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TABLE I: Electron Diffusion Coefficients Derived from
Time-of-Flight and Steady-State®!® Interdigitated Array Experiments

D, X 10°, cm?/s

film material tmaxs S TOF steady state®
Prussian Blue/White® 15.8 1.4 39+ 1.3
Prussian Yellow/Blue® 0.5 45 29
poly[Os(bpy),(vpy),] (C1O,)* 0.6 38 208
poly[Fe(DSB);](Cl10,),° 4.5 5.0 3714

2Steady-state measurement is by applying potentials that continu-
ously reduce and oxidize opposing faces of the film. D, calculated as in
ref 16. ®Electron transport by Fe(III/ILII/II) self-exchange.
Steady-state measurements show that there are two closely spaced Fe-
(III/1LI1/II) couples which we have called® types A and B. The
steady-state value given in the table, 3.9 X 10 cm?/s, is primarily
type A; that for type B, 28 X 10 em?/s, is thought® to correspond to
more symmetrically (~NC) coordinated ferric sites. Initial film state is
the Fe(III/II) form of Prussian Blue (ideal formula Fe,[Fe(CN)]3);
potential pulse to —0.2 V vs SSCE to generate Fe(II/II), Prussian
White, at generator electrode. Film deposited according to ref 17.
¢Electron transport by Fe(II/IILIII/II) self-exchange. Initial film
state is the Fe(III/II) form of Prussian Blue; potential pulse to +1.0 V
vs SSCE to generate Fe(III/III), Prussian Yellow, at generator elec-
trode. Film deposited according to ref 17. ?Electron transport by
Os(IIL1II) self-exchange. Initial film state is Os(II); potential pulse to
+0.9 V vs, SSCE to generate Os(III). Film deposited according to ref
16. ¢Electron transport by Fe(IILII) self-exchange. Initial film state
is Fe(II); potential pulse to +1.1 V vs SSCE to generate Fe(III). Film
deposited similar to ref 16.

film depth: 0.36 for a 0.3-um deep film and 0.44 for a 1.0-um
film. Since we employ films of depth not much greater than the
array finger height,” § = 0.36 in eq 1 should adequately represent
our electrochemical time-of-flight experiment.

Results and Discussion

The collector current transient for electron time of flight of a
pulse of (acceptor) poly[Os(bpy)s(vpy),](ClOy); states generated
in a film of poly[Os(bpy),(vpy),2](ClO,), is shown (@) in Figure
2. Also shown (m) is the calculated I/I,, curve of Figure 1E,
curve b, overlaid on the experimental one by normalizing it at 7.,
on the time axis. In this way we see that the collector currents
calculated for the model of Figure 1D agree reasonably well with
experiment and due to the reservoir effect are, beyond #,,,, larger
than those calculated (O) for the Figure 1C geometry. Application
of § = 0.36 in eq 1 to the observed 7,,, = 0.6 s gives D, = 3.8
X 1078 cm?/s. This value is close to that obtained (2.0 X 107*

cm?/s) by our method®!® of applying Fick’s first law to the
steady-state currents flowing between generator and collector
electrodes when these are continuously maintained at oxidizing
and reducing potentials.

Electron time-of-flight results from the above and from ex-
periments with three other donor/acceptor couples are collected
in Table I. In each case we see good agreement with results from
steady-state currents. That electron hopping is slower?® for the
type A iron states in the Prussian Blue/Prussian White couple
Fe(III/ILII/II) than for the ferro—ferricyanide states in the
Prussian Yellow/Prussian Blue couple Fe(IIT/IILIII/II) is con-
firmed by these results. That the M(III/II) electron self-exchange
rates are larger in poly[Os(bpy),(vpy),](ClO,), than in poly-
[Fe(DSB);](ClO,), probably reflects both a larger site-site spacing
and the difference in central metal."”

