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Chloride ion is used as an efficient scavenger of hydroxyl radicals to measure the yield pféélDced in

the photolysis of acidic aqueous solutions of hydrogen peroxide. The scavenging efficiency is shown to depend
on the chloride ion concentration and solution acidity, as expected from the mechanism. The results show
that the quantum yield of hydroxyl radicals produced from hydrogen peroxide photodissociation in the agueous
phase is close to unity at both 248 and 308 ninix(248 nm)= 1.0+ 0.1 and®y(308 nm)= 0.8+ 0.2,

where the uncertaintiesHg) were obtained from propagation of errors. [Because of geminate recombination

in the solvent cage, quantum yields in solution are often smaller than those in the gas phase, where the HO
quantum yields are equal to 2.] The present results for the aqueous phase are generally consistent with other
determinations.

Introduction because two HOradicals are produced for each® that
dissociates. However, the total quantum yield eOpldestruc-

tion (®p) does not equalby,o0,, because secondary reactions
|affect the magnitude obp. Several groups have measurggd

in the aqueous phase under conditions where free radical chain
reactions were importafit.!® Discrepancies exist among those

| fesults because the chain lengths differed in different experi-

Hydroxyl radicals play a cardinal role in tropospheric
chemistry! Aqueous phase hydroxyl radicals H{&x) are very
strong oxidants, and their reactions are important in the chemica
transformations of atmospheric species. A well-known example
is the free radical oxidation of S(IV) to S(V#)Photolysis of
hydrogen peroxide is one of the main sources of hydroxy!

radicals in atmospheric liquid watér? ments. )
In the present work, the scavenger method is used to
HyOj ey hy — HO'(aq)+ HO.(aq) (1) determine [HC]o.1° The scavenger method is widely used in

kinetic studies when direct observation of a chemical species
Knowledge of the primary quantum yield for the production of is difficult. In this case, hydroxyl radicals absorb light relatively
hydroxyl radicals by hydrogen peroxide photodissociation is weakly and hence are difficult to measure. However, reaction
important for accurate descriptions of the atmospheric aqueousof HO* with a suitable scavenger can produce a product species

phase. that absorbs strongly and is easy to measure. Halide ions
The primary quantum yield of hydroxyl radicals by photo- (X~ = CI~, Br~, etc.) and pseudo-halide ions %= SCN-,
dissociation of hydrogen peroxide is defined as follows: etc.) are good scavengers for the determination of ta@icals,
because they react with H@apidly and the strongly absorbing
D0 = [HOY[W], Q) transient free radical species X is formed after a few rapid

reaction steps. Other scavengers have also been used in the
where [HO]y is the initial concentration of thermalized hydroxyl determination of®yo. For example, Hatada et al. employed

radicals produced by #D, photolysis andljv]; is the concen-  p-nitrosodimethylaniling®
tration of photons absorbed by,€; at the photolysis wave- In the present work, chloride ion (C) is used as the
length 4. scavenger. As explained below, experimental complicatofis

In the gas phasepno = 2 because two hydroxyl radicals  that attend photolysis at 248 nm preclude the use of thiocyanate
are produced by breaking the-@ bond in each hydrogen  (scN-), which is a more common choi@425 The choice of
peroxide molecule that absorbs a photon. Howedgjo: in chloride ion is particularly appropriate because the detailed
solution is often significantly lower than in the gas phase, mechanism involving chloride ions and hydroxy! radicals has
because free radicals can recombine or form other species beforggen investigated in our laboratory and is being reported in a
escaping the solvent cadeThe primary quantum yield of  series of papers. Paper | describes the chemical mechanism and
hydroxyl radicals ®vc) is twice the magnitude of the primary  presents several new measurements of rate constants and
quantum yield of hydrogen peroxide photodissociati®.t,) equilibrium constant3® The present paper is designated Paper

— II. Paper Ill presents new results obtained using photolysis of
um*i;?e\évgom correspondence should be addressed. E-mail: jrbarker@ K»S,0s to produce sulfate radicals ($0), which initiated free
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TABLE 1: Reaction Mechanism with Recommended Rate Constants;, and Equilibrium Constants, K; (see Paper I)

ks ke

k3= (6.1%0.8)x 10° M1 %
Ks=0.70+ 0.13 M1 %0
k 4= (3.6 0.4) x 103 M~1g1be
ke = (3.24 0.7) x 100M-1s1b

