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The UV absorption spectrum along with the self-reaction and oxidation reaction kinetics of the hydroxycy-
clohexadienyl radical, §460OH (which results from OH addition to benzene), were studied using excimer
laser photolysis coupled to transient UV absorption. The radicals were generated by photolygsHyM
CsHe/He mixtures at 193 nm in a series of chemical reactions initiated B)OThe radical has continuous
absorption in the range 2640 nm with a maximum absorption cross-section of (8.1.4) x 1078 cn¥
molecule at 280 nm. Reaction of the radical with molecular oxygeshldOH + O, = CgHg(OH)OO (1),

and self-reaction gHsOH + CsHsOH — products (2), were studied over the 25285 K temperature range

at 1.01+ 0.02 bar (He). The radical temporal profiles were recorded via transient absorption at 315 nm. In
reaction 1, two-time-domain “equilibration” kinetics were recorded in the temperature rang&223X.

The rate constant of the addition reactiorkjs= (1.4 & 0.8) x 10 *? exp(—18.6+ 1.7 kJ molYRT) cm?
molecule! s™1. The standard enthalpy of reaction 1 was determined from the measured equilibrium constants
using the third law methodAH3,; = —43.6 + 2.0 kJ mol!. The measured rate constant of self-reaction 2
isky = (6 + 3) x 10! exp(~2.00+ 1.6 kJ mol'/RT) cm?® molecule* s

Introduction troscopy and reactivity of the hydroxycyclohexadienyl radical,
which are still poorly resolved. These include the rate constant
of reaction 1, the ROO bond in the hydroxycyclohexadieny!
peroxy radical, as well as the shape of the absorption spectrum
CgHOH + O, == CHs(OH)0O (1) and the absolute UV absorption cross-section of the hydroxy-
cyclohexadienyl radical.
is the major transformation route of these radicals in the  The rate constant of reaction 1 has been measured in several
atmospheré:4 Due to the relatively weak chemical bonding experimental studies?!! The measured rate constants of this
of the oxygen molecule in the adduct (RH on) oo iS reaction ky = (1.8 + 0.5) x 107'® at 298 K? (5.0 & 1.0) x
estimated as 48 kJ mdi?), the formation of the hydroxycy- ~ 107'% at 338 KM and (24 1) x 107*® at 297 K (cnm?
clohexadienyl peroxy radical,8s(OH)OO, is reversible near ~ molecule® s™* units)] differ by a 3 orders of magnitude.
ambient conditions. At higher concentrations of free radicals, The R-OO bond energy in the peroxy radical which is
as exist in the laboratory measurements, self-reaction 2 of formed in reaction 1 was estimated as ff+ 48 kJ mot?
hydroxycyclohexadienyl radicals is another important transfor- based on the group additivity approach and semiempirical (PM3)
mation route: method? This bond energy combined with the estimated
standard entropy of reaction 1 AfS)qq = —136 J moft K12
CeHgOH + CgHgsOH — products 2) implies reversibility of reaction 1 near ambient conditions. The
) ) ) ) higher level calculations of Ghigo and Tonachini (DFT-B3LYP/
The hydrpxygyclohexgdlgnyl radlcal,sEtsOH, s an important 6-31G+G(d))1314 resulted in a much smaller bond energy in
intermediate in the oxidation of atmospheric aromatic hydrpcar- the peroxy adduct, only ca. 5 kJ méf:3 which implies a
bons?~*? In the atmosphere, hydroxycyclohexadienyl radicals complete shift of the equilibrium toward the reactants in reaction
are formed via addition of hydroxyl radical to benzene: 1 and unimportance of the peroxy radical as an individual
. chemical species near ambient conditions. The standard Gibbs
CeHe + OH = CeHZOH (32) energy of reaction 1AGSs = 44 kJ mol?, calculated by
. Ghigo and Tonachidt corresponds to a very small thermody-
CeHg + OH = CeHs + H0 (3b) namic equilibrium constant for reaction K; ,9s = 2 x 1078
(which corresponds ttc1.20s = 8 x 10728 cm?® molecule’l).
Recent theoretical calculations of Johnson et%aCCSD(T)/
6-31G(d,p)), DHge = 51 kJ mot?, and Chen and Bozzelf,
G3MP2, DH4s = 56 kJ mof?, are consistent with the initial
estimatedand confirm the importance of the peroxy intermedi-
ate. The recent theoretical calculations indicate &eoftho-

* To whom correspondence should be addressed. E-mail: krasnoperov@hydroxycyclohexadienyl peroxy radical as the most stable isomer
adm.njit.edu. among the possible adducts produced in reactién'q.

10.1021/jp030935¢c CCC: $27.50 © 2004 American Chemical Society
Published on Web 02/21/2004

Reaction of hydroxycyclohexadienyl radicakHgOH (which
results from OH addition to benzene), with molecular oxygen

The H-atom abstraction route 3b is a minor process at
atmospheric condition¥:12

Despite the importance ofgsOH radicals in the oxidation
of benzene, they are not well studied. There are several
important issues relevant to the characterization of the spec-
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Figure 1. Experimental setup.

Bohn and Zetzschmonitored decay of hydroxycyclohexa-  with transient UV absorption spectroscopy. Details of the signal
dienyl radicals by absorption at 308 nm. Hydroxycyclohexadi- accumulation are given elsewhéreA diagram of the experi-
enyl radicals were produced by addition of hydroxyl radicals mental setup is shown in Figure 1. Reactant mixtures flowed
(produced in photolysis of hydrogen peroxide at 248 nm) to continuously through an atmospheric pressure flow cell. Gas
benzene. In the presence of molecular oxygen, a decrease irflow rates were controlled by mass flow controllers (Brooks,
the amplitude of benzergOH (the hydroxycyclohexadienyl = model 5850). The typical total flow rate was ca. 20 sccs. The
radical) absorption was observed. This decrease of the “initial” low repetition rate of laser pulses (1 Hz) provided complete
radical concentration was interpreted as being due to the fastreplenishment of the cell between the laser pulses.

