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Tunable diode lasers make it possible to record the infrared spectra of transient species at Doppler-
limited resolution on time-scales of <1 ms. This technique has been combined with flash photolysis to
study reactions of the HO; radical. Studies of the recombination of HO, radlcals at total pressures
between 7 and 20 Torrt give rate coefficients in the range (1.5-2.0) x 10~ 2 em®s™" at 305 K for oxygen
carriers. These values are significantly lower than other workers have found near atmospheric pressure.
They support the view that this reaction yields H,O, + O, by two parallel paths, one a direct dispropor-
tionation the other involving an H,O, intermediate.

The technique of flash photolysis™* has provided much information about the
reactions of free radicals which have identifiable spectra in the visible or ultraviolet
regions. The extension of this technique to the infrared offers the advantage that
all transient species and their reaction products (other than free atoms or homo-
nuclear diatomic molecules) have characteristic spectra in this region. However,
few such studies have been made® owing to the lack of variable frequency infrared
sources with high spectral brlghmess Tunable diode lasers now prov1de such a
source. Although the output is typically <1 mW, their linewidth is <10 >cm ™',
which is less than the Doppler width of individual vibration-rotation transitions.
Furthermore, they can be scanned rapidly by varying the excitation current so that
it is possible to record high-resolution spectra of narrow regions of the infrared
with repetition times « 1 ms.

We report here the construction of a flash-photolysis apparatus with such a
detection system and its use to study reactions of HO, radicals in the gas phase.
These are monitored by observing individual rotation lines of the »; band near
1100 em™" with a time resolution of 200 us. The first reaction studied has been
the disproportionation of HO, radicals

H02+H02 - H202+O2 (1)

where evidence from the pressure and temperature dependence of the overall rate
coeflicient suggests that the reaction proceeds wholly or partly via an H,O,
intermediate:
M
H02+H02 =" H204 b H202+02. (2)
M
To summanse studies of reactlon (1) at pressures near atmospheric using pulse
radiolysis,* molecular modulation®® or flash photolysis’ have monitored HO, by
its continuous u.y. abosrptlon spectrum near 230 nm. These measurements give
ki=(2-3)x10""* cm®s~!, but they might be affected by other substances which

1 Torr=101325/760 Pa.
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F1G. 1.—Apparatus used for flash-photolysis experiments with detection by tunable diode-laser
spectroscopy.

absorb in the same region. In particular, Hamilton* has shown that HO, forms
strongly hydrogen-bonded adducts with H,O and with NH3, which have unchanged
u.v. spectra but recomblne much more rapidly than free HO..

Cox and Burrows® used molecular modulation to study this reaction at total
pressures down to 3 Torr. They observed a decrease in the overal rate of decay
of HO, consistent with mechanism (2). However, their kinetic analysis assumed
that the rate coeflicient for the rernoval of HO; by bimolecular reaction with
formaldehyde was <1x10 *cm’s™" whereas Su et al.® have reported a rate
constant of 1x10™ " cm® s and unpublished measurements with our apparatus
give values of (2-4)x 107" em?®s™!, values which would provide an alternative
explanation of the observed pressure-dependent decay of HO,. The observation
of a strong negative temperature coefficient for the disproportionation of HO,
radicals®® also favours mechanism (2).

Recent flash-photolysis studies by Sander et al.'® show that the rate of recombi-
nation of HO, radicals depends on the pressure and nature of the carrier gas for
total pressures between 100 and 700 Torr. Their work favours the simultaneous
occurrence of the dlsproportxonatlon mechanism (1) and the combination mechan-
ism (2) with k; =1.6x10"? cm®s™". In contrast, studies by laser magnetic reson-
ance spectroscopy at total pressures between 2 and 4 Torr gave much lower rate
coefficients for this reaction which were proportlonal to the total pressure and
depended on the nature of the carrier gas involved."

Unlike their u.v. spectra, the i.r. spectra of HO, and its hydrate will be completely
different at high resolution. Diode-laser spectroscopy is particularly suitable for
studying reactions of HO, at total pressures of 4-30 Torr, the upper limit being
governed by loss of sensitivity due to pressure broadening. This is clearly the most
important region for determining the mechanism of disproportionation of HO,
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radicals. It also corresponds to altitudes of 25-40 km in the stratosphere, where
unsuccessful attempts have been made to detect the H>O, which is formed by
reactions (1) and/or (2).

EXPERIMENTAL

HO, radicals were generated by the flash photolysis of Cl, + CH;OH+ O, or Cl, + H,CO +
O, mixtures:

Cl+hv - Cl+Cl
Cl+CH,0H — HCl+CH,0OH
CH,O0H+0O, —» H,CO+HO,
Cl+H,CO — HCI+HCO
HCO+0O, - CO+HO..

