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What is apparent in Figure 2 is that the rate constants for three
C,H;_,Cl, + O, reactions (x = 0, 1, and 3) are quite similar,
particularly at ambient temperature. However, there is a no-
ticeable trend toward an increasingly negative activation energy
as the degree of chlorine substitution increases, from —0.25 to —0.83
kcal mol™! as x changes from 0 to 3.

The temperature dependence of these rate constants can be
accounted for by the nature of the overall reaction mechanism;!>1?
initial association followed by either dissociation back to the
original reactants or rearrangement and finally decomposition into
the final observed products. (One explanation that accounts for
the independence of the overall rate constants on pressure is that
the lifetime of the C,H,_,Cl.~O, adduct is short compared to the
time between collisions.) The measured rate constant of a
C,H,_,Cl, + O, reaction is that of the association step multiplied
by the fraction of the adducts formed that proceed on to the final
products.?! If the fraction is 1, then the measured rate constant
is equivalent to the high-pressure limit rate constant for a more
standard reversible addition reaction. It is likely that this fraction
is near 1 for all three C,H,_,Cl, + O, reactions at ambient tem-
perature since the measured rate constants are close to (actually
somewhat higher) than the high-pressure limit rate constant of
the C,H; + O, reaction?*? (the closest reversible R + O, reaction
that can be used for comparison purposes).

While there is generally little temperature dependence in as-
sociation rate constants, there can be a significant temperature

(21) Mozurkowich, M.; Benson, S. W. J. Phys. Chem. 1984, 88, 6429.
(22) Plumb, 1. C; Ryan, K. R. Int. J. Chem. Kinet. 1982, 14, 861.
(23) Slagle, I. R.; Feng, Q.; Gutman, D. J. Phys. Chem. 1984, 88, 1984,

dependence in the fraction of adducts that proceed to form new
products.?! Thus a significant negative activation energy for the
measured rate constants implies that reformation of reactants
becomes increasingly the more favored decomposition pathway
for the C,H,;_,C1,—~O, adduct as temperature increases. For this
to be the case, the potential energy barrier for the rearrangement
of the CyH,. ,CL -0, adduct (leading to the formation of new
products) must generally be lower than that for dissociation back
to the original reactants (although the density of states for the
two competing decomposition paths also determines this tem-
perature dependence).

The trend in negative activation energies of the C,H,;_.Cl, +
O, reactions with increasing chlorine substitution suggests that
while the rearrangement barrier in all three cases is below that
of the dissociation path, it becomes increasingly less so as more
chlorine atoms are incorporated into the vinyl radical. This trend
results in the C,Cl; + O, association becoming more reversible
with increasing temperature than is the case for the C,H; + O,
reaction. These changes in the relative heights of the two relevant
potential energy barriers with chlorine substitution cannot be large
since the rate constants and activation energies of the C,H;_Cl,
+ O, do not vary significantly.
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Pulse radiolysis has been used to optically and kinetically characterize the transient free radicals formed by the reaction
of H*, N*, or OH* with 2,4,5-trichlorophenol (TCP-OH). The hydroxy-2,4,5-trichlorocyclohexadienyl radical (H-TCP-OH)
formed by H* addition to TCP-OH [k = (1.1 & 0.2) X 10° M™! 57!] has an absorption maximum at 360 nm with ey =
(4700 £ 1000) M! cm™. The 2,4,5-trichlorophenoxyl radical (TCP-O*) formed by the reaction of N;* with TCP-O~ [k
= (4.3 £ 0.8) X 10° M™! s7!] has an absorption maximum at 430 nm with ¢ = (3600 + 600) M~! cm™. The di-
hydroxy-2,4,5-trichlorocyclohexadienyl radical (HO-TCP-OH) formed by OH* radical addition to TCP-OH [k = (1.2 £
0.1) X 10'® M™! 57!] has an absorption maximum at 320 nm with ;5 = (5300 % 250) M~ cm™. The principal isomer formed
by the reaction of OH* with TCP-OH is the 1,6-dihydroxy-2,4,5-trichlorocyclohexadienyl radical, which has a pX, of 4.8
% 1.0. The solution absorption from each radical decays via second-order kinetics on the millisecond time scale.

Introduction

Chlorinated phenols represent an important class of pollutants
that have been introduced into the environment as herbicides and
fungicides. These compounds are generally resistant to chemical,
photochemical, and biological degradation in the environment,
making disposal, particularly of contaminated water, difficult.

0022-3654/89/2093-1938801.50/0

Lemaire and co-workers have found, however, that direct pho-
tolysis, using 290-nm light, initiates degradation of these toxic
materials, leading to dechlorination via either ionic or radical
intermediates, depending on the position of chlorine substitution.
Dechlorination is generally considered a detoxification reaction;
however, the intermediacy of free radicals in some of these pro-

© 1989 American Chemical Society



Pulse Radiolysis of 2,4,5-Trichlorophenol

cesses opens the possibility of forming halogenated biphenyls,
which may be more hazardous than the starting chlorophenols.'