(beloW the time resolution) equi“bration in reaction 1. The first Two experimenta| arrangements were used: one-pass and
stages of the equilibration kinetic curves were not resolved in myltipass absorption cells.
these experiments. The equilibrium constant for reaction 1 was

obtained (assuming a small reaction mechanism) at a Singletube, internal diameter 7.0 mm, sampling length of 20.0 cm)

— 19 1
temperature, 298 K¥cy 20g= 2.7 x 1071% cm® molecule'™. equipped with two fused silica windows was used to record

Johnson et af? using the same photochemical generator of q transient absorption spectra. The Xe arc lamp (75 W, Oriel
hydroxycyclohexadienyl radicals as Bohn and Zetzsch and |ngyyments) was used as a monitoring light source. Light from

transient UV absorption, studied the equilibrium in reaction 1 o |amp is focused into the cell and then onto the entrance slit
over the temperature range 26345 K. The decrease in the 4 5 grating spectrograph (SpectraPro-300i, Acton Research
transient absorption under the addition of molecular oxygen was ¢y ) ysing two fused silica lenses. The spectra were recorded
again interpreted in terms of the equilibrium in reaction 1, but | iy spectral resolution of 1.1 nm. This cell was used with a

the complgtg equilibration curve was, however, st.ill nqt resolved. gated intensified CCD Camera (ICCD-MAX, Princeton Instru-
The equilibrium constant extrapolated to 298 K impli&s 208 ments) to record the transient absorption spectra.

= (8.0 0.6) x 10°*% cm® molecule”, a factor of 3.4 lower Multipass Cell. Higher sensitivity in the transient absorption
than that measured by Bohn and Zetzsch. The temperature- P -9 y p

dependent equilibrium constant combined with their theoretical Eeu?ﬁg::trigre]nliﬁ]entﬁ:ed[%?iIéc;rv\fgse zar((:akizl\lljégl\q/vitc’tj ;hrﬁum/oégsrgj;n
standard entropy of reaction A§ ,5= —160 J mot! K1) 9 P P

: . - of a novel design. The kinetic measurements were performed
i{lelgi?lalfond enthalpy in the peroxy radical Df 49 + 1 at a fixed wavelength, 315 nm. This cell made of a fused silica

tube with the internal diameter of 7.0 mm and sampling length
of 20.0 cm was equipped with two dielectric mirrors. The
mirrors replace the windows used in the single-pass measure-
ments. To avoid contact of the mirrors with the reactant mixture,
the mirrors were flushed using small (additional) flows of the
carrier gas. The combined flow of the flush gas was ca. 4% of
the total flow. The monitoring light source (Hg arc lamp, Oriel
Instruments) was placed at a distance of 1.9 m from the cell to
provide better matching of the beam geometry with the multipass
cell. The multipass cell was made of one flat dielectric mirror
and one concave dielectric mirror with a 1.0 m radius of
curvature from CVI Laser Corporation. Both mirrors have a
manufacturer stated reflectivity of 994 0.5% at 325 nm (the
wavelength of the monitoring light in this study was 315 nm).
The mirrors were mounted in angular adjustable mounts at a
distance of 23 cm. In this geometry, the mirrors form an
Experimental Setup.The experimental approach used in this optically stable Fabry-Perot cavity (stable in the sense that an
work is based on the combination of laser pulsed photolysis optical ray under the approximation of the geometrical optics

One-Pass Cell.The one-pass absorption cell (fused silica

In this study, we report the results of measurements on the
kinetics and thermochemistry of reaction 1 and the UV
spectroscopy of the hydroxycyclohexadienyl radical. A different
photochemical source of the radicals was used. Improvement
in the sensitivity achieved with a novel multipass cell allowed
unambiguous resolution of both components of the pseudo-
equilibration kinetic curves in reaction 1. The rate constant and
the equilibrium constant of reaction 1 were measured over the
temperature range 25285 K. The equilibrium constants were
used to determine the bond energy in the peroxy radical. The
rate constant of self-reaction (reaction 2) and the UV absorption
cross-sections of the hydroxycyclohexadienyl radical were also
determined.

Experimental Section



Kinetics and Thermochemistry of thelsOH Radical J. Phys. Chem. A, Vol. 108, No. 11, 2004955

will never leave the cavity). The increase in the sensitivity is defined precisely for this cell arrangement. It is noted, however,
achieved due to the multiple reflections of the monitoring light that only the product of the absorption cross-section and the
inside the cell. A simple theory (see the Appendix) implies that optical pathg;l, is required for the cell calibration (more exactly,
the “gain” of the cell (defined as the average number of passesthe integral of the optical density along the monitoring light
of a photon of the monitoring light inside the cell) is given by beam). This product was measured in the following experiments.

the following simple expression: The dielectric mirrors were replaced with windows made of
fused silica. Mixtures of acetone in helium with various acetone
Gain= One Pass Los$ (E1) concentrations (0.238 10'8—2.43 x 10'® molecule cm®) were

flowed through the cell while the windows were flushed by

where “One Pass Loss” is the one pass loss of the cavity at thehelium. The distribution of the flush and the main carrier flow
monitoring wavelength. Equation E1 is valid provided that all was identical to that in the experiments. The valuesgf=
of the modes excited in the cell have equal one-pass losses. In2.78+ 0.13)x 10719 cm?, used in the calibrations, was derived
practice, this suggests that the coupling of the cell with the from the slope of a plot of the absorbance vs the acetone
monitoring light source should exclude excitation of the high concentration. This approach allows the uncertainty of the
transverse modes, which have the diffraction losses comparableabsorption zone length in the calibration experiments to be
with the mirror losses. Expression E1 predicts a maximum accounted for and quantitative absorption spectra measurements
expected theoretical gain of 100 for mirrors with 99% reflec- to be performed. The calibration allows for the accurate
tivity. The actual gain differs due to the deviation of the determination of the cell gain. In the UV absorption cross-
reflectivity of the mirrors from 99% and due to the imperfect section measurements as well as in the kinetic measurements,
coupling of the monitoring beam with the cavity. It was found the optical path was determined by the aperture used on the
empirically that the coupling (evaluated via the cell gain) photolysis laser beam.
improves when the light source together with the collimating Figure 1 shows the experimental arrangement with the
lens is placed away from the cell. The gain of the cell was photolytic light entering the cell through the wall of the cell
determined using absorption of the monitoring light by a stable perpendicular to the propagation direction of the monitoring
compound, acetone. The cell calibration and the gain stability |ight, The beam from an ArF (193.3 nm) excimer laser (OPTEX,
were checked routinely during the measurements. The measureq gmpda Physik) is dispersed by a cylindrical lens in the
cell gain G = 52 + 2) was stable over the lifetime of the  horizontal direction so that the spot size at the cell distance is
experiments within the quoted uncertainty. 12 cm. In the measurements of the absorption spectra, the

