J. Phys. Chem. R005,109,165-168 165

Pulse Radiolysis of Aqueous Thiocyanate Solution
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The pulse radiolysis of PO saturated aqueous solutions of KSCN was studied under neutral pH conditions.
The observed optical absorption spectrum of the S@Mical in solution is more complex than previously
reported, but it is in good agreement with that measured in the gas phase. Kinetic traces at 330 and 472 nm
corresponding to SCNand (SCN)'~, respectively, were fit using a Monte Carlo simulation kinetic model.

The rate coefficient for the oxidation of SCNons by OH radicals, an important reaction used in competition
kinetics measurements, was found to be @&.4.1) x 10°° M~1 s™1, about 30% higher than the normally
accepted value. A detailed discussion of the reaction mechanism is presented.

Introduction Scholes and co-workers further investigated the oxidation of
SCN- ions by OH radicals and discovered several equilibria
involved in the mechanisthThe mechanism for reaction 1 first
involves the formation of an adduct,

As a result of their importance in organic chemistry, molec-
ular biology, and medicine, reactions involving hydroxyl radicals
have been studied extensivéliKnowledge of accurate values
for the rate coefficients of these reactions is often critical in
determining overall mechanisms in complex systems. Pulse-
radiolysis experimental techniques are commonly used for
measuring the rate coefficients of OH radical reactions. The

"OH 4+ SCN” — HOSCN™ ©)

the dissociation of which is pH dependent.

energy of ionizing radiation is mainly deposited in the water HOSCN™ = SCN + OH~ (4)
molecules leading to OH radical formation on the picosecond
time scale’3 Because of the low extinction coefficient & The equilibrium constant for reaction 2 was found tokae=

575 Mt cm! at Amax = 230 nm) and spectral overlap with 2 x 105 M1, while that for reaction 4 was found to g =
other reactants, direct spectroscopic measurements of the OH3.2 x 102 M~1. As pointed out by Baxendale et al., this work

radical are not practical in most casen alternative method  aiso showed that the thiocyanate dimer radical anion recombines
for determining OH radical rate coefficients is to use competition py

kinetics, the most frequently used reagent being the thiocyanate

anion. However, interpretation of the results using this reaction 2(SCN)"~ — (SCN), + 2SCN° (5)
may involve some ambiguities regarding the value of the rate
coefficient of the OHt SCN™ reaction as reviewed below. o that the thiocyanate dimer is the final stable radiolysis

The mechanism for the radiolysis of aqueous solutions of product_ The concentration of (SCN’) is usua”y constant on

SCN was first reported by Adams et alPulse-radiolysis  the microsecond time scale making this system suitable for
measurements show the formation of a transient spegies ( apsolute dosimetry.

480 nm) in SCN reaction with OH radical, which was initially A variety of studies tried to measure the rate coefficient
assigned to the SCNadical. corresponding to reaction 3 using the competition kinetics
method. In this method, the transient species in reaction with a

‘OH+ SCN — SCN + OH" (1) solute for which the rate coefficient is not known is compared

) to its reaction with another solute with an accurately known
In a subsequent studythe authors pointed out that the rate coefficient. Zehavi and Rabani used the reference reactions
experimental data would also be consistent with the transient of the OH radical with ethanol and with methanol to give values
species being (SC), produced in the secondary equilibrium  of 1 0% 10!%and 1.1x 10°M~1sL, respectively, for reaction

reaction of SCNwith SCN". 310 The solute concentration dependence of the measured rate
B coefficient was noted, but no explanation was offered. Dorfman
SCN + SCN — (SCN), 2 et al. used the competition kinetics of OH radicals with

ferrocyanide and thymine and obtained the values 011010
Later pulse-radiolysis studies by Baxendale and co-workers onand 9x 10° M~1 s71, respectively, for reaction B.Elliot and
transient formation at low SCNconcentrations produced results  Simsons used OH- HCOO™ as a reference reaction to obtain
that conclusively prove the absorption at 480 nm is due to 1.08 x 109 M~ s~ for the rate coefficient of reaction 3 at 18
(SCN)*~.78 The rate coefficient corresponding to reaction 1 °C.12
was reported to be 2.& 10'° M~ s71, and the equilibrium Wilkinson and co-workers also studied the oxidation of SCN
constant wa; = 2 x 10°® M~1. The effect of ionic strength by OH radicals using nanosecond pulse radiol{ighey
proved that (SCN)~ is involved in a second-order reaction to irradiated 0.5 and 1.2 mM KSCN solutions with 10 or 25 ns
give (SCN}) and SCN. pulses and monitored the buildup of (SGN)at 475 nm. From
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a fit of the oscilloscope traces obtained to a (simplified) kinetic RS =
model, the rate coefficients for reactions 2 and 3 were estimated  0.010 -
to be (1.08+ 0.10) x 101°M~1s7L A similar experiment was
performed by Tanaka and co-workers who obtained the value
of 1.0 x 10° M~ s71 for reaction 3t Wi