The photocatalytic degradation of several chlorophenols has
also been reported. With titanium dioxide powder as a sensitizer,
irradiation of 2,4,5-trichlorophenoxyacetic acid (2,4,5-T) and
2,4,5-trichlorophenol (TCP-OH) by simulated sunlight resulted
in complete conversion of these materials to HCl and CO, with
half-lives of 30-90 min. No dimeric products were detected.?®
In contrast, Crosby and Wong report that in the absence of a
sensitizer, irradiation of 2,4,5-T in a similar photoreactor results
in only 8% conversion of starting material to products after 200
h3 These reports indicate that photocatalytic degradation using
semiconductor powders as sensitizers may be a promising method
for detoxifying polluted water.

The hydroxyl radical derived from TiO, photooxidation of water
has been proposed as the reactive oxidant formed upon irradiation
of aqueous suspensions of TiO,.* Dihydroxychlorocyclohexadienyl
radicals, formed by OH* addition to the aromatic ring, have been
postulated as transient intermediates in the TiO,-sensitized oxi-
dation of chlorophenols and may, therefore, be important in
photocatalytic degradation of a variety of chlorinated aromatic
compounds.? This seems likely since Getoff and Solar recently
found that OH* rapidly reacts with 2-chlorophenol with a rate
constant of 1.2 X 10 M™! 57!, yielding isomeric dihydroxy-
chlorocyclohexadienyl radicals (Amay = 310 nm).’ If a mechanism
involving OH"* radical in the photocatalyzed oxidation of chlo-
rophenols is to be understood, the structure, reactivity, and spectra
of the dihydroxychlorocyclohexadienyl radical intermediates should
be unambiguously characterized.

Pulse radiolysis provides a quantitative method for homoge-
neously producing both oxidizing (OH*) and reducing (e,, ", H*)
radicals. Measurements of rate constants for OH* addition to
substituted phenols show that OH* behaves as an electrophilic
radical. The reactions of H*, although a reducing radical, often
resemble those of OH*. H* also adds to the aromatic ring, pro-
ducing cyclohexadienyl radicals similar to those formed by OH*
addition.® The OH’ radical may be used to prepare a less reactive,
more selective, oxidant, i.e., N3*, by reaction with N;~. When
phenoxides are present, N;* reacts by electron transfer, producing
phenoxyl radicals.” Phenoxyl radicals may also be formed by
the elimination of water from dihydroxycyclohexadienyl radicals
or by 8direct electron transfer in semiconductor-sensitized oxida-
tions.

In this investigation, we describe the properties of organic
radicals formed when hydrogen, azide, or hydroxyl radicals react
with 2,4,5-trichlorophenol (TCP-OH). The products of these
reactions are the hydroxy-2,4,5-trichlorocyclohexadienyl radical
(H-TCP-OH), the 2,4,5-trichlorophenoxyl radical (TCP-O"), and
the dihydroxy-2,4,5-trichlorocyclohexadienyl radical (HO-TCP-
OH), respectively. A detailed study of the pH dependence of
HO-TCP-OH optical and kinetic characteristics has allowed us
to measure the pK, of this radical. Spectral, kinetic, and chemical

(1) Boule, P.; Guyon, C.; Tissot, A.; Lemaire, J. ACS Symp. Ser. 1987,
327, 10.

(2) (a) Barbeni, M.; Morello, M.; Pramauro, E.; Pelizzetti, E.; Vincenti,
M.; Borgarello, E.; Serpone, N. Chemosphere 1987, 16, 1165. (b) Barbeni,
M.; Pramauro, E.; Pelizzetti, E.; Borfarello, E.; Gratzel, M.; Serpone, N.
Nouv. J. Chim. 1984, 8, 547. (c) Serpone, N.; Borgarello, E.; Barbeni, M.;
Pelizzetti, E.; Pichat, P.; Hermann, J.-M.; Fox, M. A. J. Photochem. 1987,
36, 373. (d) 1zumi, 1.; Dunn, W.; Wilbourn, K. O.; Fan, F.-R.; Bard, A. J.
J. Phys. Chem. 1980, 84, 3207. (e) Al-Ekabi, H.; Serpone, N. J. Phys. Chem.
1988, 92, 5726. (f) Matthews, R. W. J. Phys. Chem. 1987, 91, 3328. (g)
Harada, K.; Hisanaga, T.; Tanaka, K. New. J. Chem. 1987, 8/9, 601. (h)
Hsiao, C.-Y.; Lee, C.-L.; Ollis, D. F. J. Catal. 1983, 82, 418. (i) Ollis, D.
F.; Hsiao, C.-Y.; Budiman, L.; Lee, C.-L. J. Catal. 1984, 88, 89. (j) Draper,
R. B; Crosby, D. G. ACS Symp. Ser. 1987, 327, 87.
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evidence suggest that the 1,6-dihydroxy-2,4,5-trichlorocyclo-
hexadienyl radical is the major, if not the exclusive, radical formed
by OH* addition to TCP-OH.