In both cases, monitoring the change in formaldehyde concentration (amount formed or
removed, respectively) by diode-laser spectroscopy provided a direct measure of the amount
of HO, generated.

The experiments were carried out in a quartz reaction vessel, 500 mm long and 24 mm
internal diameter, fitted with barium fluoride windows. A single quartz flash lamp, 600 mm
between electrodes, containing 30 Torr of pure argon was used. This was connected through
a BK476 ignitron to a 33 uF condenser which stored 600 J at the normal working voltage
of 6 kV. A series resistor of 0.33 Q) was included to minimise electrical interference produced
by the flash discharge. Both the lamp and the reaction vessel were supported inside a
cylinder coated with magnesium oxide, which served as a reflector and a thermostat. This
part of the apparatus was surrounded by a wire cage of 3in.t mesh to minimise radiated
interference.

The gases were stored and premixed using a conventional glass vacuum system. Total
pressures up to 100 Torr were measured with an MKS Baratron gauge. A glass spiral gauge
was used up to 500 Torr. Chlorine (Matheson) was purified by several freeze~pump-thaw
cycles and then used as a 6% mixture in oxygen (B.O.C., White Spot). Methanol was
distilled from an A.R. sample which had previously been degassed and its vapour stored as
an 8% mixture in oxygen. Formaldehyde was obtained by warming paraformaldehyde to
50°C. Because the maximum pressure used was 0.3 Torr polymerisation was not a problem,
although some losses due to adsorption occurred over longer periods of time.

The Laser Analytics model LOA source was fitted with a laser diode which could be
tuned between 1090 and 1200 cm™"'. An f/1 ZnSe collimating lens was placed immediately
in front of it, followed by an InSb blocking filter to cut out scattered light of wavelengths
<7 pum from the flash which might bleach the centres in the diode with loss of laser action.

Absolute frequency calibration was obtained from known line positions for NH;'? and
H,CO" interpolated with a 10 cm air-spaced etalon (free spectral range = 0.05 cm™'). Laser
modes were selected using a modified Grubb Parsons GS2 monochromator fitted with a 75
line mm~" Bausch and Lomb grating blazed at 12 um. This gave a resolution of 1.5 cm™
with a 1 mm slit-width. For kinetic measurements, it proved possible to operate the laser
diode on a single mode and the monochromator was bypassed giving an improved signal-to-
noise ratio.

Laser radiation was observed with a Plessey LXC1000S PbSnTe detector operated at
77 K and fitted with a matched VAB1000 preamplifier. This was followed by a Brookdeal
9452 amplifier, the output of which was displayed on a Telequipment DM64 storage
oscilloscope. For measurement of transient species, sawtooth modulation at 5-8 kHz was
applied to the laser so that the laser scanned ca. 0.01 cm™' every 125-200 us. Five or six
scans covering a decay time of the order of 1 ms were photographed or measured directly

t1in.=2.54x10"2m.
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from the oscilloscope screen. The first scan after the flash was not used because of the
possible effect on the measured signal of interference picked up by the detector. Flash
energies up to 600 J did not cause the laser frequency to move significantly from its preset
value.

The spectra of stable reagents and products were measured by passing the amplifier
output through a Brookdeal 9412A 4+ 9422 phase-sensitive detector to a chart recorder or
the storage oscilloscope. Because the decay of HO, radicals obeys second-order kinetics,
it is necessary to determine their initial concentration. This was determined with an estimated
accuracy of 10% by measuring the amount of formaldehyde destroyed in the flash photolysis
of a Cl,+H,CO + O, mixture. For 0.25 Torr Cl,, 0.2 Torr H,CO and 4-6 Torr O, and a
flash energy of 600 J, ca. 4% of the chlorine was dissociated, giving initial concentrations
of HO, in the range 6 X 10'*~1x10'* cm™. Computer modelling showed that formation of
HO, was complete in 20 us in such systems.

The region of the HO, spectrum scanned included an unresolved triplet of lines;
F2(101_10<—91,g), F2(103,7‘—‘93’6) and F2(103>3&93_7) at 1117.538 Cm71 and a Single line
Fi(10,.10«9,5) at 1117.543 cm™. The positions calculated for these lines'* from observa-
tion of the v, band"® and of the rotational spectrum'® by laser magnetic resonance are,
respectively, 1117.552, 1117.540, 1117.540 and 1117.561 cm™'. Our measurements are
precise to £0.003 cm~'. The small discrepancy for the lines with K,=1 is not unexpected,
because these levels show the largest asymmetry splitting and are least well predicted from
observations on other lines. These lines showed strictly parallel kinetic behaviour and the
unresolved triplet being stronger it was used for kinetic measurements, giving a signal-to-
noise ratio of 5:1 associated with the detector noise for a bandwidth of 100 kHz. Low-
frequency noise (ca. 3 Hz) due to the vibration generated by the cryopump was not a
significant problem in our work.