A light shutter (Oriel model 76993) was located between the jrradiated length of the cell was 10 cm (limited by an aperture),
laser and the cell. Every alternate laser pulse was blocked. Intne typical photon flux was (3.4 0.8) x 10 photon cm?,
the kinetic measurements, a signal switch synchronized with 3nd “the laser light intensity uniformity was-20%. The
the shutter (Pasternack Electronics, PE7100) was used tojjyminated path length was not used in the cross-section
alternately send the preamplifier output to the two input channels getermination, and the laser light intensity nonuniformity did
of a digital storage oscilloscope (LeCroy 9310A). The temporal not add to the cross-section uncertainty, since the relative
profiles of the monitoring light intensity with and without the  measurements were performed using the same light geometry.
photolytic light entering the reactor were separately accumulated. |y the kinetic measurements, the typical photon flux was (1.4
This procedure was used to remove some irrelevant signal 0.3) x 10 photon cnt? with the intensity uniformity of
transients (such as the electromagnetic interference from they 1004, Typical initial concentrations of free radicals in the
laser, etc.) as well as to compensate for slow variations of the kinetic measurements were [D)]o = 7 x 102 molecule cm?,
monitoring light intensity. The two traces were used to calculate [CeHeOH]o = (1.0-1.5) x 1012 molecule cm?3. The initial
the temporal profiles of the monitoring light absorption caused concentration of gHsOH was 4-7 times lower than the initial
by the transient species in the cell after the signal accumulation. ;gncentrations of OD) due to the quenching by A0 and Q

A Xe arc lamp was used as the monitoring light source in \hich competes with the reaction of @) with H,O.
measurements of the UMis transient a_bsorpnon_ spectra. The Before entering the cell, the gas mixture passed through the
light intensity spectra were recorded with and without the laser cooling aluminum housing on the cell and was cooled to the

light entering the reactor by blocking alternate pulses with the cell temperature. The temperature of the housing was stabilized
shutter and storing individual ICCD frames in the computer. to +1 °C using an OMEGA CN9000A Microprocessor Control-
The ICCD gating, vx_/ith a delay aft_er the Iaser_ pulse, provided ler together with a Type K (CHROMEGA-ALOMEGA) ther-
the tempore}l behe_twor of the transient apsorptlon. The Summ"admocouple and a heater incorporated in the body of the housing.
on and off intensity VS wavelength P“’f"es were used as the The cell housing was cooled by a flow of cold gaseous nitrogen
|(4,9) andlo(4). The ratio of these profiles was used to calculate o\yaineq by steady evaporation of liquid nitrogen from a tank.
the transient absorption spectra: AB§(= —In(I(Z 0/lo(2). Reactants.Helium (Matheson, 3500 PSIG grade, 99.995%
A mixture of acetone (mole fraction of (6.680.07) x 1073) . . -~ g U
in He) was used for the periodic cell calibration. The actual mlcr)]d)e\;vgs'rgﬁsse)d;hﬁ&%&rgnolpggﬁzgﬁﬁggn/r?Oggir:rt?ﬁeﬁigf
cell gain was determined using eq E2 (see the Appendix): Co., Baker “Resi-Analyzed”) with helium, typical mole fraction

Gain= (1 — 1/1.)/(o, | [acetone E2 of 6.6 x 1073, was prepared in a 34 L tank. Benzene was
( /(o1 D (E2) degassed and used without further purification.
where | and Iy are the light intensities at the monitoring Nitrous oxide (Scott Specialty Gases, 99.9995%) and oxygen

wavelengthi passing through the cell with acetone and without (Matheson, UHP, 99.98% min.) were used without further
acetone,; is the absorption cross section of acetone at the Purification.
monitoring wavelength (315 nm), arldis the optical path Acetone from Aldrich (99.5%, A. C. S. reagent) was used
through the acetone vapor inside the cell. in the cell calibration without further purification.

The optical path was smaller than the distance between the Generation of Hydroxycyclohexadienyl Radicals. Hy-
mirrors due to the mirrors flush. The optical path could not be droxycyclohexadienyl radicals were produced using excimer
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TABLE 1: Reaction Mechanism Used in the Data Analysis

Grebenkin and Krasnoperov

reaction

rate constant, émolecule* st

ref

O(D) + N,O—2NO 7.2x 1071 18
O(*D) + N0 — Nz + O 4.4% 1071 18
O(D) + H,O0—2 OH 2.2x 10710 18
O('D) + O, — OCP) + O, 3.2x 10 L exp(67M) 18
OH + CgHg — CsHsOH 3.8 x 10712 exp(—340M) 19
OH + CgHg — H0 + CeHs 2.7 x 10" TL42exp(—730/) 19
OH + OH — H;0; M2 x 6.2 x 10731 (T/298)* 31
OH+ OH—H,0+ 0 4.2 x 10712 exp(—2401T) 31
OH + NO — HNO, Max 7.01 x 1073%T/298) 26 31
CeHsOH + CsHsOH — products 6.05< 10 exp(—236/) this work
CsHeOH + O, — CsHsOH—00 1.43x 10712 exp(—2238M) this work
CsHeOH—0O0O — C¢HgOH + O, 1.43 x 10 *%exp(—2238M)/Kc 1 this work®
CsHgOH + CgHsOH—OO — products (4.5 3.5)x 10°1° this work

aM = 2.43 x 10" x (298/T). P Based on the rate constant of forward reaction and the equilibrium constant of readfion dsed as a fitting

parameter (see Table 3).

laser (193.3 nm) photolysis of mixturests/H,O/N,O/He in
a sequence of reactions initiated by the excited oxygen atom,
O(D):1°

N,O + hy(193 nm)— N, + O('D) (4)
Oo('D) + H,0— 2 OH (5)
OH + CgHg — C4HsOH (3a)

The quantum yield for production of excited oxygenf)
atoms in the photodissociation of,® at 193 nm is equal to
one!8 The rate constants of reactions 5 and 3a at 298 K are 2.2
x 1071018and 1.2x 1072 cm® molecule® s71,19 respectively.
Reaction 3 determines the time scale of the formation of
hydroxycyclohexadienyl radicals and limits the apparent time
resolution of the kinetic measurements. Under the experimental
conditions of this study, the concentration of hydroxycyclo-
hexadienyl radicals reached its maximum within 360