Experimental Section

Chemicals. 2,4,5-Trichlorophenol (TCP-OH) was obtained
from Lancaster Synthesis (Apa; = 310 nm; €30 = 4300 M™! em™
in water, pH 10). After having been recrystallized twice from
hexanes and sublimed twice at room temperature at reduced
pressure, the TCP-OH was found to be >99.99% pure by gas-
liquid chromatography. Sodium azide and potassium phosphate
(MCB), tert-butyl alcohol (Fisher Scientific), sodium hexa-
chloroiridate(IV) hexahydrate, and potassium ferricyanide
(Aldrich Chemical Co.) were used as received.

Electron Accelerator. Pulse radiolysis experiments were per-
formed by using a 4-MeV (1-3 A) van de Graff accelerator. Pulse
widths of 50, 100, and 250 ns allowed for radiation doses of 2.5-20
Gy per pulse.” Aqueous solutions (21 £ 1 °C) were irradiated
in a flow cell with either a 1.0- or 2.4-cm analyzing path length.
Transient absorptions were monitored by using a xenon lamp,
grating monochromator, and photomultiplier tube arrangement.
The absorbed radiation dose was determined by using the thio-
cyanate dosimeter, 10 mM KSCN in N,O-saturated water (G-
(OH*) = G(SCN),"™ = 6.0 molecules/100 eV; .50 = 7600 M™!
em™).1%  Absorption (millivolts) vs time data were recorded on
a Biomation 8100 digitizer interfaced with a PDP 11/70 computer
for data analysis.!!

Solutions. Millipore filtered water was used for all solutions.
The pH of solutions was adjusted with dilute aqueous KOH or
H,SO,. Deoxygenation was accomplished by bubbling with either
N,O or N,. The concentrations of solutes were chosen to ensure
90-100% capture of the desired primary radical in all experiments.

Calculations. AM1 calculations were performed by using the
AMPAC package of semiemperical molecular orbital calculation
programs on the Cray computer at the University of Texas at
Austin.'?

Results

Pulse Radiolysis of Aqueous Organic Solutions. The primary
products formed by irradiation of water with high energy electrons
may be summarized by eq 1. H,0,, H;O*, OH", and H, are

H20 Matand eaq', H*, OH-, HzOz, H30+, OH-, H2 (1)

stable, but e,,", H* and OH" are highly reactive species and rapidly
react with organic compounds, forming organic free radicals.

To create a system in which OH* is virtually the only radical
reacting with an organic substrate, aqueous solutions (pH > 3)
may be bubbled with nitrous oxide (N,0). Besides eliminating
dissolved oxygen, N,O (25 mM) rapidly reacts with e,;", quan-
titatively converting it to OH* (eq 2). The rate constant for this

Nzo + Caq- + Hzo — QH* + Nz + OH- (2)

reaction is 8.7 X 10° M1 57,13 and the G value for OH" in water
(pH = 4) under these conditions is 6.0.14 It is important to
maintain the solution at a pH greater than 3, since this greatly
reduces the extent to which e, ™ reacts with H* (eq 3). Reaction

H;O"' + eaq_ — H*' + Hzo (3)

(9) Rodgers, M. A. J.; Foyt, D. C.; Zimek, Z. A. Radiat. Res. 1977, 75,
96
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1968, 64, 2389.
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(12) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. P. J.
Am., Chem. Soc. 1988, 107, 3902.

(13) Ross, A. B. Natl. Stand. Ref. Data Ser. (U.S., Natl. Bur. Stand.)
1975, No. 43.

(14) (a) Buxton, G. V. Radiat. Res. Rev. 1968, 1, 209. (b) Buxton, G.
V. In The Study of Fast Processes and Transient Species by Electon Pulse
Radiolysis; Baxendale, J. H., Busi, F., Eds.; D. Reidel: Boston, 1981.
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Figure 1. Transient absorption spectrum attributed to H-TCP-OH at 20
(m), 82.5 (#), 160 (M), 267.5 (A), and 652.5 (B) us after irradiation of
5 X 10™* M aqueous TCP-OH, pH = 1, in a 0.2 M rert-butyl alcohol
solution; dose = 10 Gy per pulse. Inset: decay of optical density at 360
nm.

3 proceeds with a rate constant of 2.3 X 10" M~ .13 A small
primary yield of H*, G(H*) = 0.55, is however unavoidable but
amounts to less than 10% of the radicals produced.'4

The hydroxyl radical may be used to prepare less-oxidizing
radicals such as Bry"", (SCN),*", and N;* by reaction with Br,
SCN-, and Ny, respectively, e.g., eq 4. These radicals are often
more discriminating reactants.

OH® + N;-— OH™ + N;* 4)

Azide radical formed by reaction 4, k = 1.3 X 10°° M 57! at
pH 10, has an absorption maximum at 270 nm. Nj* is particularly
useful for producing phenoxy! radicals, since it reacts quantitatively
[G(OH*) = G(N;*) = G(phenoxyl)] with phenoxides by electron
transfer and does not interfere with observation of the phenoxyl
radical’s transient absorption.” The more reactive OH" radical
adds to the aromatic ring producing hydroxycyclohexadienyl
radicals.