In general, steady-state methods for determination of D, are
preferred!® over transient ones like chronoamperometry and
chronocoulometry in order to minimize the possible consequences
of slow diffusion of (electroneutrality-required) counterions and
correspondingly maximize influence of electron hopping upon D.,.
The time-of-flight experiment described here is a transient ap-
proach, but noteworthy is the fact that, in the array, the motions
of electrons (between fingers) and of charge-compensating
counterions (between solution and polymer film) are normal to
one another. Since the ion motion is over a shorter distance (the
polymer film depth) than that of the electron (the interfinger gap),
effects of ion mobility again tend to be minimized.

Finally, we should note an advantage common to both time-
of-flight and steady-state®!? determinations of D, with interdi-
gitated electrodes, which is that absolute values of donor/acceptor
site concentrations and of film thicknesses are not required in the
determination of D,. This is significant because solvent-induced
swelling changes (vs dry films) are difficult to assess in these
ultrathin films.
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Track Effects in Radiation Chemistry: Production of HO, in the Radiolysis of Water by

High-LET ®Ni Ions'
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The yields of HO,* produced in the radiolysis of water by *Ni ions having energies up to 460 MeV have been determined.
For these radiations the differential yields for HO,* production increase from 0.26 to 0.43 molecules/100 eV over an LET
range of 260~520 ¢V/A. From these measurements a limiting yield of 0.57 molecules/100 eV is estimated for HO,* production
by energy deposited in the track core at very high LETs. These studies demonstrate the feasibility of carrying out significant
radiation-chemical studies with beams of particles having LETs in excess of 200 eV/A.

Introduction
In studies of the radiolysis of water with heavy ions it is found
that intratrack radical combination processes become increasingly

(1) The research described herein was supported by the Office of Basic
Energy Sciences of the Department of Energy. This is Document No.
NDRL-2989 from the Notre Dame Radiation Laboratory.
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more important as the density of energy deposited along the track
increases.? The dependences noted are usually characterized in
terms of the linear energy transfer (LET = —dE/dx, i.e., stopping
power) of the irradiating particle, but it is clear that other factors

(2) Allen, A. O. The Radiation Chemistry of Water and Aqueous Solu-
tions; Van Nostrand: Princeton, NJ, 1961.
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Figure 1. Radiation-chemical beam targeting system. Beam current (I5) was collected from the cell and accelerator exit window. Backscattered electron
current (/) was collected from the suppression tube across which a 2-kG magnetic field was applied.

also enter into these dependences. Most of our ideas on the
importance of intratrack processes are derived from studies with
protons and helium ions® which have maximum LETs at their
Bragg peaks of only ~8 and ~20 eV /A, respectively. There is
great need for determining quantitatively the yields of radiolytic
products at much higher LETs, particularly to test models pro-
posed to describe the intratrack processes but also to provide the
basis for estimating the relative importance of radical and mo-
lecular products produced by heavy ion radiations in, for example,
radiobiological studies** and in radiolysis with fission fragments.®’
To reach appropriately higher LETs, one must carry out studies
with low energy ions of high charge. Previously we have shown®
that it is practical to carry out detailed studies of the LET de-
pendence of HO,* production from water with ions such as 12C
and 2Ne which have maximum LETs of 100 and 200 cV/A,
respectively. Since in irradiations with heavy ions HO," is pro-
duced in yields considerably higher than the low yield observed
in fast-electron radiolysis (G ~ 0.02 molecules/100 eV),? it
provides a direct measure of the importance of intratrack processes.
We have now extended these earlier studies to irradiations with
%8Ni ions accelerated at the Argonne National Laboratory ATLAS
facility. These studies, which are reported here, provide infor-
mation for radiation with LETs in the range 260-520 eV/A. They
represent radiation-chemical measurements at the highest particle
LETs made to date.

Experimental Section

Irradiation methods and analytical procedures were essentially
as previously described.>1® Because 3*Ni ions accelerated at
ATLAS are only partially stripped, they have a maximum energy
of only ~11 MeV /nucleon as compared to ~17 MeV /nucleon
available with ions of lower atomic number. Particle energies (up
to 640 MeV) were determined with a time-of-flight energy ana-

(3) LaVerne, J. A,; Schuler, R. H.; Ross, A. B.; Helman, W. P, Radiat. -

Phys. Chem. 1981, 17, 5.