Reaction Mechanism The experimental temporal absorption
profiles were fitted by a numerical solution of a system of
ordinary differential equations, which corresponds to the chosen
set of elementary reactions that represents the reaction mech
anism. The SCIENTIST software (MicroMath, Inc.) was used
to perform the nonlinear least-squares fits by numerical solutions

of an ODE system. The rate constants of the reactions used i’

the modeling are listed in Table 1. Reaction of!Q) with
benzene is estimated to contribute only ca. 1% of the total sink

of excited oxygen atoms and was neglected. Oxygen atoms areI

produced in photolysis of molecular oxygen at 193 nm. In the
current measurements, production of O atoms from the pho-
tolysis of G, at 193 nm was less than 2.8% of the contribution
from the photolysis of MO (an estimate based on the ozone
yield in the photolysis of molecular oxygen at 1934mThis
contribution was also neglected.

Since the reactions of @Y) atoms are much faster than all
other reactions listed in Table 1 (at the experimental conditions
of this study OID) atoms react within 0.1lus), they were

considered instantaneous. Therefore, the initial concentrations

of NO and OH were calculated using the branching ratios listed
in Table 1 and used in the model as (variable and fitted) initial
conditions.

Results and Discussion

UV Absorption Spectrum and the Cross-Sections of the
Hydroxycyclohexadienyl Radical. The measurements of the
absorption spectrum of hydroxycyclohexadienyl radicals were
performed in two steps. First, the absorption cross-section of

[e)]
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Figure 2. Absorption spectrum of methyl radical around 216 nm (298
K, 1 bar He).

the GHeOH radical was measured at the wavelength of 320
nm. Then, the relative absorption spectrum of thgH§OH
radical was recorded.
The absorption cross section of theHgOH radical at 320
m was measured under conditions when the majority of the
OH radicals formed in reaction 5 react with benzene yielding
the GHeOH radical in reaction 3a. The temporal profiles of
the OH radicals were recorded using a narrow atomic transition
ine from a Zn hollow cathode lamp at 307.206 nm. The
absorption cross-section of the OH radical for this atomic line,
307.206 nm, was determined based on the experimentally
measured ratio of the OH and Glradical absorption profiles
recorded at 307.206 and 216.509 nm (Cu hollow cathode fdmp)
and the absorption cross-section of thesCatlical at 216.509
nm. The latter value was measured in a separate experiment.
Measurements of the Absorption Cross-Section of the CH
Radical at 216.509 nnMethyl radicals were generated by laser
photolysis (193 nm) of acetone vapor in helium:

CH,COCH, + hw (193 nm)— CH, + CO+ CH, (6)

This channel accounts for about 95% of the overall photoffsis.
The spectrum of the methyl radical was recorded with the

time delay of 1us after the laser pulse in the range 274.8

nm using the ICCD camera with a 0.027 nm resolution (fwhm

with a triangular slit function). Figure 2 shows the absorption

spectrum of methyl radical around 216 nm obtained in these

experiments. A xenon 75 W arc lamp in the current boosting
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mode (60 Amps, 3.0 ms) with a current pulser (MCP 2010, M. 5 . .
U. T., GmbH) served as a source of the monitoring light in this
experiments. Y i
The absorption cross-section of gkadical at 216.509 nm <
was calculated using equation E3: g 3
0916504CHg) = Oapp (021650 CH3)/ UapQ (E3) 3o
3
whereoappis an apparent cross-section of the methyl radical at S 1
a wavelength of 216.36 nm measured by Macpherson %t al. 2
with a 0.6 nm resolution. < 0 m
The ratiooi6.50{ CHs)/oappWas calculated from the relative LA
spectra measured in this work using the triangle slit function 250 300 350 200
with the 0.6 nm resolution (fwhm, triangular slit function). Based
on the oapp = (4.12 + 0.12) x 1077 cm? molecule$,?? the wavelength / nm
value ofo1650{CHs) = (4.204 0.15) x 1017 cm? molecule Figure 3. Spectrum of the absorption recorded after 193 nm photolysis

(He, 298 K, 1 bar) was obtained (the errors are one standardof @ GHy/N.O/He mixture. [GHg]=9.56 x 10, [N-O]=1.02 x 10'*
deviation). molecule cm3, 298 K, 1 bar He.

Measurements of the Absorption Cross-Section of the OH
Radical at 307.206 nnThe absorption cross-section of the OH
radical at 307.206 nm was determined based on the absorption, ~ 1 o) = OH)(Abs.. (C.H.OH)/
cross-section of the GHradical at 216.509 nm under the 732 CeHeOH) = 0307204 OH) (ADS;2d CeHsOH)
experimental conditions that provide equal initial concentration Absy;; ,0fOH))/au (E6)
of both radicals. To provide equal initial concentrations of OH ]
and CH; radicals, the reaction of €&) with methane was used: ~ Where Abgo7.20OH) and Absg,oC¢HsOH) are the amplitudes

of the transient absorptions of OH andHgOH radicals,

. 1 respectively, after laser irradiation of theHs/H.O/N,O/He

NZO + v (193 nm)— N + O(D) ) mixture with [CiHg] = 5.34 x 10%, [H,0]=4.92 x 10, and
[N2O] = 2.59 x 10'6 molecule cn3. The temporal profiles of

radical at 320 nm was calculated using the following equation:

o(D) + CH,— CH,; + OH (7a) the GHeOH radical were monitored by the UV absorption at
320 nm with a 1.1 nm resolution (Xe arc with the square pulse
O(lD) + CH, — HCHO + H, (7b) current boost technique was used in these experiments). The
4

parametent in eq E6 is the conversion fraction of OH radicals
to CsHgOH radicals. At the experimental conditions used in
these measurements, the conversion efficieney ©f0.87 was
calculated based on the numerical simulation using the reaction
mechanism listed in Table 1.

One of the most significant interfering factors in the spectral
and absorption cross-section measurements was the appearance
of a time-independent absorption after a 193 nm laser photolysis

The major channel of reaction is channel 7a, which accounts
for ca. 90% of the overall reaction of &) with CHs. The
rate constant for this channel at 298 K is 1.8510710 cm?®
molecule’? s71.18 This mechanism provides equal initial con-
centrations of methyl and hydroxyl radicals irrespective of the
branching ratio of reaction 7 and possible other minor routes

of the reaction. of mixtures GHg/N,O/He at wavelengths shorter than 360 nm.