Reducing radical systems may be produced by a judicious choice
of pH and concentration of OH"* radical scavenger. Solution pH
determines whether e,,” or H* is the reducing radical. According
to eq 3, lower pH will favor H* formation. The G value for H*
in acidic solutions containing sufficient tert-butyl alcohol to
scavenge all OH" radical is 3.0.!% zert-Butyl alcohol is an ideal
OH" scavenger since it quickly reacts with OH* radical, yielding
a relatively inert alkyl radical (eq 5), k = 5.2 X 108 M1 s°L13

OH* + (CH,),COH — H,0 + (CH,),C*H,COH  (5)

H*, however, reacts much more slowly with zert-butyl alcohol, £
=1 X 10° M s71.1¢ Thus, aqueous solutions of terz-butyl alcohol
provide a medium in which e,,” or H", depending on pH, is the
only radical that reacts with an organic substrate.

H® Atom Adduct (H-TCP-OH). The absorption spectrum of
the H* adduct of TCP-OH(H-TCP-OH) was obtained in a ni-
trogen-saturated solution of 5 X 10 M TCP-OH at pH 1 with
0.2 M rert-butyl alcohol (Figure 1). This spectrum shows that
H-TCP-OH has an absorption maximum at 360 nm.

The disappearance of adduct absorbance at 360 nm occurred
via second-crder kinetics with 2k/e = (5.4 + 0.6) X 10° s (Figure
1, inset). An extinction coefficient at 360 nm was determined
by extrapolating the second-order decay data, at four radiation

(15) Dorfman, L. M.; Adams, G. E. Natl. Stand. Ref. Data Ser. (U.S.,
Natl. Bur. Stand.) 1973, No. 46.

(16) Anbar, M.; Ross, A. B.; Ross, F. Natl. Stand. Ref. Data Ser. (U.S.,
Natl. Bur. Stand.) 1975, No. 5{.
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Figure 2. Transient absorption spectrum attributed to TCP-O at 20 (m),
60 (#), 140 (m), 335 (A), and 1160 (M) us after irradiation of 7.4 X 107
M aqueous TCP-O-, pH = 10, in a 0.01 M NaN; solution; dose = 10
Gy per pulse. Inset: decay of optical density at 430 nm.

doses, to time zero. The optical density at time zero (ODP4)
was then divided by the concentration of radical produced [G(H")
= G(H-TCP-OH)] and the optical path length. This procedure
gave €35 = (4700 = 1000) M~! cm™! and a second-order rate
constant of (1.3 = 0.3) X 10° M5!,

By observation of the rate of increase of ODsqq as a function
of TCP-OH concentration, it was possible to determine the rate
constant for the reaction shown in eq 6. The observed rate

OH OH
Ci Cl
+ H —>
Cl Cl H (6)
Cl cl
TCP-OH H-TCP-OH

constant, kg, varied from 9.2 X 10% to 2 X 10° 571, yielding a
second-order rate constant for H* addition to TCP-OH of (1.1
+£0.2) X 10° M s,

Phenoxyl Radical (TCP-0'). An absorption spectrum of
TCP-O" was obtained in a N,O-saturated solution of 7.4 X 1073
M TCP-O" (pK, = 7.4) at pH 10 with 0.01 M NaNj;. The
absorption maximum of TCP-O* is centered around 430 nm
(Figure 2).

Solution absorbance at 430 nm disappeared according to sec-
ond-order kinetics with 2k/e = (4.3 £ 0.6) X 10° s™! (Figure 2,
inset). The extinction coefficient at 430 nm was determined in
the same manner as that of H-TCP-OH, assuming G(TCP-O*)
= G(N;*). This calculation gave e, = (3600 % 600) M~ cm™!
and a second-order decay rate constant of (7.7 £ 1.7) X 108 M~!
s,

By measuring the rate of increase of optical density at 430 nm
as a function of TCP-OH concentration, a rate constant for N,°
oxidation of TCP-O~ was determined. kg ranged from 2.3 X
10° to 5.5 X 10° 571, yielding a bimolecular rate constant k, =
(4.3 £ 0.8) X 10> M1 57! for reaction 7.

o o'
Cl Cl
+ Ny > * Ng
o o] m
Cl Ci

TCP-0° TCP-0
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Figure 3. Transient absorption spectrum attributed to HO-TCP-OH at
35 (m), 145 (#), 390 (m), 775 (A), and 1400 (B) us after irradiation of
2 X 107 M aqueous TCP-OH, buffered at pH = 3 in 10> M phosphate
solution; dose = 8 Gy per pulse. Inset: decay of optical density at 320
nm.

OH* Radical Adduct (OH-TCP-OH). A N,O-saturated so-
lution of 2 X 107* M TCP-OH in 10~ M phosphate buffer, pH
= 4, was used to measure the absorption spectrum of the di-
hydroxytrichlorocyclohexadienyl radical (HO-TCP-OH) (Figure
3). The spectrum shows an absorption maximum at 320 nm,
which decayed via second-order kinetics with 2k/e = (2.1 £ 0.3)
X 10° 57! (Figure 3, inset). Assuming G(HO-TCP-OH) = G-
(OH"), the extinction coefficient at 320 nm was determined as
before. The results are €350 = (5300 &+ 250) M™! cm™ and &, =
(5.6 £ 0.8) x 108 M~ 571,

Again, the rate constant for OH* addition to TCP-OH was
measured as the concentration of TCP-OH was varied between
4 X 109 and 2.5 X 1075 M. In this concentration range, K at
320 nm increased from 7.5 X 10% to 3.0 X 10° 57!, yielding a
bimolecular rate constant of (1.2 £ 0.1) X 10!® M1 57! for reaction
8.