Chin and Wine used laser photolysis to produce OH radicals
in the photolysis of HO,.1> The buildup kinetics of (SCN)~
was monitored at 475 nm, and the traces obtained were fitted
to a kinetic model to give a rate coefficient for reaction 3 of
1.3 x 10 M~1 s71 at 22°C. Motohashi and Saito measured
the rate coefficient corresponding to reaction 3 using a steady-
statey radiolysis competition kinetics methd8The reference -
reaction was OH+ C¢HsCO,~, and they obtained a value of 0.002 \: ;
1.2 x 1019 M~1 s71 at room temperature and pH 7.5. ; a:a“‘ S T

In all of these pulse-radiolysis or laser-photolysis experiments, DB e e gorms A o o G g G SR o
only the observed trace at about 475 nm corresponding to the 300 350 400 450 500 550
(SCN)"~ formation was fitted to a kinetic model. The models Wavelength (nm)
dlffgred S“g_htly but could contain up to threg variables. The Figure 1. Transient absorption spectra in pulsed aqueous 0.1 mM
Critical Review of Rate Constants for Reactions of Hydrated kscN solutions at natural pH:@) spectrum after Ls: (a) spectrum
Electrons, Hydrogen Atoms and Hydroxyl Radicals (OHJO  after 5us (480 nm peak maximum), this worky)(normalized data of
in Aqueous Solution selects the valuekgf= 1.1 x 1010 M1 Figure 1 in ref 9. Inset shows traces at selected wavelengths; 330 nm
s 1 with no stated reason but presumab]y from a consensus Ofrescaled trace is also shown to illustrate the kinetics.
most of the experimental valuésln general, fitting one kinetic
trace to an equation with three variables can produce several
combinations of parameters each giving an apparent excellent
fit. Another independent set of kinetics would result in more i
accurate rate coefficients for an important chemical reaction. ~ 0.0020 |-
Modern digital data acquisition and signal averaging that takes = r
into account dose variation and other parameters can give much 4 5445 [
higher accuracy than was possible a few decades ago. Transient:S
with low extinction coefficients at relatively low concentrations g
(such as the trace at 330 nm corresponding to the thiocyanate 8 0.0010 |
radical) can be readily monitored. % i

In this work, kinetic traces at 330 and 472 nm corresponding g goos |
to the thiocyanate radical and thiocyanate dimer radical anion, i _
respectively, were obtained. The rate coefficient corresponding i B ebn ¢ ®
to the_OH_ radical with SCN, reaction 3, was obtained by fitting 0.0000 250 g 360 . 350 . 3‘;0 g 3('50 : 3&0 - 460 =
the kinetic traces corresponding to SCahd (SCN)*~ to a
complete kinetic model using a Monte Carlo simulation method. Wavelength (nm)

Figure 2. Spectra of SCN (@) this work; (©) ref 9. Inset compares
Experimental Section kinetics at 325 and 390 nm corrected for background absorption of
. . . . (SCN)".

Pulse-radiolysis experiments were performed using 2 ns
pulses of 8 MeV electrons from the Notre Dame Radiation
Laboratory linear accelerator (TB-8/16-1S linac). Details of the
linac, the spectrophotometric detection setup, and the computer-
controlled data acquisition and detection systems are describe
elsewheré? All measurements were performed at 20 in a
high-purity silica cell of 1 cm optical path length. The
concentration of radicals generated was approximately¥L0
per pulse with a dose of about 7 Gy (700 rad) per pulse, as
determined by the thiocyanate dosimeter. All solutions were
deaerated by bubbling ® for at least 30 min immediately prior
to irradiation.

KSCN (Aldrich) was of the highest purity commercially
available and used as received. Water was purified using an
HzOnly system, yvhiqh Is acommercial arrangement confsisti.ng published in ref 9. Significant difference is observed in the
of a UV lamp, microfilters, and ion-exchange resins. A kinetic

¢  the d f the hvdrated eloctron i t water sh dspectral region from 280 to 400 nm. The spectra from 5 to 150
race ofthe decay ot the hydrated electron in neat water showe us have essentially the same shape indicating that the species
no sign of impurities that could interfere in these experiments.

observed at about 330 nm has completely reacted in a few

microseconds. Normalization of the two spectra in Figure 1 at

480 nm and subtraction give the difference spectra as shown in
The best methods to determine the rate coefficient of reaction Figure 2. The spectrum from the present work exhibits a