Temporal absorption profiles of OH and gradicals were g ghectrum of the time-independent absorption recorded in
recorded with 0.19 nm spectral slit widths at 307.206 and (o |aser photolysis of a ¢8lg/N,O/He mixture is shown in

216.509 nm, respectively. The ratio of the cross-sections Figure 3. In this water-free mixture, nogsOH radicals are
(0307.20§ OH)/0216 50 CH3) = AbS307.20 OH)/AbS16 50{ CHs) = formed. It was assumed that the residual absorption is not

2.74+0.11 at 298 K, 1 bar He), was calculated t_)ased on the jhfyenced by the presence of water. To determine the absorption
absorbances of the radicals extrapolated to zero time (the errory o o the GH:OH radical, the “residual” absorption at 320

is one standarq deviation). ) . nm obtained in the “water-free” experiments was subtracted
The absorption cross-section of OH radical at 307.206 NM ¢.01 the total absorption. The ‘“residual’ absorption was

was determined using expression E4: determined under the condition when the concentrations of all
reactants but water were kept the same. The residual absorption

0307.2060H) = 0216 50§ CHa) (AbS347 20 OH)/ was measured 45 ms after the laser pulse when less than 1% of
AbS, 5 50dCH;)) (E4) the maximum concentration of hydroxycyclohexadienyl radicals
is left.
Based on the values @h1s50{CHs) and 030720 OH)/0216 500 The abso'rption cross section oftOH radical at 320 nm
(CHs), the cross-section of hydroxyl radical at 307.206 nm was Was determined based on the procedure and the measurements
determined as: described above:
— —18 <1
0307.2060H) = (1.15+ 0.06) x 107 cm” molecule™* 032d CeHgOH) = (4.37+ 0.51) x 10 *ent’ moIecuIc(aEY)

(298 K, He, 1 bar) (E5)
where the error is one standard deviation.
where the error is one standard deviation. Measurements of the Reledi Absorption Spectrum of the
Measurements of the Absorption Cross-Section of ghig @H Hydroxycyclohexadienyl Radicalhe relative absorption spec-
Radical at 320 nmThe absorption cross section ofHzOH trum of the hydroxycyclohexadienyl radical was measured using
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Figure 4. UV absorption spectrum of thes8sOH radical (298 K, 1 pulse without (1) and with molecular oxygen added (2). Dashed line

bar He). (3): the averaged curve from the insert. Insert: time-independent
. . . absorption observed after the laser pulse. The experimental conditions
TABLE 2: UV Absorption Cross Sections of the are the same as for curve 2, butz{B] = 0. (1) [N;O] = 1.67 x 107,
Hydroxycyclohexadienyl Radical [H,0] = 9.80 x 10% [CgHq] = 6.14 x 10" molecule cm?. (2) [O]
wavelength/nm 0(CeHsOH)/10728 cn? molecule'? =1.93 x 108, [N20] = 5.51 x 10", [H20] = 9.04 x 10, [CsHe] =
5.48 x 10 molecule cm?®. 273 K, 1 bar He.
270 4.11
275 6.60 )
280 8.13 molecule’l. The absorption spectrum of the hydroxycyclohexa-
285 7.15 dienyl radical was measured by Bjergbakke et'a\lthough
290 6.52 the wavelength of maximum absorption measured in the present
295 5.12 work is in agreement with this determination, there are
300 4.43 L . . . .
305 4.70 significant discrepancies both in the shape of the absorption
310 5.02 spectrum and in the absorption cross-section at the maximum
315 5.04 (Figure 4). The absorption cross-section of (£.8.5) x 10718
ggg g-gg cm? molecule’! at 308 nm measured by Bohn etlais in

agreement with the data of the present study (Figure 4, Table

the ICCD camera with the 1.1 nm spectral resolution. The 2)- Both the spectrum shape and the cross-section in the
transient spectra were recorded with the time gate oiglat maximum are in reasonable agreement with the recent results
the delay of 20Qus after the laser pulse, which corresponds to Of Johnson et ak? omax 28 CeHeOH) = (10.0+ 1.50) x 107

the maximum concentration of hydroxycyclohexadienyl radicals CN¥ molecule, measured relative to the absorption cross-
under the experimental conditions, and at delay of 6 ms after Séction of GHsO; radical.

the laser pulse, which correspond to ca. 85% of the radicals Self-Reaction of Hydroxycyclohexadienyl RadicalsRate
consumed due to the self-reaction. The spectrum obtained at 6constants of the self-reaction of hydroxycyclohexadienyl radicals
ms was subtracted from the spectrum obtained a0 he (reaction 2) were determined from the temporal absorption
difference was used as the relative spectrum of the hydroxy- profiles acquired in the absence of molecular oxygen. An
cyclohexadieny! radical, under the assumption of the time example of GHsOH radical absorption decay after 193 nm
independence of the interfering “residual” absorption. The photolysis of a mixture gHg/H2O/N,O/He is shown in Figure
relative spectrum was combined with the measured absorption5 (bottom curve). The absorption profiles were fitted by
cross-section at 320 nm to yield the absorption cross-sectionsnumerical solutions of a system of ordinary differential equations
shown in Figure 4. The cross-section at the absorption maxi- corresponding to the elementary reactions mechanism listed in
mum, 280 nm, i728(CsHsOH) = (8.134 1.40) x 10718 crr? Table 1.

TABLE 3: Rate Constant and the Equilibrium Constant for the Reaction of CgHgOH with O, at Different Experimental
Conditions?