OH OH
o] cl
+ OH ——>
cl cl O (o)
ci cl
TCP - OH HO - TCP - OH

Determination of the pK, of HO-TCP-OH. As we explored
the pH dependence of HO-TCP-OH’s spectral and kinetic
characteristics, we found that both the protonated (HO-TCP-OH,
Amax = 320 nm) and deprotonated (HO-TCP-O7, A, = 320 and
380 nm) forms of the dihydroxytrichlorocyclohexadienyl radical
were observed in the pH region below the pK, of TCP-OH. Since
the radical and radical anion have different absorption spectra,
we were able to determine the pK, of HO-TCP-OH.

Qualitatively, as we increased the pH of solutions in which OH*
is the primary radical reacting with TCP-OH, an absorption band
centered around 380 nm began to appear in the transient spectrum
and the intensity of the 320 nm absorption began to decrease
(Figure 4). Quantitative evaluation of these spectral changes
with pH was accomplished by varying the pH of N,O-saturated
solutions of 107 M TCP-OH in 103 M phosphate buffer and
measuring the initial optical densities at 320 and 380 nm, ODY,,
and ODY%g, respectively. These data are presented in Figure 5.
To quantitatively evaluate the pK, of HO-TCP-OH, the data in
Figure 5 have been normalized to a uniform radiation dose cor-
responding to a total radical concentration of 4 X 107 M.
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Figure 4. Transient absorption spectra at pH = 3.0 (W), pH = 4.6 (#),
and pH = 5.7 (A). Spectra were recorded 40 us after irradiation of 2
X 10* M aqueous TCP-OH in 10> M phosphate buffer; dose = 8 Gy
per pulse. The spectrum at pH = 3.0 is attributed to HO-TCP-OH,
while that at pH 5.7 is attributed to HO-TCP-O~. The optical density
at 320 nm is decreasing, while that at 380 nm is increasing around an
isosbestic point at 350 nm.
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Figure 5. OD%,, (m), and OD%g, (A) vs pH data. Optical densities have

been normalized to values corresponding to a total radical concentration
of 4 X 107¢ M.

The ODO4, vs pH data illustrate that above pH 6.0 the de-
pendence of optical density on pH is complicated by titration of
the TCP-OH proton. Below pH 6.0, however, the observed
changes in optical density reflect changes in the degree to which
HO-TCP-OH is ionized (eq 9).

OH o

cl Cl

—_ +
+ Hy0 + HgO' )

< H

o] OH o] °
cl cl

HO - TCP - OH HO-TCP-0O~

The extinction coefficients at 320 and 380 nm for the radical
and radical anion were calculated from data in Figure S.
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TABLE I: Normalized Absorbance versus pH Data for HO-TCP-OH
pK, Determination

OD%,, X ODSg X 10S[A-]# 105(HA]®  log

pH 10 10 M M [AT]/[HA] %
30 1.96 0.51 0.044 3.59 -1.92 9.3
39 215 0.584  0.164 3.96 -1.39 3.2
42 223 0.817 1.06 3.59 -0.530 16
43 1.93 0.778 1.31 2.83 -0.334 35
46 2.09 0.893 1.53 3.02 -0.296 14
50 188 1.18 2.95 1.65 0252 15
52 193 1.21 3.17 1.57 0306 18
54 16 1.27 3.71 0.557 0824 6.7
55 158 1.20 3.38 0.717 0674 25
60 132 1.15 3.48 0.226 1.19 7.1

9[A"] and [HA] correspond to the concentrations of HO-TCP-O~
and HO-TCP-OH, respectively. #% = 100([A"] + [HA])/(4 X 10°9).

eyorcron and €¥yorcpoy are averages of ODY, /[HO-TCP-
OH]! values for pH 3.0, 3.4, 3.7, and 3.9, (5300 £ 250) and (1350
+ 80) M~ eml, respectively. €¥yorcpo- and €¥ya1cpo- are
averages of OD?,/[HO-TCP-OH]/ values for pH 5.7, 5.8, and
6.0, (3400 % 100) and (3200 % 350) M~ cm™!, respectively. It
is clear from Figure 5 that between pH 3.0 and 4.0, the normalized
OD?Y, values are constant, indicating that HO-TCP-OH is fully
protonated. In addition, within this pH range, the optical densities
at 320 and 380 nm decay with rate constants that are identical
within experimental error; k3p = (5.6 & 0.8) X 108 M~! 57! and
kigo = (4.5 £ 0.6) X 108 M~! 57!, Interpretation of the data at
pH greater than 4.0 is more difficult, but the above values for
€uotcpo- seem reasonable in light of arguments below.