RESULTS

The rate of reaction between HO, radicals was measured at total pressures
between 7 and 20 Torr usi ; initial concentrations of HO, in the range 5Xx
10"-1.6 x 10" molecule cm Typical second-order decays of HO, are shown
in fig. 2.

For a series of experiments at a given pressure, second-order curves were
superimposed and gave consistent intercepts which were proportlonal to [HO,Jo ™

The results of all kinetic experiments are summarised in table 1. The rate
coefficient does not show any systematic dependence on the total pressure, or on
initial radical concentration. All these results were taken using methanol as sub-
strate, since large excess concentrations of formaldehyde introduced some curvature
into the decays owing to its reaction with HO,.

The errors shown are 95% confidence limits including all random errors. The
value of k is based on the measured value of [Cllo=7.7%x107?[Cl,] and the
assumption that all chlorine atoms are converted to HO,. A further systematic
error of up to 10% is possible here.

The estimated temperature rise in these experiments was 10-15 K. The rates
are therefore given as measured at 305-310 K.

DISCUSSION

The experiments reported here show that flash photolysis combined with diode-
laser spectroscopy is potentially a powerful technique for the direct study of
free-radical reactions in the gas phase. The limited frequency range (ca. 0.1 cm™ D)
which can be used in a given experiment requires an accurate knowledge or
prediction of the frequencies of the lines in a transient spectrum. However, this
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F1G. 2.—Second-order decay of HO,. [HO,]p= 7.8 X 10" molecule cm™>. Total pressure = 10.7 Torr.

TABLE 1.—-MEASUREMENTS OF RATE COEFFICIENT FOR HO,+HO, AT 305K

P [Clz] [CH3OH] [I‘I();_)]()/].Ol4 k/1012 Cm3 no. of
/Torr  /Torr /Torr molecule cm™ molecule ' s™! determinations
7.1 0.22 0.27 5.4 2.0+0.1 6
7.0 0.26 0.22 6.5 1.9+0.2 7
7.1 0.29 0.19 7.3 1.85+0.1 3
10.7 0.31 0.45 7.8 1.9+0.2 9
10.7 0.34 0.40 8.6 1.9+0.1 8
9.7 0.39 0.27 10.0 1.6+0.1 7
13.8 0.33 0.67 8.2 1.5+£0.1 4
14.1 0.41 0.58 10.3 1.8+0.1 7
194 0.61 0.75 15.3 1.65+0.15 8
18.3 0.66 0.6 16.5 1.9+0.1 4

limitation can be overcome by observing the time-resolved formation of a stable
product from the free-radical reaction, providing that it is not an atom or a
homonuclear diatomic molecule. In the present apparatus, where species are
detected near 1000 cm ™', maximum sensitivities are obtained at total pressures up
to 20 Torr where pressure broadening begins to be important. Working above
3000 cm ™" where the H-stretching modes lie would increase the pressure at which
line broadening becomes significant by a factor of three.

Our rate coefﬁcxents for the disproportionation of HO, radicals lie in the range
(1.5-2.0)x 107" cm® s ! at 300 K and show no discernible trend with pressure for
oxygen carriers over the range 7- 20 Torr These values are significantly lower than
the accepted value of 2.5x10 > cm’s™"! for total pressures near atmospheric.’
Recently, Sander et al.’® used flash photolysis combined with u.v. absorption
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F1G. 3.—Dependence of rate coefficient for HO, + HO; on total pressure for helium and oxygen carriers.
References as in text. (a) Pressure range 0-20 Torr; (b) comparison with data of Sander et al.'® over

pressure range 0-700 Torr.
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spectroscopy to study this reaction with a variety of carriers at total pressures
between 100 and 700 Torr. Their rate coefficients showed a relatlvely small increase
with pressure and extrapolated to a value of k;~1.6x10 > cm’s ', as shown in
fig. 3. Combining our prellmmary data with theirs yields a low- pressure limit of
ky=1.7x10""* cm®s~'. Thus the present evidence favours the simultaneous occur-
rence of a bimolecular dlsproportlonatlon mechanism

H02+HO2 4 H202+02 (1)
and of a pressure-dependent associative mechanism also yielding H;O,+ O,
M
H02+H02 = H204 e d H202+02. (2)
M

The latter is believed to proceed via a hydrogen-bonded cyclic mtermedlate
a view supported by the absence of O —O bond rupture in the overall reactlon
The overall reaction has a strong negative temperature dependence,®® which is
expected for a combination mechanism (2) rather than for a relatively slow hydrogen
abstraction, reaction (1). Itis therefore important to study the pressure dependence
of this reaction over a range of temperatures.
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