independent, Ax 1000

whereas the laténax strongly varies withl. These differences
basically correspond to the expected mechanism: The early
transient is compatible with the solute anion, showing an
internal, unaffectable optical transition. The late transient may
be assigned to the expected solvent separated ion PAC(Rson
with a charge-transfer band (CT band) of Rith a solvent
molecule. CT bands are known to critically depend on the
solvent condition.

C. For Tetra a single transient absorption is observed, with
no apparent band shift with temperature. In analogy to the early
transient with Hexa and Penta, it is reasonable to assign the *
Tetra transient to the expected anion Tetff@r both isomers).

D. The large kinetic differencesfor the three solutes can
be seen in Figure 7. The rate curve for Hexa is the most 20 k.\‘/
surprising one: two decay segments are separated by a N
plateaulike region, which happens to correspond to the time

100

L

80

T N

L1

g band shlft

range of theimax shift. The details of Hexa therefore are 0 T | e ——
discussed first 0 .8 1.6 2.4 3.2 4

| . (Time ps) ~ (-0.6)
V. Hexachloroethane (Hexa) Figure 2. Hexachloroethanet°* plot of the rate curve for 0.05 M

A. Scheme 2is taken as the most simp|e mechanism to Hexa in MCH at 143 K and 450 nm (normalized to 100 Gy). Part a
represents the simulation based on Scheme 2. Part b illustrates the

explain the geminate kinetics in a solution of Hexa in MCH, as simulation with Scheme 3 (including the cationic mechanism),:AP

: 06 P ; ; ot
Shomq W'thl at t plt(_)t |nSF|gN7ure d2a. It IanuThesc;:l f"r_llgle’f Thgh and AP~ mark the positions of the anchor points far andk™ for 5%
mobiliity solvent cation Solv and neglects the details of e est20 For parts a and b the parameters are given in Table 2. The hatched
cationic mechanism, as they appear of minor importance relative area marks the deviation due to Hexauildup from electron scavenging

to the dominant absorptions of the negative species. (AP(1%) = 2.7).
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TABLE 2: Hexachloroethane (0.05 M): Kinetic Parameters for the Rate Analysis in Figure 2 (143 K, 450 nm, and Normalized
to 100 Gy)

geminate lines~ Al Az D, D,
reactions— M** or Solv* Hexa M** + R - -Cl~ M F MCH*/MCHene"® MCH*/MCHeng™®
+ Hexa decay — 1P decay +R---Cl-—IP IP decay + CI~ (final)
comments schemes oy 1AJ/10°% k/10° SAJ/103 1A/107° ke/10°  SDY/10°3 IDy/10°3 kip/10° 02 ID,/10°3
! ! us>® st us’® st us>8 st us>s

Figure2a 2 3.0 8.9 4.0 13.31 22.0 42 3 2.0
2mod 3.0 8.9 4.0 13.31 22.0 44 5 2.0

Figure2b 3 30 94 4.0 7.95 22.7 16 16.19 20.6 42 5 2.0

meart 2mod 3.0 85:05 4.0+0.3 13.13£ 0.85 21.8+1.4 448+5.38 5 2.0

aMean of 12 rate curves, all parameters dose independent from 42 to 280FGyScheme 2 the cation is Solv

TABLE 3: Hexachloroethane (0.05 M): Temperature Dependence of the Kinetic Parameters for the Modified Scheme 2 (430
nm, Normalized to 100 Gy)

geminate lines~ Aq D1 D,
reactions— M** + Hexa Hexa decay MCH/MCHene + R- - -ClI- — IP IP decay MCH/MCHene + ClI~
temp oL I1A1/1078 k=/10° SDy/10°3 ID,/1078 kip/10° 02 ID,/1078
K us>® st us’® st us’®
143 3.0 11.3t05 4.0+0.3 13.0+ 0.8 32.0+ 2.0 44+ 5 5.0 2.0
153 2.0 7.+ 04 9.7+ 0.3 6.1+ 0.7 26.1+0.6 90+ 10 3.3 2.0
163 5.3+ 0.3 22.2+0.2 152+ 12 2.5 2.0
173 4.14+0.2 19.5£1.0 2404+ 19 1.0 2.0
183 3.1+ 04 18.0+£0.5 310+ 25 1.5 2.0
As the early spectrum is due to the anion Hexaection SCHEME 3