[CeHel/10%5 [NO}/10'7 [H20]/10 [02)/1018 ky/10716 Ko /10719

T/IK molecule cm? molecule cm?® molecule cm? molecule cm? cm® moleculels™? cm® molecule®
252 6.45 6.40 2.70 0.75 2.130.26 15.9
257 6.03 6.31 4.00 1.46 2.180.26 17.9
257 5.84 6.11 4.00 2.06 2.2£0.27 12.3
262 5.80 6.02 6.55 2.17 2.800.34 4.19
262 5.80 6.02 6.55 2.17 2.960.34 4.75
262 5.68 5.54 6.50 1.98 2.6560.32 7.67
267 5.69 5.91 8.80 2.13 3.10.38 5.26
273 5.57 5.78 8.80 2.08 4.310.52 2.70
273 5.48 5.51 9.04 1.93 4.000.48 3.27
273 5.22 5.44 8.35 3.55 3.600.43 3.06

aBuffer gas He, 1.0 0.01 bar. The combined errors are shown. Typical initial concentrations of the free radicals W&gJ[&(7 x 10%
molecule cm?, [CeHsOH]o = (1.0—1.5) x 10" molecule cm?.
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TABLE 4: Rate Constants for the CsH¢OH Radical
Self-Reaction at Different Experimental Conditiong

[CeHel/1015  [N2O)/10Y7  [HoO]/10 ka/10-11
T/K molecule cn® molecule cm® molecule cm® cm?® molecule' st
252 6.51 6.77 2.70 2.2 0.52
262 6.35 8.70 7.00 2.65 0.60
262 6.33 6.33 8.67 2.58 0.58
273 6.14 1.67 9.80 2.3 0.52
285 5.62 5.48 9.23 2.74 0.62
aBuffer gas He, 1.0 0.01 bar.
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Figure 6. Arrhenius plot for the self-reaction ofsHsOH radicals.

The Arrhenius plot forks is shown in Figure 6. The self-
reaction of hydroxycyclohexadienyl radicals has a weak tem-
perature dependence:

k, = (6 + 3) x 10 " exp(—2.0+
1.6 kJ moT/RT) cm® molecule* s (E8)

In the middle of the temperature range studied, 2825 K,
kx(267) = (2.5 & 0.4) x 107! cm® molecule! st The
Arrhenius expression extrapolated to 298 K yiekd®98) =
2.77 x 10711 cm® molecule® st in agreement (within the
experimental accuracy) witky(298) = (3.4 + 1.7) x 1071
cm® molecule s™1 obtained by Bohn et &l

Kinetics of the Hydroxycyclohexadienyl Radical in the
Presence of Q@ The decay kinetics of the hydroxycyclohexa-
dienyl radical in the presence of,Qvas studied over the
temperature range 25298 K. At temperatures above 285 K,
the kinetic profiles can be fitted by a single-exponential decay
function. At temperatures below 273 K, two-time-domain kinetic
profiles were observed. An example of such a two-time-domain
kinetic profile observed at 273 K in the presence of molecular

J. Phys. Chem. A, Vol. 108, No. 11, 2004959

proportional to the laser pulse energy and benzene concentration.
The residual absorption was attributed to the products of benzene
photolysis. The amplitude of the residual absorption was
assessed using photolysis of a mixtugglgZN,O/O,/He (without
water, the source of OH radicals) at 193 nm (Figure 5, insert).
The magnitude of the residual absorption determined in this
way was used in the numerical fitting of the experimental kinetic
curves. This absorption does not depend on temperature over
the range 252273 K.

The origin of the residual absorption is not clear. It was
reported that in the photolysis of benzene in the gas phase at
160-200 nn?3 and at 185 ni# the major product is an isomer
of benzene, fulvene, which has a characteristic absorption at
235 nm. In the photolysis of ¢Elg/N,O/He mixtures at 193 nm,
we observed permanent (time independent) continuous absorp-
tion in the range of 216360 nm which does not exhibit any
fine structure. However, this absorption is centered near 245
nm. It is possible that in the presence ofONin addition to
fulvene other stable products are formed. The important
assumption for the data processing is the time independence of
this residual absorption. It was also assumed that addition of
water does not affect the amplitude of this absorption.

The measurements ofgB¢OH radical kinetics were per-
formed at the concentrations of molecular oxygen in the range
of 7.5 x 107—3.6 x 10 molecule cm? over the temperature
range 252-273 K. To extract the equilibrium constants the
experimental absorption temporal profiles were processed by a
numerical fitting using the reaction mechanism listed in Table
1. In the fits, four fitting parameters were used: the photon
flux, the rate constant of reaction 1, the equilibrium constant
of reaction 1, and the rate constant of the cross-reaction between
hydroxycyclohexadienyl radicals and hydroxycyclohexadienyl
peroxy radicals. Other rate constants were fixed at the values
listed in Table 1. The rate constant of the self-reaction of
hydroxycyclohexadienyl radicals (reaction 2) was determined
separately in the experiments without molecular oxygen added.
It was assumed that the peroxy radical formegH§OH(OO))
does not absorb at the monitoring wavelength, 320 nm. Attempts
to locate and to measure the absorption of the peroxy radical
were unsuccessful.

Theoretical calculatiod$ indicate the existence of four
isomers of the hydroxycyclohexadienyl peroxy radical (ortho
(E) and (2) and para (E) and (2), (E) and (2) refer to the mutual
position of H-atom in the hydroxyl group and O-atom in the
—0—-0 fragment relative to the ring plane) with comparable
bond energies, the (E)-ortho isomer (the H-atom and O-atom
on the opposite sides of the ring) being the most stable one.
The bond energies for these isomers differ by ca. 10 kol
and all of them could play a role in the equilibration kinetics.
However, it is impossible to resolve these isomers based on

oxygen is shown in Figure 5 (curve 2). The observed decays the currently available experimental data. In the processing of

were interpreted in terms of establishing of pseudo-equilibrium
in reaction 1. The first (fast) part of the kinetic curves was
attributed to the “equilibration” gHgOH + O, = CgHgOH—

the kinetic data, all of the bound isomers were lumped in a
single species. The modified van't Hoff pt&€é for the
equilibrium constant of reaction 1,68s0H + O, <= CeHe-

OO0. The subsequent slower decay was interpreted as being du®H—-0O, is shown in Figure 7:

to the radicat-radical reactions and to the further unimolecular
transformation of the peroxy adductgisOH—0OO as well as

in reactions with @ As the temperature increases, the equi-
librium shifts toward the reactants, the hydroxycyclohexadienyl

radical and molecular oxygen, and cannot be observed at
temperatures above 285 K using the concentrations of molecular

oxygen of the current study.