(4) Schopfer, F.; Schneider, E.; Rase, S.; Kiefer, J.; Kraft, G. Radiat. Res.
1982, 92, 30.

(5) Wulf, H.; Kraft-Weyrather, W.; Miltenburger, H. G.; Blakely, E. A ;
Tobias, C. A.; Kraft, G. Radiat. Res. 1988, 104, S-122.

(6) Boyle, J. W.; Hochanadel, C. J.; Sworski, T. J.; Ghormley; J. A.;
Kieffer, W. F. Proceedings of International Conference on the Peaceful Uses
of Atomic Energy, Ist; United Nations: New York, 1957; Vol. 7, p 576.

(7) Bibler, N. E. J. Phys. Chem. 1975, 79, 1991.

(8) IéaVerne, J. A.; Schuler, R. H.; Burns, W. G. J. Phys. Chem. 1986,
90, 3238.

(9) Bjergbakke, E.; Hart, E. J. Radiat. Res. 1971, 45, 261.

(10) LaVerne, J. A.; Schuler, R. H. J. Phys. Chem. 1984, 88, 1200.
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Figure 2. Yield of HO,* as a function of energy deposited for 444-MeV
8Ni ions.

lyzer recently installed at ATLAS and are known to better than
1%. The charge state accelerated (+20) was determined by
magnetic analysis. A vacuum of <2 X 107 Torr was maintained
between the analyzing magnet and accelerator exit window (3.6
mg/cm? titanium) to assure integrity of this charge state. Beam
currents were ~107 A (particle fluxes ~10'® cmZs™!), The beam
targeting system is illustrated in Figure 1. For studies with ¥Ni
ions the targeting arrangement used is particularly critical since
there is appreciable electron backscattering from the accelerator
exit window. The beam current (I5) was collected from the sample
cell and exit window. The backscattered current (I,) was confined
magnetically and collected from the electron suppression tube
indicated in Figure 1. For %Ni ions I, was found to be ~20%
of the beam current, which is appreciably greater than the few
percent found in our previous studies with lighter ions.® Absolute
dosimetry was in terms of the product of the integrated beam
current and particle energy, taking into account the particle charge,
the backscattered current, and the energy lost in the window
system. The range tables of Hubert et al.!! were used to make
corrections for the latter. Because of the very short range of ¥Ni
ions, at least 40% of the initial ion energy was loss in the window

(11) Hubert, F.; Fleury, A.; Bimbot, R.; Gardes, D. Ann. Phys. Suppl.
1980, 5, 1.
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Figure 3. Production of HO,* (GyEo(HO,*) molecules/particle) as a
function of initial ion energy (E,) for (@) *¥Ni, this work; (0) Ne, ref
8; and (A) '2C, ref 8. The dashed line shows the limit found with fast
electrons (G(HO;*) = 0.020; see ref 9). The solid lines were obtained
by appropriate integration of the differential yields of Figure 4.

system. Irradiations were typically for a ~ 1-min period with
energy deposition in the radiolysis cell of ~5 X 10'® eV in 30 cm?
of solution. ‘

The production of HO,* was determined by measuring the yield
of oxygen produced in 1 mM ferrous sulfate—10 mM cupric sulfate
solutions by using an electrolytic oxygen detector (Hersch cell)
as described previously.® The solutions were made up in 0.01 N
sulfuric acid with triply distilled water.

Results and Discussion

The production of HO,* by 444-MeV **Ni ions (LET = 260
eV/A) is shown in Figure 2 to be linearly dependent on the total
energy deposited in the solution over the range of (0.5-10) X 108
eV (0.25-5 krad). From the slope of the line a radiation-chemical
yield of 0.35 molecules/100 eV is obtained for the production of
HO,". The yield is accurate on an absolute basis to better than
5%. Itis a factor of ~15 greater than that for fast electrons and
considerably higher than observed for less massive ions even near
to their maximum LETs.