IV), the initial decay corresponds to the anion fragmentation geminate ions

Hexa — R---Cl~ (with R=C.Cls), or rather to the change (parameters)

from the primary geminate pair A(Solvt + Hexa) to the 4 ~

secondary pair P(Solvt + R- - -ClI™), corresponding to Scheme T T e

2. The recombination kinetics of the secondary paiffii3 to M~ < lh

the plateau region, with &6 linearity of low slope and high o —pair Ay

intercept. The latter makes clear that a product is formed with AN (al’IA’)j RCI-

an optical absorbance (section I11.C). In analogy to the findings bk AN pair o,

with CCly in MCH,'~3 the recombination product is expected *’—l;—-’ —"\;mr A

to correspond to the solvent separated ion pail [&™)son, as e 7 (SAs,TA;) X

a result of the preceding positive charge transfer from Stiv MCHener MCH*~ — __ AN

the fragment radical R(efficiency »). The optical absorption . _ \\ pair Dy __ \}\ \ o

of (R*]|CI")son then is again assigned to the CT band between . ‘_“I:::)‘Egt;a‘f;‘l’:; ~5 N\ (6D, 1) (R )n\;

R* and a solvent molecWdavithin the ion pair. The first-order \ - on\\ (B+|Cl- )

decay then corresponds to the collapse of the solvent separated pair Dy 3 L

ion pair (R"||Cl")sov — RCI, leading to the final geminate (6210) &5 |5

recombination of the secondary paig (Solv™ + CI7). At late \\ @8 Ky

times the efficiency; for charge transfer is expected to reach N

zero. For details, see the Discussion. \C‘Jl‘ RCI

B. The simulation with Scheme 2 (excluding electron
scavenging) is shown in Figure 2a, and the corresponding data
of the simulation are given in Table 3. The fit with two
consecutive reactions (section III.E) is surprisingly good, even
though the cationic mechanism has been neglected and a single
high mobility cation Solv has been assumed. There are two
aspects to be mentioned:

(1) For hexachloroetharie ion pair decay reaches into the
time of free ion recombinatiotat 143 K typicallyt %6 < 0.15
us 99). The final geminate line B(Solv"/CI~) therefore crosses
the experimental curve. The correspondiiygand ID, were
taken from previous results: W50 nm) = 2.0 x 103
(calculated from the knowa(MCH™)%) andd, = 3.0 us”€ (for
the high mobility cation Solv (ref 6)).

(2) For the low concentration 50 mM Hexae anion buildup
from electron scaengingreaches into the early part of the
observation time. Wittke = 4.8 x 108 M1 s71 (ref 19) the
corresponding anchor point (1% rest of electron scavengfing)
is AP. = 2.7 us 6. This explains the deviation from the

geminate pairs with M+* (or MCH™), the high mobility cation alone

D

geminate pairs with the mixed cations (of high and low mobility)

geminate pairs, which are not included in the simulation

simulated curve fot=%6 > 2.7 us 06 as seen in Figure 2
(hatched area).

In reality we know that there is eationic mechanism as
shown in Scheme: & high mobility precursor N+ fragments
into methylcyclohexene (MCHene") and relaxes simulta-
neously to the high mobility cation MCH The secondary
cations form a mixed pair of geminate ions (see section III.B).

In the following an attempt to analyze the kinetics of this
rather complex Scheme 3 is given. The aim is to judge the
accuracy of the data derived from the more simple Scheme 2,
particularily concerning the rate constaktsand ki,.
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The cationic mechanism withot = ki + kr andk; = ko + kz Ink. Ink-

[RCI] cannot be derived from these experiments. One has to P

rely on previous data with other solutes, like CHCbr 14 . . 18

tetrachloroethane (see adjacent p&)ewhich, however, differ log A” =12.5

to some extent. Both sets of data have been used for the 1 E.m(;olii; ;ﬂgﬂ ol

simulation, with almost no difference. The results from T€tra 13 17

were chosen to explain the simulatidigg = 1.6 x 10° us™t \u

with k/k; = 6.6, k, = 0 (no dependence on [RCI]), ard = 1 \ @'—’