Ky= (7.2 1.6) x 10°b

K= (8.842.2) x 10b
Ks=(5.240.3)x 10*s71b
k s=(5.74 0.3) x 10*s1¢

ke = (7.24 0.8) x 18 M5 1P
k; = (2.14 0.05)x 10° M~is1d

reaction
1 H.0, + hy — HO* + HO pon =12
2 HO+ HzOz - H02 + Hgo kzz (42:E 02) x 107 M_]'S_lb
3 HO+ CI- < CIOH ks=(4.3£0.4) x 1° M~1s7130
4 CIOH*+ H* <= CI* + H,O ky=(2.6+0.6) x 10°°M~1s71Pb
5 CF+ CI- < Cl, ke = (7.84 0.8) x 10° M-Is-1¢
Ks= (L.44 0.2) x 10F M-1b.c
6 Cl* + Cly*— 2CI + Cl, Ke=(9+ 1) x 1P M 1510
7 ClF+ Cl,*—CI~ + Cl»
8 Cl* + H;0 — CIOH + H* + CI- ke[H,O] < 100 s
9 Clh™* + H,0, — HOz + H" + 2 CIm ko= (144 0.2) x 1P M~1s 1P
10 Ct+ H,O, — HY + CI=- + HO,»* k1= (20:|: 03) x 1P M~1g1b
11 Ch*+HOy — 0O+ H"+2CI- k= (3.1£1.5)x 1° M~iste
12 HO,* + H,O, — H,O + O, + HO* kiz=0.5M1s154
13 HO+ HO* — H,0; kiz=6.0x 10° M~1s71 55
14 HO+ HO*— H,O + O° ----
15 HGO + HO» — H0O, + O, kis = 9.8 x 1P Mg 156
16 HO+ HOy — H,O + O, kie= 1.0 x 10°9M 15157

aThis work.? Paper |, uncertaintiesi{1o) were obtained from error prop
“0” on rate or equilibrium constants that have been adjusted+00.26 °Li
propagatiort® 9 See Paper II¥7 ©See Paper I\

rapidly with chloride ions to form CIOF, which can react with

H* to produce Cl26:29:30 Sybsequent reaction produces the
dichloride radical anion, Gf*, which can be monitored by UV
absorption spectroscopy. The yield of,Cldepends on both
the scavenger concentration and the solution acidity, as dem-
onstrated in this paper. Quantitative scavenging of* H®
produce measured £ allows quantitative determination of
[HOo.

Scavenger Method for Determination of [HOs]o

A suitable scavenger will react with hydroxyl radicals faster
than competing reactions. Ideally, photolysis of the scavenger
in the absence of HOadicals should not generate detectable
products. Furthermore, the chemical mechanism should be
known in sufficient detail so that [HJy can be obtained with
confidence.

The thiocyanate ion, SCN has been used to measépgo
from photolysis of HO, at 308 and 351 nr However, we
found that photolysis of SCNat 248 nm generates (SCN),
causing significant interference. The decomposition products
of (SCN)~* were found to form tiny suspended particles that
attenuate light in the wavelength range from 180 to 650 nm.
We visually observed strong emission in the red part of the
spectrum during photolysis of thiocyanate ions. In addition, the
formation of a white precipitate was observed if the photolyzed
solution was allowed to stand after photolysis. Previously,
Jablcznski and Jablczyskaoncluded that the photodissociation
of SCN- should produce sulfur and Matheson et?aleported
the observation of red emission after photolysis of SOhhich
is identical to what was seen in our experiments. Similarly,
Dogliotti and Hayo#R?® observed light attenuation by the forma-
tion of elemental sulfur in the wavelength range of 180 to 650
nm. We surmise that the particles in our experiments consist of
elemental sulfur and may also emit light in that same range.

Because of these serious interferences, we investigated
chloride ions, bromide ions, and iodide ions as potential
scavengers for HOproduced by 248 nm photolysis of,8,.

The photolysis of iodide ions in the absence ofdx produces

agation; ionic strengtla 0.01 M unless otherwise noted by a superscript
terature evaluation (Paper ), uncertaintiesl() obtained from error

Haber-Weiss
Cycle

Figure 1. Reaction Mechanism Flow Chart. Reaction numbers (Table
1) are shown in parentheses.

several transient speci@shat undergo complicated sequential
reactions. Furthermore, thegt (x = 2, 3, 4, 5, and 6) species

all absorb light strongly, leading to potential interferences.
Because of all of these complications, we rejectedat a
scavenger. Both bromide ions and chloride ions appeared to
behave in a “clean” fashion and are therefore possible choices
of hydroxyl radical scavenger. Because we have been investi-
gating the chemical mechanism involving Clwe selected
chloride ions as the scavenger in the present work. Photolysis
of CI~ at 248 and 308 nm in the absence ofG4 does not
produce detectable amounts of,Cl In addition, subsequent
reaction products do not interfere with the detection of €l
which is produced very rapidly under acidic conditions.

When CI is used as a scavenger, three steps are needed to
produce GJ—°, which then decays via several routes (see Table
1 and Figure 1). These reactions compete with reaction 2, in
which HO attacks HO,, resulting in a free radical chain reaction
that destroys kD, (the HaberWeiss cyclé!~33). The quantita-
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tive scavenging of hydroxyl radicals to formCi depends on

the concentration of Clrelative to that of HO, and on the
acidity of the solution, i.e., [H]. When reactions that are second
order in radical concentration can be neglected, the essential
features of the reaction mechanism can be summarized with
only a few steps (see Table 1 for reaction numbering):

H,0, + hv — HO" + HO® 1)
HO" + H,0, — HO,. + H,0 2)
HO' + CI” + (H") —CI'+ H,0 (9)
cr+cl-—cl,” (5,-5)

CI'+ H,0,— H" + ClI” + HO,. (10)

In this reduced mechanism, reaction g is the result of combining
reactions 3;-3, and 4 via the pseudo-steady-state approximation
for [CIOH™]:26

Kaky[H] _
ks + kJH]

= kH'] (Iny

When k3> ky[H*], eq Il reduces tdg ~ Ky [HT]= Kaks[H™],
whereK3 is the equilibrium constant for reaction 3 [notation:
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Figure 2. Schematic diagram of the experimental apparatus.