3 are to measure the change in rate of decay of the OH radicalcomplex structure, while the spectrum from ref 9 comprises a

or the rate of formation of HOSCN The OH radical has a  single (Gaussian) band centered at 330 nm. Gas-phase measure-
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low extinction coefficient ¢ = 575 M1 cm™ at Amax = 230
nm) and spectral overlap with other transient water products,
aking its direct observation very difficult. Absorption of
OSCN-~ is reported to occur at about 390 nm, as identified
in very basic solutions where the back reaction is signifiéant.
The lifetime of HOSCN" is estimated to be 5 ns, which is much
too short to be observed on the time scales examined!fere.
The next transient species to be formed in the reaction scheme
is the thiocyanate radical, SCNrigure 1 shows the observed
transient absorption spectra in pulsed aqueous 0.1 mM KSCN
solutions at natural pH. The solutions were saturated wi@ N
to convert the hydrated electron to OH radicals. The spectrum
obtained lus after the pulse is compared in Figure 1 with one

Results and Discussion
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ments of the electronic absorption spectrum of the Sftéé a0l T ' T '
radical show strong transitions around 380 nm, which is in r 0.1 mM KSCN '
agreement with the present resudftsThe inset in Figure 2 7 Gy
compares the kinetic traces at 325 and 390 nm corrected for
the (SCN)~ background absorption. The identical kinetics
confirms that the spectrum corresponds to only one species, that
is, SCN. The discrepancy in the spectra is due to the more
sophisticated detection system in the present work that allows
precise measurements with less noise.

The inset in Figure 1 compares the experimental traces at
330 and 472 nm. One can readily see the formation of the
transient at 330 nm followed by its decay and the concurrent
formation of the species at 472 nm. An apparent plateau of the
330-nm trace at long times is due to the background from the h
tail of the 472-nm peak. Subtraction of the long-time limit shows 2
that the 330-nm trace decays to zero within 8. The Time (us)

comple_mentary kineti_cs strongly suggests that the speCieSFigure 3. Transient absorption traces in pulsed aqueous KSCN
absorbing at 330 nm is a precursor to the (S&£Ngbsorbing solutions (0.1 mM) at natural pH divided by the corresponding

at 472 nm. From simple statistical arguments, backed by Monte extinction coefficients: @) 330 nm; () 472 nm. Solid lines represent
Carlo calculations, one expects that the additional kinetics for the computer generated kinetic curves usiags 1.4 x 1010 M1 s,

the precursor to (SCM) will give much more reliable data
for the rate coefficient of reaction 3. I
The experimentally obtained traces at 330 and 472 nm for 40[ 2.0mMKSCN
SCN and (SCNy~, respectively, were fitted using Chemical [ 7Cy
Kinetics Simulator 1.0 from IBM Almaden Research Center.
The main reaction scheme consisted of reactiond @ith the
following coefficients: k, = 9 x 1® M~1s71, with K = 2 x
1P M 18920k, =2 x 108 s7L, with K4 = 3.2 x 102 M 1913
The value ofk; from ref 8 was used instead of others in the
literature because that experiment involved the photolysis of
(SCN)*~, which was more straightforward than most of the
other experiments. That value also gave a perfect fit to the
present results. Additional reactions must be considered, since >
the system is saturated (26 mM) in@, 0.0 &

20[

10f
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20F
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€ +NO—N,+ 0" (6) -0.1 0.0 0.1 0.2 03 04
Time (us)
o + Hzo_'.OH +OH" (7) Figure 4. Transient absorption traces in pulsed aqueous KSCN

solutions (2.0 mM) at natural pH divided by the corresponding
with ks = 9.1 x 10° M~ 1slandk; =17 x 10° M~1s 117 extinction coefficients: ©) 330 nm; () 472 nm. Solid lines represent
Oxygen atom anion can possibly react with SChit high the computer generated kinetic curves udipg 1.4 x 1000 M1 s%
concentrations by the following:
for reaction 3, which was found by the best fit using the IBM
O + SCN — SCNG™ (8) Monte Carlo code.

The results of the Monte Carlo fitting to the kinetic traces
with ks = 1.4 x 10° M~' s71.1% At the highest SCN are shown in Figures 3 and 4 for initial KSCN concentrations
concentrations used here, 2 mM, only a few percent of the of 0.1 and 2 mM, respectively. It can be seen that the results of
oxygen atom anions follow reaction 8, so it has been ignored the simulation fit the experimental traces very well using a value
in the present calculations. Absorbances were converted intogf k; = 1.4 x 10° M~ s~1. Variation of the simulation