5.0 us"8 for the mixed pairs. N 16
The geminate pair Pis ignored, as Hexafragments faster 12 \

thanke: and as there are no further criteria available to test on 1 <—

such a contribution. \ 15
C. The procedure of simulation with Scheme 3hen starts 1 log A, = 8.3 N

as usual with the latest time (ion pair decay) and continues to 1 | Eaaip =97 kJ/mol \

the earliest part (anion decay); see Figure 2b and Table 2. = 0'9951‘ 14
Step 1.The ion pair decay kinetics is fitted between the  *°© . o 5 '5 T '6' " Is‘ 5' o o 7 5

geminate line @ and D, in the region wherd,: has no more 1000/T (1/K)

i i 0.6 < 0 i

mfluencg, W(t"Ch means far APw(5%) (anchor po_|r¥9 Figure 3. Hexachloroethane: Arrhenius plots for the rate constants
for kot With 5% rest). The parameters are the slope and intercept) - (anion fragmentation) ankj, (decay of solvent separated ion pairs,

(SDy and IDy) of the geminate line bandk, for the decay of  |p) including the Arrhenius parameters for the data as summarized in
the ion pair (IP). The geminate line s slightly steeper than  Table 3.

that as derived from Scheme 2 (see Table 2), because the next

simulation step pulls the curve downward. Ax1000
Step 2Starting from the fitted geminate line;[he preceding 75

geminate line Ais searched from theory by comparing egs 10 ]

and 12 for the intercept and eqs 9 and 11 for the slopes All ] D,

(except for the products) are known, as are the mobility values gq R--Cl

a, B, andy and the ratiosf, and f.. The term with Gy is ] oA

dominating a$: > Gy, and the twae, = i€ for the products {—"] M

differ only by the differences ofy, which are judged to 5 - s

correspond tgg(MCHene") < n(MCH™) ~ n(M**), due to their 1 / Da

mobilities. On that basis the intercept for the’Myeminate line
(A2) should be about 10% higher than that for the ling)(D

30
and the slope must be smaller (becae@d**) < ¢(MCH™)7). ] /k- /80\\]
1 ip

Consequently, with the estimated higher intercept, the slope is
lowered so that a fit in the time window from A5%) to

AP~(5%) is reached. ' ] !<_—-—:
Step 3The anion decay (witk~) must now be fitted between 1 } band |

- 1

{ i

the geminate lines A(parameter IA with o, = 3.0 45”9 and o _ ,Sh'}ft S N
A; from step 2 fort™06 > AP~. o 8 16 > 4 3.0 4
D. The complete procedureis illustrated in Figure 2b for a (Time ps) " (-0.6)

typical gxperiment, with parameters given in Table. 2 for Figure 4. Pentachloroethang:¢ plot of the rate curve for 0.1 M
comparison with the resglts from Scheme 2. The resulting raté pgpia in MCH at 143 K and 450 nm (normalized to 100 Gy) with the
constantsk™ andkp, derived with Schemes 2 and 3 are the  simulation on the basis of the modified Scheme 2. The parameters are
same within experimental error limits. It is therefore permissible given in the first line of Table 4.

to simulate by neglecting the cationic mechanism. . . .
For the ultimate simulation, Scheme 2 was slightly modified support for the assignment to the_ solvent 39pz_irated Ion pair, as
by replacing Solv by the mixed cations (MCHMCHene") previously found for (CGI"||CI~)so in MCH solutions of CCJ.2

for the last geminate line (), which increased the mobility The intercept IR (Table 3) is also strongly temperature

value tod, = 5.0 us"61° The effect of this is a slight increase ~ dependent. From 143 to 183 K the value for IR 10° drops

for ki, (see Table 2), which is judged the best value. from 32 to 18. This reflects a yield reduction of solvent separated
E. All final simulations were now based on the modified ion pairs (IPs) toward higher temperature and is correlated with

Scheme 2with Solv = M** for the geminate lines Aand A the loss of efficiency; for charge transfer (compare with the

and with Solv = mixed cations for the geminate lines Bnd detailed analysis of IDin the discussion on Penta, next section).