Note that thesign of Q is perfectly correlated with thsign
of the factor in curly brackets in eq llla: [€I] is always
positive, but the quantit® can be either positive or negative.

When the magnitudes &k andkc are significantly different

from one another, [GI*] increases rapidly and decays slowly.

equilibrium constants upper case, rate constants lower case]. \when the rise time is short relative to the decay time, t@en

Under the assumption that there is no loss of Cbn the

is positive and the short extrapolation gives a valué &t 0

time scale of the experiments and assuming that all of the HO that is essentially indistinguishable fro@. There are two

radicals react with chloride ions, the yield of,Cl can be
identified with [HOY]o, the primary yield of HO radicals in
photolysis of HO,. When HO radicals can also react signifi-
cantly with other species, then a correction is necessary. In the
experiments, [GI] rises very rapidly to a maximum and then
decays slowly. The slow decay is extrapolated badk=td to
obtain [Cb~]o, the apparent initial concentration of 1 (see
below). If the loss of [CI™7] is small, as in the present work,
then the short extrapolation back te= 0 can be carried out
equally well by assuming the rate of loss is either first order or
second order in [GI].

Because HOradicals can react with both Cland HO,, a
correction is needed in order to relate the measured value of
[Cl2*]o to [HOJo. The reaction of [HE is assumed to take
place under pseudo-first-order conditions with rate condtant
= ky[H207] + kg[CI~]. By assuming pseudo-steady-state for
[CIOH™*] and for [CPF], the following expression for [GI] is
obtained:

[Cl, ] =Q{e ™ — e} (la)
where
ky = k[H,0O,] + kg[le] (Ilb)
K_sk;o[H,0,]
= lllc
© ks[Cl" ] + ki o[H,0,] (e
o [HO',
1 kiH0) |14+ kyolH,0,] i ky[H,0,]
K[Cl'] Ky[CI'] k[Cl'] K[Cl]

(Ild)

limiting cases forQ, corresponding to the cases wher> k¢
and vice versa:

Q= 10T, (IVa)
., kdh0lll k0]
kiCI] kjCI]
_ [HOTKKICI T2
T ladH,0) (vb)

In our data analysis, we equate the two quantitis; [Cl>~*]o,
because the rise time is much shorter than the decay time. Under
all of the experimental conditions employed in the present work,
ka > kc and [Cb™]o is described approximately by eq IVa.
Scavenging is essentially complete wheris large (low pH)

and kg[CI7] > kio[H20,]. Under intermediate conditions,
scavenging is less efficient and it is possible to determine the
rate constant ratios that appear in the denominator of eq IVa.
However, the neglected reactions that are second order in free
radical concentration may be more important under intermediate
conditions, making eq IVa less accurate.

Experimental Section

Apparatus. A schematic diagram of the experimental ap-
paratus is shown in Figure 2. The photolysis source is a Lambda
Physik Excimer Multi-gas Laser (EMG 101) operating at 248
(KrF) and 308 nm (XeCl). The laser pulse energy was-@9
J nr2 at 248 nm and 3840 J nt2 at 308 nm. The pulse half-
width is ~15 ns, and the beam cross sectional area is 1D cm
defined by an aperture of 26 40 mm. The laser beam traverses
~4—5 m before reaching the cell. A rectangular mask is used
so that only the central uniform portion of the beam is allowed
to enter the cell. The reactant solutions are irradiated in a quartz
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cell of external dimensions 2b 25 x 47 mm. The temperatures  reaction 5. For the concentrations of Cin the present

of the liquid entering and leaving the cell are measured by experiments, the absorption due to €in be neglected because
copper-constantan thermocouples supported in borosilicate it is estimated to be less than 0.01%d{340 nm= 3800 M1
glass thermocouple wells at the entrance and exit of the cell. cm )2 and €ci,— 340 nm= 85004 500 M~ cm~1)27]. Although

The temperature was 29% 2 K in all experiments described the transient species ClIOMhas been reported to absorb in the
here. All connections are made using Teflon tubing and same spectral region asC13° its contribution to the total
connectors, so that the solutions come into contact only with absorption signal is negligible under acidic conditions because
borosilicate glass, fused silica, and Teflon. its concentration is very low.

The experiments were carried out in a manner that used the Reagents.All reagents used were of ACS grade. Sodium
solutions economically but did not sacrifice accuracy. By direct chloride (99.999%) and sodium perchlorate {4®2%) anhy-
tests, it was found that the laser pulse repetition rate could bedrous were purchased from Alfa /£SR. Perchloric acid (70%
varied from 0.3 to 10 Hz and the volume flow rate could be HCIOs) was from Aldrich. Potassium persulfate-$9.0%
varied from 1 to 10 mL st without affecting the measured rate  K25,0sg) and hydrogen peroxide (30%8,, inhibitor-free) were
parameters. In most experiments, the laser pulse repetition ratgrom Fisher. Hydrogen peroxide (30%) with stabilizer was from
was held at 1.0 Hz by a digital delay/pulse generator (Stanford Aldrich. All the data presented in this paper were obtained using
Research Systems, model DG535), and the flow of the solutionsstabilizer-free hydrogen peroxide ta@id the potential inter-
through the cell was controlled at 2.2 ¢is11 by a peristaltic ferences due to the stabilizétydrogen peroxide with stabilizer
pump (Masterflex model 7553-70). At this flow rate, cavitation was used for only a few tests to determine whether the stabilizer
of the solution did not occur. would make any difference in our results.