With these extinction coefficients and the normalized total
optical densities at 320 and 380 nm it is possible to solve the
following system of equations:

OD%,, =
1(6320HOTCPOH[HO'TCP-OH] + 63201—~[O']f‘CPO'[I.‘I()"T(:P-()v])
(10)

ODO%, =

1(6380H0TCPOH[HO-TCP-OH] + 5380HOTCPO'[HO'TCP-O—])

for [HO-TCP-OH] and [HO-TCP-O7] at various pHs.
With these calculated concentrations, a plot of log [HO-
TCP-O7]/[HO-TCP-OH] vs pH proved to be linear:

log [HO-TCP-O"]/[HO-TCP-OH] = pH - pK, (i1)

with a slope of 1.08. This experimental slope agrees very well
with the predicted value of 1.00. The intercept of the line with
the log [HO-TCP-O7}/[HO-TCP-OH] = 0 axis, (i.e., where
[HO-TCP-O"] = [HO-TCP-OH]), yields a pK, for HO-TCP-OH
of 4.8 £ 1.0 (Figure 6 and Table I).

Ir(1V) Oxidation of HO-TCP-OH. The model employed above
for determining the pK, of HO-TCP-OH assumes that a single
isomer of the dihydroxytrichlorocyclohexadieny! radical is formed.
To gain information on the nature and distribution of HO-TC-
P-OH isomers, we monitored the kinetics of HO-TCP-OH oxi-
dation by IrCl¢>". These experiments were carried out in 3 X 107
M TCP-OH, pH 3.5, N,O-saturated water with the concentration
of IrClg (Apax = 490 nm, E° = 1020 mV vs NHE) varied from
2 X 10 to 5 X 10 M. The concentrations of IrClg>~ were chosen
based on our measurement of the rate constant for reaction of
hydroxy! radical with IrClg>", k = 9 X 10° M s7! and on the
solubility of TCP-OH in water, approximately 3 X 107> M at 20
°C. Under these conditions, a single first-order decrease of the
solution optical density at 490 and 320 nm was observed after an
electron pulse. The observed rate constant was identical at each
wavelength and varied from 2 X 10% to 1.6 X 10% 5! between the
lowest and highest concentration of IrCl¢?” used. The rate constant
for oxidation of HO-TCP-OH by IrCl*, calculated from these
results, is (4.9 £ 0.5) X 107 M~ 571,

Similar experiments were performed using Fe(CN)¢™ (Apax =
420 nm, E° ~ 500 mV vs NHE) as oxidant. In this study the

Draper et al.

tog(A-/HA) ¢

pH
Figure 6. Plot of data in Table I according to eq 11: log [A7]/[HA] =
1.08 pH - 5.2, where [A7] = [HO-TCP-O-] and [HA] = [HO-TCP-O-
H].

TABLE II: Comparison of H-TCP-OH Optical and Kinetic
Properties with Values Published for Similar Radicals

-9
, )‘max’ €maxs 10 kformatiom kdecaya
radical nm  Mlem? Mgl M5t

OH 360 4700 £ 1000 1.1£02 (1.3£03)Xx10°
Ci
H
C
ol
OH 340° 3500 £ 100 1.5 2.8 x 108
Cl
OH
OH 330® 3800 % 800 1.8 NAS¢
H

9Reference 5. Reference 6. ¢Not applicable.

solution optical density at 420 nm also decreased after pulsed
irradiation according to simple first-order kinetics. As expected,
based on the more negative E° of Fe(CN)¢*", the rate constant
for oxidation was smaller (kK ~ 105 M~ s71),

Discussion

Transient Radicals. The assignment of observed transient
absorptions to particular radicals is based on that radical’s
chemical properties and on a comparison of its absorption and
kinetic properties with literature values for similar radicals pre-
pared under similar experimental circumstances. H-TCP-OH,
HO-TCP-OH, and TCP-O* all react rapidly by second-order
processes, making observation of a characteristic unimolecular
H,O0 elimination from HO-TCP-OH difficult to observe by optical
techniques.® The fast dimerization and disproportionation reac-
tions yield products that retain little information on the structural
nature of the initial radical. Thus, no product analysis was un-
dertaken. A comparison of the optical and kinetic properties of
H-TCP-OH, TCP-O°, and HO-TCP-OH with published data on
similar radicals is presented in Tables II-IV. Our assignments
agree well with these results.

Regiochemistry of OH® Radical Attack. Information regarding
the regiochemistry of the OH* radical attack has often been
obtained by studying the distributions of isomeric phenols formed
when various metal ions or quinones are used to oxidize the
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TABLE III: Comparison of TCP-O Optical and Kinetic Properties
with Values Published for Similar Radicals

Amaxs €max, 10_9kfommiom lo_skdecnys
radical nm Mtem?! M1t Mg
o’ 430 3600 £ 600 4.3%0.8 77+ 1.7
Ct
Cl
Cl
o 420° 3700 NA 1.0
Br
Br
o’ NA? NA 38 NA
CN
o' 400° 2200 @ 200 NA NA

9Reference 22. ?Reference 7. ¢Reference 6.