There exists a small “residual” absorption (Figure 5, insert)
that survives at long times after all radical reactions are
completed. The magnitude of this residual absorption is

In(K) + correction= —AH3,J/RT+ ASJ/R (E9)

In this equation the “correction” is

correction= —A(dS} ,09/R + A(OH7 599/RT (E10)
0St 208= St — Sgg  OHT 295= HF — H3gg

The correction term in the modified van't Hoff expression E9

(E11)
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C—0-0 fragment as well as about the—-© bond in the
C—O—H fragment. More accurate treatment based on the
calculated hindrance potentials using the method developed for
the arbitrary hindrance potentiéyields higher entropy of these
two modes by 7.7 J molK 1,

In addition, two enantiomers (each having two optical
isomers) of the E)-o-CHD-OH—OO isomer were taken into
account. These two enantiomers both have OH and OO groups
on the opposite side of the ring. The second enantiomer is
obtained from the first one by interchanging the OH and OO
groups with the adjacent hydrogen atoms. Although the most
stable enantiomer is one that has a hydrogen bond between the
H atom from OH group and the O atom in the OO group, the
second enatiomer has enthalpy higher by only 7.4 kJ fnth
addition, due to the absence of the hydrogen bonding in this
enantiomer, it has higher entropy.

These two contributions (accounting for equilibrium mixture
of two enantiomers as well as treating torsional mode©E!
and C-00 as hindered rotors) account for the whole difference

could be calculated based on the difference of the heat capacitiesn the reaction entropies. Because of these reasons, the most

of the reactants and the products of the reacti®,, which is
convenient for estimates:

correction= (1/R) szgsACp(T')[llT —1TdT  (E12)

A conservative estimate on teC, in reaction 1AC, 1 < 2 R,
implies that at the middle temperature of the temperature range
(263 K) used in the study, the correction term in eq E9 is rather
small,|“correction”] < 0.015. This leads to the maximum error
in the standard enthalpy of reaction 1 caused by neglecting the
correction of ca. 0.03 kJ mot. Therefore, the correction term
in eq E9 was neglected in the data processing.

In the modified van’'t Hoff plot (Figure 7), the thermodynamic

equilibrium constant (dimensionless, standard pressure 1 bar)

is plotted vs the inverse temperature. The point at=%/0 is
obtained using the calculated standard entropy of reaction 1.
Based on the estimated thermodynamic properties (Lay3gt al.
ASyyreaction 1)= —136 J mot* K~1. The ab initio calcula-
tions of Johnson et &P yielded ASy(reaction 1)= —160 J
mol~t K~1. The two published calculated values for the standard
entropy change in reaction 1 differ significantly. The recent ab
initio calculations of Chen and Bozzéfliyielded an intermediate
value: ASgreaction 1)= —142 J mot! K~* assuming the
equilibrium mixture of two enantiomers of the peroxy radical.
The uncertainty in the standard entropy of reaction 1 has an
impact on the standard enthalpy of this reaction determined from
the equilibrium constant in the third law determination. From
the equilibrium constants measured in this work, a value of
AH? ,05= — (42.54+ 2.0) kJ mol* was derived using the third
law method withAS; ,os = —136 J mot* K~ estimated by
Lay et al. Using the value of Johnson et #AS] ,os= —160

J moft K™%, leads toAHS 5o~ —(48.1 + 2.0) kJ mot™.
Finally, the recently calculated intermediate value\& ,q =
—141.6 J mot! K~1 (Chen and BozzeM) results inAH3 ,o=

— (43.6 & 2.0) kJ motL. In the earlier work the reaction

recent value of the standard entropy of reaction 1 was accepted
in the third law determinations.

A reliable estimate of the uncertainty of the calculated
standard entropy of reaction 1 is difficult. There is the error
cancellation from the contributions of the similar vibrations in
the reactant and the product radicals in reaction 1. The main
uncertainty arises from the newly formed loose degrees of
freedom, specifically from the two hindered rotations. The
possible error in the reaction entropy was estimated-2s]
mol~t K~1, which leads to an additional uncertainty in the
reaction enthalpy determined using the third methodt6f5
kJ moiL,

The equilibrium constants measured in this work agree well
with these determined by Johnson et¥itom the absorption
amplitude depression by molecular oxygen (Figure 7). A single-
temperature measurement of Zetzsch and co-workersgher
than that obtained in this work as well as in the measurements
of Johnson et al. by a factor of 3.4.

The experimentally determined OO bond energy in
hydroxycyclohexadienyl peroxy radical, Q!‘AG(OH)—OZ =43.6
+ 2.0 kJ mof! can be compared with the recent ab initio
calculations, 515 and 56 kJ moi'.16 It should be stressed again
that both the experiments performed in this work and in the
previous studies cannot distinguish between the four possible
isomers of hydroxycyclohexadienyl peroxy radical, which should
be taken into account when comparing the experimental results
with the theoretical calculations.

The reaction mechanism used to fit the experimental profiles
does not include the hypothetical irreversible loss of hydroxy-
cyclohexadienyl peroxy radical in reaction with molecular
oxygen. This reaction was introduced by Bohn et#@and,
later, Johnson et aP.to fit their data. Their fits required quite
slow (2 x 10716 cm® molecule® s71 128 and (5.54 0.6) x
107 cm® molecule® s71)15 but temperature independent
additional reaction (beyond reaction 1) of the hydroxycyclo-

entropy was estimated based on the group contributions, thehexadienyl radical with molecular oxygen which leads to
value is not expected to be accurate. The discrepancy betweerrreversible losses of the radical pool. The low value of the rate
the theoretical values of Johnson et%nd Chen and Bozzélfi constant for this hypothetical reaction is not consistent with the
originates from the entropy of the peroxy radical. The structural temperature independence. In the data processing of this work,
parameters as well as the vibrational frequency of the peroxy it was found that the profiles could be fitted without inclusion
radical are in excellent agreement in both calculations. In the of such reaction provided the reaction of the hydroxycyclo-
paper of Johnson et al., a rigid-rotor-harmonic oscillator hexadienyl radical with its peroxy radical is fast (Table 1). For
approximation was used in application to all degrees of freedom, comparison, the reaction of methyl radicals with methyl peroxy
including the hindered rotations about the-G bond in the is fast, ca. 1x 1071° cm® molecule! s71.2° Essentially, a
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5106 FrTTT Ty dependence of the rate constant is
Kk = 1.43x10™ exp(-(18.6 + 1.7)kJ mol'/RT)

cm® molecule™ s™ kl = (14:i: 08) X 10712 exp(—(186:i:

-16
410y 1.7) kI moTYRT) cm® molecule *s™* (E13)

There are several recent studies in which rate constant of

reaction 1 was reported. The measured rate constants of this

reaction k; = (1.8 & 0.5) x 10716 at 298 K? (5.0£1.0) x

10718 at 338 KM and (24 1) x 10715 at 297 K (cnm?

molecule? s™1 units)) differ by 3 orders of magnitude.