A high-pressure xenon mercury arc lamp (200W, Oriel model  All solutions were prepared immediately before experiments.
6291) with a regulated power supply (Oriel 68805 Universal The pH (G~4) of all solutions was adjusted by adding perchloric
Power Supply, 40-200W) provided a continuous light source acid (HCIQy). The pH of each solution was measured by a digital
for monitoring transient species. White cell optics were utilized ionalyzer (Orion Research 501) equipped with a glass pH
to fold the optical path in the cell in order to enhance detection electrode calibrated with buffer solutions purchased from Fisher.
sensitivity3* The typical number of paths ranged from 4 to 16, Water was purified by a Milli-RO and Milli-Q system (resistivity
i.e., path lengths from 16 to 64 cm. A Jarrell-Ash Monochro- =18 MQ cm). Concentrations of hydrogen peroxide were
mator (model 82-410) and a Hamamatsu 1P28 photomultiplier determined by the lodine Meth#fland were repeated daily.
(with Hamamatsu E71705 socket) were used to monitor the The concentration of yD, was usually~10~* and ~10"2 M
transmitted light. An anode load resistor of 12Q(roduced a  for experiments carried out at 248 and 308 nm, respectively.
voltage signal with a measured instrument time constant on the The concentrations of NaCl ranged from5107° to ~1 M.
order of 1us and limited the photomultiplier anode current to Dissolved air was contained in the solutions. In some
<4 uA, ensuring photomultiplier linearity. The voltage signal experiments, the dissolved air was removed by purging with
from the anode resistor was amplified with a Tektronix AM argon gas (99.999%, Liquid Carbonic Corporation), but we
502 differential amplifier and then sent through an over-voltage found that the presence of dissolved air does not affect the
protector (Huber & Suhnerm 3401.01. G, 89 230 V) to a results, in agreement with the reaction mechanism (see Table
LeCroy 9400 oscilloscope, which was triggered by the laser 1).
pulse as viewed using a silicon photodiode. Typically, 200 Laser Pulse Energy.To accommodate the large laser beam
250 laser shots were averaged to obtain each experimental tracesross sectiona 2 in. x 2 in. square uranium glass plate was
The averaged data were transferred to a Macintosh computerused as the active element of a home-built energy meter. Light
for subsequent analysis. Least-squares fits of the experimentafrom the pulsed excimer laser struck the uranium glass and
data were carried out using KaleidaGraph plotting software induced a pulse of strong yellow-green phosphorescence. A
(Synergy Software), which utilizes the Levenbeldarquardt high-speed photodiode detector (Thorlabs Inc. DET2-S1) moni-
nonlinear least squares algoritiMiVhen weighted data analysis  tored the intensity of this induced phosphorescence, and the
was performed, weighting was based on the error of each dataelectronic signal was sent to a LeCroy 9400 oscilloscope. The
point. phosphorescence light intensity was related to the laser pulse

The absorption due to HQOs very small compared to that energy by comparison with measurements obtained using a
due to C—.36:37We monitored Gi—* by its absorption at 364  calibrated volume absorbing calorimeter power meter (Scientech
nm (eci, 364 nm = 7000 + 700 M1 cm1),27 which is the model 365). The plate-detector combination was held in a fixed
wavelength of the strongest output band of the xenmercury geometry on a rotary pole. When the uranium glass plate and
lamp in the vicinity of the GI™* absorption maximum~340 photodiode were rotated together (on the rotary pole) out of
nm). [All absorption coefficients in this paper are base 10.] The the laser beam, the power meter received the transmitted laser
strong emission gives better signal-to-noise ratios. This value irradiation and gave a direct power reading of laser energy. For
for the extinction coefficient of G* was determined by the calibration purposes, the size of the laser beam was confined
photolysis of solutions containing $O and CI using the same ~ Wwith apertures not exceeding the size of the power meter
experimental setup as described here (see Paptar3letails). entrance, so that direct readings by the power meter could be
The basic approach was to compare the absorptions dug;to SO compared with the phosphorescence intensity. The relationship
and to Cb—*, where the extinction coefficient employed for between the direct power readings and the induced phospho-
SO, was the same as that measured recently by Buxton etrescence intensities was found to be nearly linear. The calibration

al 28 The resulting extinction coefficient for €1* given above

was repeated daily. We estimate the relative errors associated

is within 15% of most of the previous values at the wavelength With the laser pulse energy measurements<e@o.