concentrations by dividing with the corresponding extinction parameters indicate that matching the trace at 330 nm has a
coefficients. The SCNextinction coefficient at 330 nm (1200  much more critical effect on the value of the rate coefficient of
M~ cm™t) was taken from ref 20, and the (SGN)extinction reaction 3 than the trace at 472 nm. Including the measurement
coefficient at 472 nm (7580 M cm™*) was taken from ref 21.  at 330 nm for SCNinto the mechanism greatly enhances the
The yield of hydrated electrons was taken as 3.4 electrons perprecision for determining the rate coefficient of reaction 3. Such
100 eV in agreement with the experiméatThe OH radical a result is intuitive, since one expects examination of the
yield was taken to be 2.73 radicals per 100 eV to give agreementproducts more directly related to the adduct formed from OH
with the total value of 6.13 obtained by Schuler et'alhe radical addition to SCN will give a better representation of
results of the model calculations are reported without additional the kinetics of this reaction. The value for OH addition to SCN

scaling. determined in this work is some 30% higher than the selected
At long times ¢ 10 us), (SCN)~ decays by the second-  ygalue most often used.

order process given by reaction 5. This decay is so slow in the

present system that it could be treated separately from its ~nclusion

formation processes. A rate coefficient of x210° M1 s71

was obtained from a best fit to the decay traces. The only A consistent set of reaction parameters in the pulse radiolysis
variable left in the formation of (SCNY) is the rate coefficient of SCN~ was obtained by fitting the experimentally measured
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kinetic traces at 330 nm, SCNand at 472 nm, (SCN)~. The
rate coefficient for the oxidation of SCNoy OH radicals, an

Milosavljevic and LaVerne

(5) Adams, G. E.; Boag, J. W.; Michael, B. Proc. Chem. Soc.,
London1964 114.
(6) Adams, G. E.; Boag, J. W.; Currant, J.; Michael, B. Bulse

important reaction used in competition kinetics measurements, ragiolysis Academic Press: New York, 1965, p 117.

was found to be (1.4 0.1) x 101°M~1s™L This rate coefficient

is 30% higher than the commonly accepted value, which may
have important consequences in describing complex system

involving competing reactions of OH radicals. The optical
absorption spectrum of SCh more complex than previously

reported but is in good agreement with a gas-phase measure

ment.

Acknowledgment. This research was supported by the
Office of Science (BER), U.S. Department of Energy, Grant
No. DE-FG02-04ER63744. Contribution NDRL-4549 is from
the Notre Dame Radiation Laboratory.

References and Notes

(1) von Sonntag, CThe Chemical Basis of Radiation Biolgghaylor
& Francis: London, 1987.
(2) Gauduel, Y.; Pommeret, S.; Migus, A.; Antonetti, Bhem. Phys.
199Q 149 1.
(3) Long, F. H.; Lu, H.; Eisenthal, K. BPhys. Re. Lett. 199Q 64,
469

(Ai) Czapski, G.; Bielski, B. H. Radiat. Phys. Chen1993 41, 503.

S

(7) Baxendale, J. H.; Stott, D. Ahem. Commurl967, 699.

(8) Baxendale, J. H.; Bevan, P. L. T.; Stott, D. Mrans. Faraday
Soc.1968 64, 2389.
(9) Behar, D.; Bevan, P. L. T.; Scholes, &.Phys. Cheml972 76,
1537.

(10) Zehavi, D.; Rabani, J. Phys. Chem1971, 75, 1738.
_ (11) Wwillson, R. L.; Greenstock, C. L.; Adams, G. E.; Wageman, R.;
Dorfman, L. M.Radiat. Phys. Chen1971, 3, 211.

(12) Elliot, A. J.; Simsons, A. SRadiat. Phys. Cheni984 24, 229.

(13) Ellison, D. H.; Salmon, G. A.; Wilkinson, Proc. R. Soc. London,
Ser. A1972 328 23.

(14) Tanaka, M.; Sakuma, H.; Kohanawa, O.; Fukaya, S.; Katayama,
M. Bull. Chem. Soc. Jprl984 57, 3403.

(15) Chin, M.; Wine, P. HJ. Photochem. PhotobiglA 1992 69, 17.

(16) Motohashi, N.; Saito, YChem. Pharm. Bull1993 41, 1842.

(17) Buxton, G. V.; Greenstock, C. L.; Helman, W. P.; Ross, AJB.
Phys. Chem. Ref. Datk988 17, 513.

(18) Hug, G. L.; Wang, Y.; Schoeneich, C.; Jiang, P.-Y.; Fessenden, R.
W. Radiat. Phys. Chen1.999 54, 559.

(19) Dixon, R. N.; Ramsay, D. ACan. J. Phys1968 46, 2619.

(20) Nagarajan, V.; Fessenden, R. W.Phys. Chem1985 89, 2330.

(21) Schuler, R. H.; Patterson, L. K.; Janata, JEPhys. Chem198Q
84, 2080.

(22) Bartels, D. M.; Gosztola, D.; Jonah, C.D.Phys. Chem. 2001,
105 8069.