The energy dependence for HO,* production (GoEy) by *Ni
ions of initial energy E, is shown in Figure 3. Also shown are
analogous results previously obtained with 2Ne and '*C ions® and
fast electrons.” The LET of these ®Ni ions increases from ~ 260
eV/A at the highest energy (~450 MeV) to ~520 eV/A at the
Bragg peak (~40 MeV) so that the LETs covered in these ex-
periments are greater than the maximum LET for all of the
particles previously studied. They even exceed the LET of 400
eV/A usually considered to describe fission fragment radiations.5”
We particularly note that there is observable curvature of the data
for **Ni ions in Figure 3 so that even at the high LETs involved
the radiation-chemical yield is still somewhat dependent on the
particle energy. The slope at low energies corresponds to a limiting
yield at the Bragg peak of 0.43 molecules/100 eV.

In Figure 3 the ordinate corresponds to the total number of
product molecules produced by particles of energy E; and is
measurable to a few percent. The principal uncertainty in de-
termining the radiation-chemical yield is in knowing the energy
at which the chemical observation is made. At the higher energies
correction for energy lost in the window system can be made with
reasonable accuracy so that the absolute values of these yields
are known quite well (~5%). At lower energies, however, de-
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Figure 4. Differential HO,* yields for the various ions as a function of
ion energy. The dashed line is the high-energy limit as obtained with fast
electrons.

termination of the energy incident to the solution is critically
dependent on the stopping powers used to correct for energy loss
in the window materials. For **Ni ions of 176 MeV incident on
the solution we found that the range, using chemical dosimetry
to determine energy deposition after addition of absorbers, was
7.2 mg/cm? of alumiinum. This range is in accord with values
obtained from the tables of Hubert et al.!! and indicates that the
stopping powers given by them are applicable. By use of ranges
determined from these chemical measurements, the absolute en-
ergy scale is known with reasonable accuracy at all energies above
~50 MeV. Ranges for **Nji ions estimated from the tables of
Northcliffe and Schilling!? are somewhat in excess (by ~1.5
mg/cm?) and cannot be reconciled with our results. The present
studies, therefore, suggest that the stopping powers given in
Northcliffe and Schilling for *¥Ni ions in the 100-400-MeV range
are somewhat small. We also note that in our studies any effect
of straggling appears to be at a minimum and that there is no
evidence for any significant contribution from ion fragmentation
which would be indicated by chemical effects beyond the range
of the primary particle.

It is more advantageous for modeling purposes to obtain the
differential yields (G; = d(G,E,)/dE,) pertinent to the production
of HO,’ in a track segment at a given particle energy. These values
can be obtained from the slopes of dependences given in Figure
3. A set of differential yields was obtained in a manner similar
to that used in previous studies,®!>"!5 subject to the condition that
appropriate integration faithfully reproduced the data. The line
through the *Ni ion data in Figure 3 was obtained by such an
analysis, and the corresponding differential yields are shown in
Figure 4. It is seen in the latter that the differential HO,* yields
for 8Ni ions are very much greater than those observed for the
other ions. The differential HO,* yields increase from 0.26 at
the highest energy studied to a maximum of 0.43 at the Bragg
peak. Unfortunately, the LET of the particles available in these
experiments varies by only a factor of 2 so that it cannot be
ascertained to what extent the yield will decrease at very much
higher energies.

(12) Northeliffe, L. C.; Schilling, R. F. Nucl. Data, Sect. A 1978, 7, 233.

(13) LaVerne, J. A.; Burns, W. G.; Schuler, R. H. J. Phys. Chem. 1985,
89, 242,

(14) LaVerne, J. A.; Schuler, R. H. J. Phys. Chem. 1985, 89, 4171.

(15) LaVerne, J. A.; Schuler, R. H. J. Phys. Chem. 1986, 90, 5995.
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Figure 5. Differential HO,® yields as a function of LET for the various
ions.