of maximum absorption (see Pape¥ %or details and for an
error analysis). The spectra of*@nd of Cb—* overlap around
the detection waveleng®f.The contribution of Clto the total

absorption depends on [Gland the equilibrium constant of

Experiments were also carried out to determine the fraction
of laser light reflected by each cell wall. This was accomplished
by using pairs of photodiodes to measure the incident and
reflected light intensities. As described elsewhere in détail,
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Figure 3. Typical time profile of C}—* absorption monitored at 364
nm. Experimental conditions: [NaC# 0.2 M, [H,0;] =5.22x 1074 : r
M, pH = 1.87. The solid line is generated by nonlinear least-squares
analysis. The light intensityl is directly proportional to the voltage 1.0t 1
(V, after amplification) from a photodiode. %
k]
Q
the intensity inside the cell was calculated using the measured > 0.5 ]
values of the reflection coefficients and accounting for internal '5‘“ =
reflection inside the cell to obtaih ~ 0.06, the fraction of 048
incident laser light reflected by each cell surface. nm
It is convenient to define the laser fluence; = P/A, where
P is the laser pulse energy transmitted by the cell Anslthe 0-01 02 1'0_1 1'00 1’01 1'02 10°
cross sectional area of the laser bear{ 10 cn? in most .
experiments). Using these quantities, the concentration of laser [CIVH,0,],
photons absorbed by-B; in the cell is given by the following  Figure 5. Dependence of Gt* yield (248 nm) on [CH]/[H,0] at pH
expression: = 1. The solid line is nonlinear least-squares fit to eq VII.
[h], = F; In(10) €p [H202lo V) The following expression is obtained from egs IVa and V:
N hv(1 — )2 B
[Cl; ], _ In(10) €, Ppo
wheree; is the absorption coefficient (base 10) of hydrogen FilHOlo N hw(1 — )2 Kk, o[H,0,] k,[H,0,]
peroxide at the laser wavelengtR, is Avogadro’s number, 1+ cr + cr
hv is the photon energy at the photolyzing wavelength, faad ks[Cl ] kg[ ]

the reflection coefficient of the laser light reflected by the wall (Vi)
of the reaction cell. The extinction coefficients of hydrogen

peroxide are 25 Micm-! at 248 n243and 1 M-t cmr? at By rearranging eq VI, one obtains an expression in which the

left-hand side is the experimental yield of,Cl, Yield, and the

44
308 nm- right-hand side is proportional 4o
Results and Discussion Vield A N (1 — f)?
|e = =

A typical time profile of the transient light absorption by,Cl F3[H20zlo o, In(10) €p
monitored at 364 nm is shown in Figure 3. The solid line is a Do
least-squares fit for mixed-first-and-second-order decay kinet- dH,0] Io[H,0] (v
ics4546 The signal prior tot = 0 corresponds to the initial 42 422
intensity (o) of the monitoring light beam. The transient ks[Cl ] KICI']

absorption causes the sharp decrease in transmitted intensity

(1), which slowly recovers at later times. The absorbance at where [Cbh™]o is expressed in terms of the measured initial
any time can be calculated according to Beleambert law: absorbance Ap, base 10),ec,~ = 7000 Mt cm™ is the

A, = logi(lo/ly), where the time-dependent absorbance is absorption coefficiedt of Cl, at the monitoring wavelength
proportional to the optical path lengstof the monitoring light, of 364 nm, andky[H™] = ky (see eq II).

the absorption coefficientcy,—, and the time-dependent con- The Yield of Cb™ measured at 248 nm with [l= 0.2 M
centration of GJ™: A; = eci,~9[Cl2*]:. Experimental runs were  and [HO;] = 5.345x 1074 M is plotted vs [H] in Figure 4
repeated in all cases to determine the run-to-run repeatability.and vs [CF]/[H 0] for pH = 1 in Figure 5. In both figures,
For the present experimeni, was extrapolated back to= 0 the solid lines are from weighted nonlinear least-squares analysis
in order to determine the initial yield of €I* resulting from of the data (MarquaretLevenberg methdd) according to eq
the laser pulse. VII. From literature values, it is possible to estimate the
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parameters in eq VII. From Paper | (see Tablekd)y (4.2 £ ' ' T

0.2) x 10' M=t s tandky = (1.80+ 0.03) x 10°°M~1sL

Combining the values from Paper |, we obtain the ratio 1.0¢

(kofkg') = (2.3 £ 0.1) x 1072 M. From Table 1kio= (2.0+

0.3) x 10° M~tstandks = (7.84+ 0.8) x 1®® M~1s71, giving o

an expected ratio ok{g/ks)ir = 0.27 &+ 0.05. f—_’
From the value of Kioks)it, it appears to be a good .

approximation that the first factor in the denominator of eq VII GN

is nearly equal to unity when [C] = 0.2 M and [HO;] =

5.345x 104 M. We adopted this assumption in fitting the data

shown in Figure 4 and obtaine@®yo = 0.90 + 0.01 and

(ko/kg)exp = (5.75+ 0.26) x 1073 M. 0.0 : .
This experimental value forkf/ky')exp is 2.5 times as large 10 10° 10’ 10? 10°

as /kq)i, which is based on the results reported in Pagér I. [CI/H.O.]

The present experiments were carried out at a total ionic strength 220

of ~0.2 M, whereas those in Paper | were carried out@i01

M. All of the experiments in Paper | and in Figure 4 were carried

out in the pH range Z pH =< 5. Under these conditionkg' ~ analvsi _ _
] ; h ) . ysis foundPyo = 1.04+ 0.02, and Kio/ks)exp = 0.82+
kka'k-3 (see eq Il). Reactior3 is subject to a "negative salt 0.09. From the two values obyo measured using the two

effgcTt_’;; becau%e it in(\j/olves iot_ns of I?prf)fosittt_e ?Ea?‘gé‘nbar ¢ independent sets of data at 248 nm (Figures 4 and 5), we obtain
an omas observed a negative salt effect in their experimentsq, o4 nm)= 1.0+ 0.1, where the uncertainty iso (from

on the rate of formation of Gt*; that is, as the ionic strength propagation of errors).