D, (kot being neglected). The result from 12 different experi-
mental rate curves is given as mean data in Table 2. They ar
independent of dose from 42 to 250 Gy. The rate constant for  For spectral reasons (section 1V) and in analogy to the case
the Hexa fragmentation ik~ (143 K) = (4.0 £+ 0.3) x 10° of Hexa, it is expected that the early transients € > 1.9

oVI. Pentachloroethane (Penta)

s L. The decay rate of the solvent separated ion paif|(E)solv us 08 with Amax = 430 nm are due to the anion Pen@&Cl")

is kip(143 K) = (4.5+ 0.6) x 10*s™1. and the late one at%¢ < 1.3 us 96 with Amax = 450-470 nm
F. The temperature dependence of all parameterin the (Table 1) is due to a solvent separated ion pait|[8l™)sow

range 143-183 K is given in Table 3, and the Arrhenius results with R = C,HCl,.

are shown in Figure 3. Fd¢, (the decay of the late transient) A. The early anion decayis not directly observable (Figure

there is a very low preexponential value of lagThis is again 4). However, from the time of the band shift (disappearance of
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TABLE 4: Pentachloroethane (0.1 M): Temperature Dependence of the Kinetic Parameters for the Modified Scheme 2
(Normalized to 100 Gy)

geminate lines~ D D,
reactions— MCH */ene + R +--ClI- —IP IP decay MCH/ene* + ClI~
temp  no.exp A SDy/10°3 ID,/1078 kip/10° 02 ID,/1073

K averaged nm us>8 st us>8 comments
143 450 3.0 51 190 5.0 2.0 details for Figure 4
133 7 450 2410 67+ 2.6 715+ 1.3 7.5 2.0 indep of dose from 35 to 300 Gy
143 9 450 3.0:0.2 50.2+ 2.3 187+ 15 5.0 2.0 indep of dose from 35 to 300 Gy
143 9 var a b 190+ 15 a 2.0 transient spectra
143 7 450 3.2:0.9 36.0+ 0.9 191+ 12 5.0 2.0 NO sat. (ID: —28%)
153 4 450 2.5+ 0.3 38.8+0.5 455+ 19 3.3 2.0 indep of dose from 80 to 350 Gy
163 4 450 3.3 04 29.3+ 0.9 790+ 14 25 2.0 indep of dose from 90 to 380 Gy
295 8 var 0.36+ 0.0 20.04 0.4¢ 83 000+ 9 000 0.14% 2.0 exp in Tokai mura, Japan

a ) dependent? See Figure 5¢ Data fromAmax = 430 nm only.

the early transient) the lifetime of the anion may be estimated. 1D;x1000

The mean time of thé shift ist 96~ 1.6 us™ 06 (Table 1). It 50
is expected to correspond to the anchor F8iottthe early decay i
for about 5% rest: AP(5%) = 1.6 us %6, This allows us to /'/“\
derive the anion decay rate constant tokbex 7 x 10° s™% 40 |~ + \
The reason that this decay is not seen in Figure 4 may be due T / \143 K
to the Penta disappearance being faster than that for Hexa 30
and due to the fact that there is still an overlap with the cationic 1 e \
mechanism, as discussed for Hexa. Therefore, the tail of the
anion decay is partly compensated by the increase from the 20 m
cationic absorption (compare with Figure 2b for Hexa). ] \\295 K
Consequently, the simulation for %6 > 1.6 us 6 is 10

450 500 550

nm

hampered and the apparent good fit for the upper geminate line

(D) is not so perfect as it looks in Figure 4. Yet, the uncertainty

affects the slope Sponly; the intercept IR is quite reliable. 0
B. The late decay after the band shift(t %6 < 1.6 us ) 350 400

is simulated by a flat geminate line;0Owith high intercept e 5 p " o | o P o MCH

formation of R}— Cl- and a first-order decay of ClI- igure 5. Pentachloroethane: Intercept spectra enta in

50 the final g(err!!natk"l'% e P(Sol + CI), asy q egﬂribga"'{)y at _|1_4§|anld 295 K, normalized to 100 Gy (compare with the laig

the modified Scheme 2. The high intercept of the upper geminateIn able 1).

line (Dy) is representative for the total yield of {RCI™)sow Ink.
(see below: analysis of SDand ID;). The first-order rate p
constant isk,. The simulation of the ion pair decay is shown 20
in Figure 4 for a typical rate curve, and the corresponding ) I I
parameters are given in the first line of Table 4. The other data o log Ap = 10 |1
in Table 4 are mean values for various temperatures and 18 E"“"“’r;}fég%g/ moJ
conditions. ]