The differential yields for the various ions are shown as a
function of LET in Figure 5. For %Ni ions these LETs reflect
not only the energy but the equilibrium charge state which de-
creases from about +22 at ~500 MeV to about +11 as one
approaches the Bragg peak (~40 MeV). It is seen by extrapo-
lation of the data of Figure 5 that at a given LET the yield of
HO," produced by *®Ni ions is considerably less than that obtained
with lighter ions. This difference follows the trend previously noted
and is as expected since the ¥Ni ion tracks have a larger radius
and therefore a lower density of energy deposition within the track
core. It is not currently feasible for us to compare directly the
data with *¥Ni ions and, for example, '2C ions of similar LETs.
Such a comparison requires **Ni ions with LETs <100 eV/A
(energies >3 GeV), at which point ion fragmentation becomes
a problem in data interpretation.
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The differential yield at low energies, which approximates the
yield in the vicinity of the Bragg peak, is somewhat larger than
that noted for the lighter ions. Because the LET of the 5¥Ni ions
is more than a factor of 2 greater than that for previously used
radiations, the present data allow a more accurate estimation of
the limiting yield at very high LET. As in our previous studies,?
it is found that a plot of the inverse of the difference between the
observed yield at the Bragg peak and that for fast electrons as
a function of the inverse of LET is reasonably linear. A limiting
yield of 0.38 molecules/100 eV at infinite LET is found by ex-
trapolation of such a plot. This value is only slightly higher than
that (0.37) previously estimated.?

Because the yield of HO," is relatively small with fast electrons,
it is possible to estimate the yield of HO,® pertinent to-the-track
core.® For low-energy particles the production of HO,® in the track
core appears to be a singular function of the energy remaining
in the track core (LET,, eV/A) for all particles. This dependence
is described quite well by

LET, + 2.14

GI(HO2 )core 0.57 LETC + 61
in units of radicals per 100 eV. The limiting yield of 0.57 mol-
ecules/100 eV at high LETs is somewhat greater than our previous
estimate of 0.47.% It has been found in other studies with the
Fricke dosimeter!® that the net water decomposition at very high
LETs is only 2.4 molecules/100 eV.!® Since at least two water
molecules are needed to produce one HO,* radical, a major
fraction (>40%) of the oxidizing intermediates produced in the
track of these densely ionizing radiations are converted to this
product. This observation could have very important biological
consequences, especially since the yields of all other radicals are
expected to be negligible.
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Rate constants have been measured for the reactions of boron atoms with a series of bromomethanes and bromofluoromethanes,
The experiments were performed in a linear flow apparatus at 300 K. The bimolecular rate constants were obtained by
measuring the density of boron along the flow tube as a function of reactant gas density. The measured rate constants in
units of cubic centimeters per molecule per second are for CBr,, 4.2 X 10°!%; for CBr3H, 8.1 X 107!!; for CBr,H,, 1.3 X
107'%; for CBrHj, 5.7 X 107%; for CBr;F, 3.8 X 107!); for CBr,F,, 9.2 X 107!4; for CBrF;, 1.4 X 107!!; for CH,F, <8 X 1074;
and for CBr,Cly, 1.4 X 10719, These results are compared to the previously published work on the chloroflucromethanes
where the reactivity of the chlorine site was substantially reduced by fluorine substitution. The corresponding decrease in
reactivity of the bromine site is not present in the bromofluoromethanes.

Introduction

In a previous publication,' the reaction rates of boron atoms
with the chloromethanes and chiorofluoromethanes were presented.
An interesting pattern of reactivity was observed in that work.

YPresent address: Mission Research Corporation, 1 Tara Boulevard,
Nashua, NH 03062.

The substitution of fluorine in those systems produced a notable
reduction on the reactivity of the chlorine site. In the extreme,
comparing the reactivity of CCl, to CCIF;, the reaction cross
section of the chlorine site in the latter was reduced by 2 orders

(1) Tabacco, M. B,; Stanton, C. T,; Sardella, D. J.; Davidovits, P. J. Chem.
Phys. 1988, 83, 5595.

0022-3654/87/2091-6563%$01.50/0 © 1987 American Chemical Society