Increases, the formation rate" ofaCh kg, decrease§ . At 308 nm, the absorption coefficient for,8; is only a few
ch_ordlng to tge Depye_Huckel—BronsteeFDawes semi- percent of that at 248 nm. Thus, higher concentrations,ohH
emp|r|qal theory’® the lonic strength .affects rate constants ore yilized in the experiments and the quality of the data was
according to the following expression: not as good as at 248 nm. The results obtained at 308 nm are
K U2 plotted in Figure 6 as Yield vs [C]/[H20,] at pH = 2. In this
|oglo_/4 = ZlezA{ P‘_llz} — bu (VI case, the quantum yield@,o-(308 nm) is not very sensitive to
Ko 1+u the choice of the assumed rate constant raifky = (5.75+
o 0.26) x 103 M (obtained from fitting the data in Figure 4).
wherek, andkp are the rate constants at ionic strengtand 0, The result isbc(308 nm)= 0.8+ 0.2 (+o, propagated errors),

Figure 6. Dependence of Gt* yield (308 nm) on [CI]/[H20;] at pH
~ 2. The solid line is nonlinear least-squares fit to eq VII.

respectivelyZ; andZ; are the ionic charges, is the Debye- which is in good agreement with literature values and is not
Huckel constantA = 0.509 at 298 K), andb is an empirical significantly different from unity.
constant that is in the range0.2—0.3 for the few systems that Numerical Simulations. To determine whether the simpli-

have been studied in sufficient detéiThis equation explains  fications introduced in the data analysis are justified and to
the negative salt effect for reactions between ions of opposite jjjystrate the nonlinear dependence of scavenging efficiency on

charge. - some of the experimental variables, we carried out numerical
According to eq VIII, the salt effect on the ratigky' is given simulations using all of the reactions (and rate constants) in
by the following expression: Table 1, except for reaction 14, for which no solution-phase
U2 rate data are available.(l)zl adglitiolns,owe included reactions 17

o "Mo— u and 18 withk;7 = 1.0 x 10* M~ 1 s71 59 andk;g and k-1g from

100:0 ko], ~ logudke/klo ZA{ 1 1’2} b Jacob’s review:
(1X)
wherey is the ionic strength (expressed as moles/litbr)= CIOH"+CI" —HO "+ Cl, ~ 17)
(bs — b—3 + by). Equation IX predicts that the ratio increases
by a factor of between 1.7 and 4.0 (far= 0 and forb, = 0.2, H,0—HO ™" +H" (18)

respectively) when the ionic strength is increased from 0.01 to
0.2 M. The ratio of 2.5 found by comparing(Ky')exp With (ko The scavenging efficiency can be expressed as the ratio
ks is generally consistent with these predictions, and corre- [Cl>™*]o/[HO®]o. The results of the simulations are presented in
sponds tdo, ~ 1. If all of the salt effect is due to rate constant Figure 7 as a contour plot of the ratio as a function of pH and
kg, then by usingk, from Table 1 we obtairky = (0.73 £ [NaCl]. The region corresponding ta98% scavenging ef-
0.10) x 10 M2 s atu = 0.2 M. This value is in good ficiency is where the scavenger method is most accurate in
agreement with other reported values, as shown in Table 2. determining hydroxyl yield. As pH decreases and [NaCl]
The analysis of the data in Figure 5 is not straightforward increases, the scavenging efficiency increases. A cut parallel to
for several reasons. Not only does the rakigh|’) depend on the [NaCl] axis at pH= 1 corresponds to Figure 5, whereas a
the salt effect and pH, but at low [C| neglected reactions cut parallel to the pH axis at [NaC# 0.2 M corresponds to
involving CI* (e.g., reaction 7) can deplete the observesg Cl Figure 4. The simulations show good qualitative agreement with
At high enough [Ct], this complication becomes negligible and the experimental results, although they differ in detail, as
scavenging becomes complete. In view of these complications,reflected by the differences between the experimental rate
the least-squares analysis of the data in Figure 5 was carriedconstant ratios and those calculated from literature data. The

out by simply using the experimental value fok/Kg)exp differences are relatively minor and do not affect the measured
obtained from Figure 4 in eq VII with [H = 0.1 M. As a guantum yields significantly.
result, the fitted value ofbyo should be meaningful, but the Discussion of Quantum Yields.Previous measurements of

fitted value ofkig/ks has little real meaning. The least-squares ®p and ®p,0,, and ®yo are compiled in Tables 3 and 4,
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TABLE 2: Determinations of kg at Room Temperature