In all low-temperature systems the parameters did not show 16

any dose effects (dose variation by a factor 6f9%. N,O, i
however, reduced the yield of ion pairs ()Dby —28%, as
expected for the solvated electron being precursor. There was
no effect on the kinetics. Particularlig, remains unaffected. ]
The spectral studies (375 nm A < 525 nm) show thaki, 12
is independent of, proof that a single transient is observed. N \
The intercept spectra idor 143 and 295 K are shown in Figure
5. They correspond to the late spectra in Figure 1 (compare
with Amax in Table 1).
C. The temperature effect on the rate constank;, is seen
in Table 4 and is shown as an Arrhenius plot in Figure 6. The
activation energy fokp, is Eact = 14.1+ 1.1 kJ/mol, and the
preexponential factor is lo4 = 10.4 £ 0.4. As expected, the
preexponential factor is again low, which is characteristic for  E. Detailed Analysis of Slope SPand Intercept ID; allows
all of the solvent separated ion pairs so far found. us to improve on this qualitative conclusion. With eq 11 the
D. The temperature effect on the intercepts 1Q (Table 4) product absorption coefficierg, = 77, x €ip (the index b stands
is substantial. From 133 to 295 K the values 1B 10 drop for MCH™) may be calculated from the slope, and then with eq
from 67 to 20. As these values are representative for the yield 12 the total scavenged anion yiell,s may be derived from
of solvent separated ion pairs (eq 12), this means that the IPthe intercept. The calculation is based on the fact that all
yield strongly reduces toward room temperature. absorption coefficientsef, eé, €, and €jp) are temperature

14

10
3 4 5 6 7 8
1000/T (1/K)

Figure 6. Pentachloroethane: Arrhenius plot for the rate condtgnt
(decay of the solvent separated ion pair, IP), including the Arrhenius
parameters. The actual rate data are given in Table 4.
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TABLE 5: Pentachloroethane (0.1 M): Absorption Coefficient,(MCH *)ej, and the Total Scavenging YieldG: as Derived
from Slopes SO and Intercepts ID; (Table 4) by Egs 11 and 12

data used for the calculatichs result for comparison
temp Gfi 6 (If)/10‘5 fb(MCH+) = ﬁ 6 Y 5 ﬂb(MCH+)€ipf Gtot Dfalediff 6e
K (100 eVv)? (eq 7} 1 — f(MCHeng) us>8 us® (M~tcm™) (100 eVv)y?

133 0.06 1.84 0.87 45 28 3250 1.2 410

143 0.06 1.80 0.87 3.0 15.7 2550 13 186
153 0.06 1.76 0.87 2.0 6.2 1580 1.6 103
163 0.06 1.72 0.87 1% 4.64b 660 2.8

295 0.12 1.54 1 0.145 500 2.3 10

aFor 100 Gy and MCH densif§. ° Interpolated ¢ Estimated 7.(MCHeng") ~ 0 (see Discussiony.Di,s is the mobility of the high mobility
cation in MCH.fIs measure for becausei, has much less variatidh.

TABLE 6: Comparison of the Systems at 143 K, Listed with Increasing Anion Lifetimez~ as Shown in Figure 7: Data for the
Solute Anion (A7), the Solvent Separated lon Pair (IP), and the Final Pair of Geminate lons (Normalized to 100 Gy)

MCH solutions anion decay IP yield IP decay final geminate line (SehCl™)
solute  conc k™ T AP~ (5%)2° IDy/10°3 Kip Tip Solv* fraction . ID,/10°3
M st us 06 (Amax) st us MCH*  us06
CCly?t 0.2 ~107%° ~fs¢ ~10° 140 (470 nm) 9 1C° 111 MCH?* 100% 3.0 2.0
Penta 0.1 ~7x10° ~150ns 1.6 51(450nm) 1910 5.3 MCH"/ene" 87%°¢  5.0¢ 2.0
Hexa? 0.05 4.0x10F 250ns 1.15 36 (420nm) 44100 227 MCHt/ene" 87%* 5.0¢ 2.0
CHCI3® 0.3 3.6x 10° 280ns 1.1 <r~9 MCH/ene 51% 9.7 2.7
Tetral®® 0.2 7.3x 100 13.7us 0.1 MCH /ene 87% 5.0 2.0

aThis paperP 1112-Tetra’ Expected to dissociate within a vibrational periédi, < 280 ns estimated (see textAssumed identical to the
result for Tetra.