TABLE IV: Comparison of HO-TCP-OH Optical and Kinetic
Properties with Values Published for Similar Radicals

Amass €max» 1 o_wkfonmtiom kdecays
radical nm Mtcemt M1l M1t
OH 320 5300 % 250 12+£01 (5.6+0.8)x10°
Cl
OH
Cl
Cl
OH 3007 NA 1.2 NA
Cl
OH
cl 320% 4000 NA 2.2 X 108
oW
OH 330¢ 4400 % 800 1.4 3.6 X 10°
@OH

2Reference 5. ?Reference 16. ¢Reference 6.

hydroxycyclohexadienyl radical before it can undergo its natural
reactions.!”'® Measurements of the rate constants for Fe(CN),*
oxidation of HOC4¢HX* indicate that ortho (I) and para (II)
isomers are more readily oxidized than meta (III) isomers and
that the rate constants for oxidation are sensitive to the nature
of the substituent and the redox potential of the oxidant.!”
However, since these oxidations do not proceed at diffusion-
controlled rates, the product phenols may not accurately represent
the distribution of initially formed hydroxycyclohexadienyl rad-
icals. However, by examining the kinetics of oxidation, it is

(17) Buxton, G. V.; Langan, J. R.; Smith, J. R. L. J. Phys. Chem. 1986,
90, 6309.

(18) (a) Bhatia, K.; Schuler, R. H. J. Phys. Chem. 1974, 78, 2335. (b)
Klein, G. W; Bhatia, K.; Madhavan, V,; Schuler, R. H. J. Phys. Chem. 1975,
79, 1767. (c) Eberhardt, M. K. J. Phys. Chem. 1975, 79, 1913. (d) Eber-
hardt, M. K.; Martinez, M. L. J. Phys. Chem. 1975, 79, 1917. (e) Eberhardt,
M. K. J. Phys. Chem. 1977, 81, 1051. (f) Steenken, D.; Raghavan, N. V.
J. Phys. Chem. 1979, 83, 3101. (g) Raghavan, N. V_; Steenken, S. J. Am.
Chem. Soc. 1980, 102, 3495,
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possible to kinetically distinguish isomers.

Buxton reports a single-exponential bleaching of ODy, when
a series of HOCgH X *'s is oxidized by IrCl¢>"."7 The rate constants
for these reactions are diffusion limited. It was, therefore, im-
possible in his study to kinetically distinguish HOC;H X" isomers
when IrClg? is used as oxidant. However, with Fe(CN)¢*- as
oxidant Buxton detected kinetically distinct isomers as a biex-
ponential bleaching of OD,,, when oxidation rate constants
dropped below one-tenth of those for diffusion-controlled reactions.
We, therefore, suggest that the observation of a single first-order
decay of the optical densities at 320 and 490 nm in the experiments
where IrCl¢?> was used to oxidize HO-TCP-OH provides evidence
that at pH 3.5 a single isomer of HO-TCP-OH is formed. The
rate constant we have measured, (4.9 £ 0.5) X 107 M~ 571, is 2
orders of magnitude lower than that expected for a diffusion-
controlled reaction in water. This hypothesis is also supported
by the experiments using Fe(CN)¢*~ as oxidant. If isomeric
radicals were formed, two or more first-order processes and more
complex kinetics would be observed in these oxidation studies.

If we exclude the possibility of OH* attack at chlorine-sub-
stituted carbons, two isomers of HO-TCP-OH are possible:

OH OH
cl HQ Cl
OH H
cl Cl
a H ¢
3-HO-TCP-OH 6-HO - TCP - OH

AM!1 calculations'? indicate that the heat of formation of the
a-hydroxy radical, 6-HO-TCP-OH, is more negative than that
of the B-hydroxy radical, 3-HO-TCP-OH, by 5 kcal/mol. Al-
though this is not a large energy difference, 3-HO-TCP-OH should
be slightly more difficult to form. Simple electronic arguments
also assert that the HO-TCP-OH isomer most likely formed would
result from OH* addition to position 6, which is activated by an
adjacent hydroxyl substituent.

The straightforward decay kinetics of the optical densities at
320 and 380 nm in the absence of an oxidant also suggest a single
isomer of HO-TCP-OH is formed. These observations do not
exclude the unlikely possibilities that two or more isomers are
present and decay with similar rates or that other isomers react
so slowly that we fail to observe them on the time scale of these
experiments (2 ms). Similar arguments apply to the oxidation
studies.

A further argument that a single isomer of HO-TCP-OH is
formed relies on the fit of the optical density vs pH data to a model
developed for a single acid and the magnitude of the measured
pK,. The slope of the line described by eq 11 is sensitive to the
values of the various extinction coefficients derived from our data.
The largest errors in these extinction coefficients are associated
with €24 5rcpo- and €% 0rcpo-, Which were measured in a pH
region where interference by titration of the phenolic proton is
important. If, as might be expected from examining Figure 5,
the true value of €2ygrcpo- is 20% less and that of €*yorcpo-
is 20% more than those we reported, then the slope of eq 11
decreases to approximately 0.8, indicating a poor fit to the model.