J. Phys. Chem. A, Vol. 107, No. 9, 2008331

ky, x 1070M~%s71 method ratio I, M pH ref
1.16~2.16 PR <0.15 -3 1964°
0.32~1.84 PR 1(NaClQ) 0-3 1964°
0.76 y-R Kg' Kinymine= 1.9M % <0.2 ~1-3 19658
1.5 PR Ky /Kinymine= 3.75M™* <0.2 0.8-3.4 1968°
1.5+0.12 PR <0.9 3 1973°
1.850r1.9 PR 0.05/0.06 2 1973
1.81+0.1 FP ~0.01 2 2002, Paperd
0.73+0.1¢ FP ko/ky = (5.75+ 0.26) x 103M ~0.2 2 this work

a At ionic strength= 0.2 M, if all of the salt effect is due t&y' (see text).
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Figure 7. Scavenging efficiency (from numerical simulations) as a
function of pH and [CI] (see text for details).

pH

TABLE 3: Previous Measurements of the Quantum Yield of
Hydrogen Peroxide Photodissociation @p) or Loss (@h,0,)
at Room Temperature

quantum yield for photodissociation. Both Héfdand Led
found that®p approaches a limiting value as the photolysis
light intensity is reduced. L&&ound that®p in the limit of

low light intensity is independent of the concentration of
hydrogen peroxide. Hunt and Tadband Weeks and Mathe-
son qualitatively confirmed Lea’s results and obtained limiting
®p, which means thatby,o, is ~0.5, when the secondary
reaction between hydrogen peroxide and the H@ical is taken
into account. In contrast, Dainton and Rowbottémbtained
®p = 2 and concluded thaby,o, is near unity. Volman and
Cherl* measured®p with and without allyl alcohol, a free
radical scavenger. They assumed tl@as in allyl alcohol
corresponds taby,o,. In the absence and presence of allyl
alcohol, the low-intensity limiting values fabp were found to

be 0.94+ 0.06 and 0.54t+ 0.05, respectively. The latter value
is thought to correspond t®n,0,. Because each 4@, photo-
dissociated produces two M@adicals,®o = 2Pp,0, = 1.08

+ 0.1 at 253.7 nm. Baxendale and Wild6mnletermined the
quantum vyield of hydrogen peroxide®f) by 253.7 nm
photolysis to be 1 at 25C. It was found that in the absence of
air, formic acid, carbon monoxide, ethanol, and 2-propanol
induce hydrogen peroxide decomposition which results in
increased quantum yields as a function of light intensity. Using
acetic acid to decrease the quantum yield until it reaches the
lower limit when it is independent of acetic acid concentration,

Z,nm  method Dp D0, ref P,0, = 0.5 at 25°C was determined. Scfex used 2-propanol
253.7 HgLP 1.39: 0.1 1949 to determine the quantum yield of hydrogen peroxide dissocia-
253.7 UVLP 1.7+ 0.4 19490 tion at 254 nm and followed the product acetone in the
253.7 UVLP 0.98+ 0.05 1952; wavelength range of 258310 nm?!® Schder's experiment
253.7 HoLP 1901 1953 employed the same scavenger as Baxendale and Wilsam
253.7 UVLP 0.49+ 0.07 19563 luded that “2 | e@-0) ind the chain d
2537 UVLP 1.00% 0.0% 19577 concluded that “2-propano @8 ) induces the ¢ ain decom-
253.7 UVLP 0.56 19577 position of hydrogen peroxide”. Therefore, the higher values
253.7 UVLP 0.94+ 0.06 1959 from Schider indeed are no®no, but ®p: Pp=1.55=+ 0.16,
ggg; Egtg iji 812 iggiz 1.434+ 0.15, and 1.22+ 0.04. His results were also mistakenly

. g . . H e . 1,52
313 HoLP 3170 1936 |denlt|f|ed asPpo elsewheré: 3
313 UVLP 1.7+ 0.0 19325 Direct measurements abyo are difficult because of the

aHgLP = Hg lamp photolysis; UVLP= UV lamp photolysis; LFP
= laser flash photolysi€. Averages of results obtained under various
conditions.® Vapor phase? 30 °C. ¢ No error is reported.

respectively. The complexity in measuridg, the total quantum
yield for the destruction of hydrogen peroxide, is the variable
chain length associated with the Hab#&Veiss chain reac-
tions3133 The quantity usually desired ®y,0,, the primary

chain reactions and the difficulty of the detection of QR
solution because of the relatively small absorption. Scavenger
methods overcome both problems. The rapid scavenger reaction
suppresses the Haber-Weiss chain reactions, and the scavenger
reaction product is easier to detect because it absorbs light much
more strongly than HOradical. Hatada et &P recently used
p-nitrosodimethylaniline (RNO) as the scavenger to measure
the quantum yield of hydroxyl radicals at 254 and 313 nm and

TABLE 4: Scavenger Measurements of®o- at Room Temperature

scavenger photolysig nm method monitored species detectipmm Do year and ref
RNO 254 UVLP RNO 440 1.43 1974
RNO 313 UVLP RNO 440 1.43 1972
SCN- 308 LFP (SCNy 475 0.984+0.03 19904
SCN- 351 LFP (SCNy 475 0.964 0.04 1990¢4
Cl- 248 LFP Ch— 364 1.0+ 0.1 this work
Cl- 308 LFP C 364 0.8£0.2 this work
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obtained®yo = 1.43. Zellner et at* used thiocyanate ions as (19) de Violet, P. FRev. Chem. Intermed1981, 4, 121.
the scavenger and obtaindgio- = 1 at 308 and 351 nm in a Ch(zo)ngatagg 8'\2-8; Kraljic, I.; Samahy, A. E.; Trumbore, C. N.Phys.
laser flash photolysis experiment very similar to the present em.1974 78, :

(21) Jablczynski, K.; Jablczyska, Rocz. Chem193Q 10, 579.

work. (22) Matheson, M. S.; Mulac, W. A.; Rabani,I.Phys. Cheml1963
From inspection of the results summarized in Table 4, it is 67, 2613.

clear thatdyo ~ 1, independent of wavelength. The present  (23) Dogliotti, L.; Hayon, ETIJPC1968 72, 1800.

results are in reasonable agreement with those obtained by, (24) Zellner, R.; Exner, M.; Herrmann, M. Atmos. Cherm99Q 10,

4 .