TABLE 7: Solvent Separated lon Pairs (R"|Solv{Cl™)soy SO

i iati 25
independent, except for a small variationegf=> Other values Far Identified in Liquid Solutions

used are given in Table 5, together with the resulting data.

In the temperature range from 133 to 295tKe values for solvent separated IPs solution references
7(MCH™) x € drop from 3250 to 500. As the possible  (CCls*|CClLICI)ce)” neat CCl 22,23
variation ofej, in this temperature range is much smaller, these (CC|3I‘MCH|C|:)MCH CClyin MCH 2,3
values are representative fgy; the efficiency for charge transfer ~ (CClk'IFreonClieeons§  CCliin Freon-113 24
from MCH* to R to yield ion pairs IP. It is important to see (19 I1OICT Yo C€Cl in isooctane (10) 3

: y p : por CFChL*IMCHICI )ucn CFCkin MCH 4
that this drop by a f_actor of a_bout 6 c;c_)rrelates with the va_llues (C.Cls* IMCHI|CI)ycn Hexa in MCH this paper
for DrasfDuitr,® the ratio of the high mobility of the solvent cation  (C;HCIs*|MCH|CI™)uc Penta in MCH this paper

to the dlffuspnal moblllty, as derived previously for MCH @The transient absorption is always due to the CT band tig8v);

(Table 5). This ratio drops by a factor of 40 for the same gt high solute concentrations contribution from'{Rolute) is possibl@.

temperature range. In other words, the high mobility of MCH b R* is formed from Solv fragmentation® CCl5" is formed from direct

(Drasy drastically slows down relative to the diffusional mobility ~ charge transfer: Freon+ CCl, — CCl,© — CCl*. 9 Freon-113=

(Dgirt) toward room temperature. Therefore, the drop of the CFCECRCI.

efficiencyn correlates with the cation mobility. It is concluded

that the high mobility of the solvent cation is a requirement for Scheme 1). Details of the simulation are given in the adjacent

positive charge transfer from MCHto R'. This mechanism  paper on Tetr® with its Scheme 1 and Figure 2.

gains importance at very low temperatures; however, it loses B. The anion fragmentationrate for1112-Tetrais k=(143

importance at room temperature. K) = (7.3+ 0.6) x 10* s with E;t= 17.8 kJ/mol and logA
The total scavenging yielt for esoy + RClI — RCI™ is = 11.2. For 1122-Tetra it i€ (143 K) = (5.0 &+ 1.0) x 10*

also given in Table 5. It indicates some increase with temper- ™! with Eact = 16.9 kJ/mol and logA = 10.9.

ature. However, the accuracy is not high, and the mechanistic

details of temperature dependences are not clear. VIIl. Discussion: Survey and Comparison

A. With the three new soluteswe have found support for
the expected correlation of the formation of solvent separated
A. A t796 plot of the rate curve for Tetra in MCH at 143 ion pairs (Solv + R- + -CI~ — IP) with the anion lifetimer—.
K looks different than the corresponding plots for Hexa and With ¢~ of 150 ns (Pentg or 250 ns (Hexa) ion pairs are
Penta (see comparison in Figure 7). There is no obvious saddleeffectively produced, whereas with = 13.7us (Tetra)) they
or plateau, which could imply a geminate line with high intercept are not observed. The larger, the less likely ion pairs are
and low slope. If one tries to fit a geminate line to the nearly formed. However, the anion lifetime is not the only criterion
linear portion att™%6 = 1.8 us ™06 it has a high intercept.  (see below).
However, it then is impossible to find a fit for the first-order B. An overview over the three new solutes, together with
decay at™%6 < 1.6 us %6, The rate curve is rather comparable the two reference molecules G@nd CHC}, is shown in Figure
with thet=9-6 plot for CHCk in MCH 5 (Figure 7). This means 7 with their typical rate curves at 143 K, arranged with
that the early partt(%6 = 0.8us29) is governed by the cationic  increasing anion lifetimes. The major results from the various
mechanism (positive side in Scheme 3), whereas the late partstudies are marked in Figure 7 for quick comparison. The data
corresponds to the Tetrafragmentation (negative side in  are summarized in Table 6.