There are few pK,’s reported in the literature for hydroxy-
cyclohexadienyl radicals. Taniguchi and Schuler have determined
that the pK, of the hydroxycyclohexadienyl radical (IV) is ap-
proximately 14.6.'9 Anderson and Patel recently determined a

(19) Taniguchi, H.; Schuler, R. H. J. Phys. Chem. 1985, 89, 3095.



1944

H OH
OH Ho
H
Y, Ccoo
Vv

pK, of 8.4 for 4-carboxy-1,2-dihydroxycyclohexadienyl radical
(V). Our value of 4.8 for the pK, of 1,6-dihydroxy-2,4,5-tri-
chlorocyclohexadienyl radical seems reasonable in light of the
further stabilization conferred on the radical anion by three
chlorine substituents.

Note that the pK,’s of 8-hydroxyalkyl radicals are generally
several units higher than those of a-hydroxyalkyl radicals.!®?!
This suggests that in our experiments, we might not have been
able to detect the titration of a proton from 3-HO-TCP-OH
because of interference by the pK, of the parent phenol.

Conclusions

Pulse radiolysis has been used to quantitatively generate and
characterize the hydroxy-2,4,5-trichlorocyclohexadienyl radical
(H-TCP-OH), the 2,4,5-trichlorophenoxyl radical (TCP-O*), and
the 1,6-dihydroxy-2,4,5-trichlorocyclohexadieny! radical (6-H-
O-TCP-OH). The assignment of a particular isomeric structure
to HO-TCP-OH is based on the isosbestic point in its transient
spectrum, its straightforward decay kinetics, the single-exponential

(20) Anderson, R. F.; Patel, K. B.; Stratford, M. R. L. J. Chem. Soc.,
Faraday Trans. 1 1987, 83, 3177.

(21) Kirino, Y. J. Phys. Chem. 1975, 79, 1296.

(22) Khudyakov, I. V.; Kuz'min, V. A. Russ. Chem. Rev. 1975, 44, 801.

J. Phys. Chem. 1989, 93, 1944-1947

behavior of its oxidation by IrClg2™ and Fe(CN)¢*, its more
negative calculated heat of formation relative to the 3-HO-
TCP-OH, and the excellent fit of our data to eq 11.

Now that HO-TCP-OH and TCP-O* have been characterized,
TCP-OH may be used as a mechanistic probe of TiO,-photo-
sensitized oxidation reactions. Using transparent TiO, colloids
and laser flash photolysis, we seek to distinguish a mechanism
involving direct transfer of an electron from adsorbed TCP-OH
to the photoexcited surface from a mechanism involving electron
transfer mediated by OH* radical. The product of the direct
electron-transfer mechanism should be the radical cation, TCP-
OH"*, which would be expected to rapidly deprotonate yielding
TCP-O°. The product of electron transfer mediated by OH* would
be HO-TCP-OH. Since in the present study we have demon-
strated that TCP-O® and HO-TCP-OH have distinct chemical
properties, we should be able to distinguish these degradation
pathways. Work on this project is well under way with promising
preliminary results.
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Hydrogen-Atom Abstraction from Methanol by OH
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Absolute rate coefficients for the reactions of OH with CH;OH (k,) and CD;OH (k,) were measured over the temperature
range 293-866 K by using the laser photolysis/laser-induced fluorescence technique. The kinetic data, in the units cm® molecule™
s7, are fitted to the three-parameter expressions k,(T) = 5.89 X 107207265 ¢xp(+883 cal mol™'/RT) and k,(7T) = 1.28 X
107227348 exp(+1275 cal mol"!/RT). The measured kinetic isotope effect, k,/k,, yields insight into the branching ratio for
H-atom abstraction from the methyl versus the hydroxyl site in methanol.

Introduction

Hydroxyl-radical reactions are extremely important in both
atmospheric and combustion chemistries because OH is a dom-
inant reactive species in hydrocarbon oxidation.! Methanol
reactivity impacts these chemistries because of the increasing use
of clean-burning oxygenated fuels. The absolute rate coefficient,
over a broad temperature range, of the reaction between OH and
methanol is required input to atmospheric and combustion reaction
models.>* This reaction is also of fundamental interest since two
separate H-atom abstraction channels may contribute to the overall
reactivity, and the branching ratio for abstraction from the methyl
versus the hydroxyl group will probably be strongly temperature
dependent. In this paper, we report determinations of the absolute
rate coefficients for the reactions

* Author to whom correspondence should be addressed
*Sandia National Laboratories Postdoctoral Research Associate.
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H,0 + CH,OH

ki
OH + CH,;0H H,0 + CH,0

(1

k, §HDO + CD,0H

+ —
OH + CD,0H H,0 + CDO )

The rate constants k, and k, are measured over the temperature
range 293 < T < 866 K at a pressure of 700 Torr of helium buffer
gas.

Many previous investigations of the kinetics of reaction 1 have
been published.?!3 Several authors have reported room-tem-
perature values of k;,*!3 and most studies agree well with an

(1) Atkinson, R. Chem. Rev. 1986, 86, 69.
(2) Bowman, C. T. Combust. Flame 1975, 25, 343.
(3) Westbrook, C. K.; Dryer, F. L. Combust. Sci. Technol. 1979, 20, 125.
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