Zellner et ak* but smaller than those of_ H_atada et_Z(é_Note (25) Chin, M.; Wine, P. HJ. Photochem. Photobio. A: Chef092

that Zellner et al. reported only the statistical precision of the 69, 17.

measurements and did not discuss other sources of error. (26) Yu, X.-Y.; Barker, J. RJ. Phys. Chem. 2003 107, 1313.
Geminate recombinati§fin the solvent cage surrounding pre(SQatYiéJﬁ X.-Y.; Bao, Z.-C.; Barker, J. RI. Phys. Chem. A2003 in

the KO, is p_robak?ly responsi_ble for the fac_t thltor < 2. If _ (28) Yu, X.-Y.: Barker, J. R2003 in preparation.

every HO; dissociated and did not recombine after absorbing  (29) Anbar, M.; Thomas, J. KI. Phys. Chem1964 68, 3829.

a photon, one would expedior = 2. When a HO, molecule (30) Jayson, G. G.; Parsons, B. J.; Swallow, Al. Lhem. Soc., Faraday
absorbs a photon, the two energetic *H@xical fragments find ~ Trans. 11973 69, 1597.

themselves on a strongly repulsive potential energy surface and (31) Haber, F.; Weiss, Proc. R. Soc. London A.934 147, 332.

. ot (32) Czapski, G.; llan, Y. APhotochem. & Photobioll978§ 28, 651.
hence recoil from one another. If they have sufficient energy (33) Ferradini, C.; Foos, J.. Houee, C.. Pucheaul®Hotochem. &

and are oriented favorably with respect to each other and with photobiol. 1978 28, 697.
respect to the solvent cage, they can escape from one another (34) White, J. UJ. Opt. Soc. Am1942 32, 285.
and diffuse separately in the solution. If they cannot escape from  (35) Press, W. H.; Teukolsky, S. A.; Vetterling, W. T.; Flannery, B. P.

one another, the two free radicals recombine geminately, ggmg;:ggyjﬁfgfsi'& E%EZ,RQEH]LZZQAE” f;gzc'em'f'c Compuitneg.;

resulting in thermal heat release, but no net reaction. Based on  (36) Thomas, J. K.; Rabani, J.; Matheson, M. S.; Hart, E. J.; Gordon,
the concept of geminate recombination, one would expect thats. J. Phys. Chem1966 70, 2409.
photolysis at longer wavelengths would result in reduced values _ (37) Hug, G. L.Optical Spectra of Nonmetallic Inorganic Transient

i : P Species in Aqueous Solutjod. S. Department of Commerce, National
of ®er, but the results in Table 4 show no significant trend. 55 o Standards 1981: Vol. 69.

. (38) Buxton, G. V.; McGowan, S.; Salmon, G. A.; Williams, J. E;
Conclusions Wood, N. D.Atmos. Emiron. 1996 30, 2483.

L . . . (39) Treinin, A.; Hayon, EJ. Am. Chem. S0d.975 97, 1716.
A F_’”“C'p'e result of this work is that the quantum y'emj'o' (40) Boltz, D. F.; Howell, J. AColorimetric Determination of Nonmet-
~ 1 in the aqueous phase at both 248 and 308 nm, in goodals, 1st ed.; New York Interscience: 1958.
agreement with previous work. The present work also shows (41) Yu, X.-Y. Kinetics of Free Radical Reactions Generated by Laser
that chloride ion is an efficient scavenger of hydroxyl radical Flash Photolysis of OH- CI™ and SQ + CI" in the Aqueous Phase—
. ful addition to the arsenal of methods that can beCheml(_:al Mechanism, Kinetics Data and Their Implications. Ph. D.
and is a useful a ¢ ! D€ (Chemistry), The University of Michigan, Ann Arbor, MI, 2001.
used to measure hydroxyl radical reaction rates. The scavenging (42) Raleigh, C. W.Hydrogen Peroxide Physical PropertiefMC
efficiency depends on the chloride ion concentration and acidity, Corporation: Pennsylvania, 1969.
as expected. In addition, the results reveal a salt effect that is (43) Taylor, R. C.; Cross, P. Q. Am. Chem. S0d.949 71, 2266.

reasonably consistent with the Debyldiickel-Bronstead-Davies 80(;?82'\_"(3'50“ S. 0. Michael, B. D.; Hart, E. J. Phys. Cheml976

empirical expression. (45) McElroy, W. J.J. Phys. Chem199Q 94, 2435.
(46) Bao, Z.-C.; Barker, J. Rl. Phys. Chem1996 100, 9780.
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