VII. Tetrachloroethane (Tetra)
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Figure 7. Comparison of the¢ %6 plots of the geminate ion kinetics for C}IPenta, Hexa, CHGP and 1112-Tetr{ at 143 K (normalized to 100
Gy), in the sequence of increasing anion lifetime(see Table 6). The major characteristics are marked as follogesy lines the geminate lines
leading to IP formationA~ decay,in the region until AP(5%);2° IP decay if any, in the region after AR5%);° region of spectral band shiftf
any, region of influence from the cationic mechanism *Mdecay”, dashed if hidden, full line if dominant (horizontal lines with arrowts)n
lines, final geminate line for Solv + CI~ (slope mainly influenced by the mobility valués (Table 6)).

SCHEME 4

Ly—=MCH + CL
. el
Solv+ R...Cl- = 5 —| (R*||Cl")o, |—=RCl
z vt | n (BRHICL)sa

€ip
T T T
high mobility, slow diffusional stability due

approaching CI~  escape of R- to complexing

C. With Hexa and Penta there are two new examplewith
geminate ion recombination lines %6 plots having high

The solvent high mobility cation Sotv(M*™* or MCH™)
approaches with high speed the negative charge in the fragment
pair (R - -CI7). Yet, this pair separates only by slow diffusional
motion. Therefore, the high speed solvent cation may meet the
fragment radical Rbefore recombining with Cl The result is
positive charge transfer from Sdito R to yield R*, which
immediately complexes with the solvent. As this charge-transfer
process occurs in the direct neighborhood of ,Ghe im-
mediately following recombination with Clleads to a solvent
separated ion pafrjnstead of to a straight neutralization. We
have previously shown that the characteristics of the absorption

intercepts, which are due to the formation of solvent separatedband are compatible with the assignment to the CT band (R
ion pairs, a product with optical absorption. In most cases known < MCH).2# It therefore serves as a label within the solvent
(Table 7) the solvent separated ion pairs are products in aseparated ion pair and follows its decay. Complexing is at the
characteristic geminate ion recombination, as illustrated in same time reason for the stability of the solvent separated ion

Scheme 4.

pairs (IP).
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D. The efficiencgy 5 for positive charge transfer (Scheme 4)
is introduced, as only a fraction of all solvent cations may lead
to charge transfer to the radicat.R

1. There is a steric condition: obviously R must be on the
proper side of Ci, which means near the line of approach of
the positive charge (between Soland CI).

2. There is a competition between the mobilities of the cation
(Drasy) approaching Cl and the diffusional escape of RDgjsr)
out of the Coulombic region. Therefore, the mobilys must
be larger tharDgi to overcome the radical escapBas/Duit
> 1 is the condition for effective charge transfer.

(a) For Penta the correlation gf with Dsas/Dgir has been

Quadir et al.

2. The ion pair lifetimerj, may be much shorter than the
rate of its production(which meansri, < 7). IPs may be

formed yet cannot be seen.

3. The absorption coefficiertf the ion pairejp(RT-MCH)
may betoo low (or the absorption is outside of the experimental

A range). However, such CT bands are typically strong and are

often in the visiblel range.

4. The condition for the ionization potential$y(R) <
[,(MCH), is not met (see above).

For Tetra, argument 1 is the most likely one ¢oo long).
For CHCE, wherer (CHCI;™) is nearr™ (Hexa'), argument 2
is more likely (decay faster than its buildup rate). This would

documented in Table 5. In the temperature range from 133 to mean that, for CHGJ 7, < 280 ns ¢7).

295 K, n was found to decrease by a factor of about 6, parallel

to Dras{Dyitt decreasing from 410 to 10. This implies that the
mechanism of charge transfer to Rses importance toward
room temperature.

(b) For the fragment cation MCHehehe mobility is Dgjs.
It is therefore highly unlikely that MCHerlemay contribute to
the IP productionsf(MCHene") ~ 0).

3. The geminate pairs of ions (on ionization) cover a large
range of initial separations. Correspondingly, the high mobility
cations arrive at different times at {R-Cl7), earlier if they

started at shorter distance, later at long distance. Early means™

higher efficiencyn; later means lower. The efficiencyy is
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