Extrapolation of the temperature dependenck; afbtained in

this work to 297 K yield,(297)= 7.6 x 106 cm? molecule?

s71, reasonably close to the estimates of Bohn et al. The high

3%5 3'70 3'75 3'80 3'85 3'90 3'95 400 value reported by Bjergbakke et%lk1($38)= (5.0+ 1.0) x

1013 cm3 molecule s1is in a large discrepancy (by a factor

1000K /' T of 260) with the result of this and previous works (eq E13

Figure 8. Arrhenius plot for the reactiondElcOH + O, — CgHsOH— extrapolated to 338 K yields 1.9 10-15 cm?® molecule’t s71).
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] ) ) ] ~ Conclusion
reaction, that leads to depletion of the radical pool either via

an “irreversible side reaction” of the reactant hydroxycyclo- UV spectroscopy and the kinetics of the hydroxycyclohexa-
hexadienyl radical or the product hydroxycyclohexadienyl dienyl radical were studied using laser photolydimnsient
peroxy radical with molecular oxygen or a fast cross-reaction absorption spectroscopy using a multipass cell of a novel de3|gn.
of these radicals, is required to fit the experimental profiles. The UV absorption cross-sections of the hydroxycyclohexadi-
Analysis shows that the cross-reaction of hydroxycyclohexa- €Nyl radical were determined. Both the shape and the maximum
dienyl radical with its peroxy K.oss) under the pseudo- cross-sectlon_of the spectrum differ S|gn_|f|c§nt_|y from these
equilibrium conditions can mimic a bimolecular reaction of 'eported by Bjerbakke et &.The cross-section is in agreement
hydroxycyclohexadienyl radical with molecular oxygekidsy). with a single wavelength measurement (308 nm) of Bohn et
An estimate for the cross-reaction rate constiapiss based on @l and recent measurements of Johnson €t dhe rate

the rate constant of the reaction of irreversible loss of hydroxy- constant of self-reaction of hydroxycyclohexadienyl radical was
cyclohexadieny! radical with molecular oxygekisss can be ~ detérmined over the temperature range 2325 K. Quasi-
obtained: Reoss & KosdO2)/[CeHsOH]o. Using Koss = 5.5 x equilibrium in the reaction of hydroxycyclohexadienyl radicals

1016 cr® molecule s1, [0;] = 2 x 10 molecule cm?, with molecular oxygen was studie_d over the temperature range
and [GHOH]o = 2.6 x 10'3 molecule cm?3 15 leads t0Keoss 252-273 K. Modeling of the experimental profiles using a small
= 2 x 1020 c® molecule’® s71, which is consistent with the ~ reaction mechanism vyielded the rate constant as well as the
current work. equilibrium constant of reaction 1. The equilibrium constants

However, the success of the fits of the concentration profiles '€ in excellent agreement with the recent measurements of
without taking into account an irreversible side reaction does Johnson et al> The equilibrium constants were used to
not rule out its existence. The actual situation could be that both determine the standard enthalpy of reaction 1, based on the third
reactions play a role and their relative importance depends onl@W using the theoretical entropy of reaction 1.
the concentration of free radicals. In the study of Bohn and Zetch
(at a single temperature), lower initial concentrations of free
radical were employed (ca.  10** molecule cm® 1), This
study required the lowest rate constant for the “side reaction
to fit the data kioss= 2.1 x 10716 cm® molecule’® s71). In the
two studies where temperature dependence was measured (al
temperature independence of the loss reaction was observed) An optically stable cavity formed by two highly reflective
higher concentrations were used (cax 11012 molecule cm?® mirrors is illuminated by a “parallel” aperture-formed beam of
in the current study and ca. 8 10 molecule cm? in the light from one end. The intensity of the light emerging from
study of Johnson et &%). It could be noted that the rate constant the opposite end of the cavity is measured. In the analysis below,
of the side reaction required to fit the data in the study of two major assumptions were made.

Johnson et al. is 2.6 times highégess = 5.5 x 10716 cm? (i) It is assumed that the beam is formed in such a way to
molecule’® s71, prevent excitation of very high order transverse modes of the

Currently, the availability and the quality of the kinetic data cell, so that the diffraction losses are negligible compared to
required for the mechanism of the reaction are insufficient to the other losses of the cell. This assumption implies that all
resolve this issue. The model fits of the experimental profiles excited modes of the cell have equal losses determined by the
obtained in this study using the mechanism that includes the mirror losses and absorption by the medium inside the cell.
irreversible loss reaction demonstrated insensitivity of the (i) It is also assumed that the number of the excited modes
extracted equilibrium constant toward the inclusion or exclusion of the cavity is large, so that the coherent effects are not
of this reaction in the mechanist. important, and the treatment based on light intensity (or photon

Together with the equilibrium constants, the fits of the flux) is applicable.
temporal profiles of the hydroxycyclohexadienyl radical resulted  Let lj,c and | be the incident and outlet light intensities,
in the rate constants of reaction of the hydroxycyclohexadienyl respectivelyr; andr, are the mirrors transmittances,andr;
radical with molecular oxygen (reaction 1). The Arrhenius plot are the mirrors reflectivities, and is the one-pass medium
for this reaction is shown in Figure 8. The temperature attenuation coefficient. The output light intensity then is given
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by the sum in eq Al: C = M gene= L/(L = 11,10 (A13)
| =1, 7,757 (1 + 1yr02 + (10 7)% + (ryrr?)* +

(ryr,m)* + ..) (A1)

inc For a low one pass loss cell this is transformed to
C = Gain/2 (A14)
The series Al (a geometrical progression) is easily summed:
The attenuation of the incident light by the cell is obtained from
T,7,T/(1 — 1,7 (A2) eq A2. Assuming no additional losses on the mirreis= 1 —
ri, 72 =1 — rp, and a transparent medium= 1, one derives

inc

Introducing the cell “gain”

N, . =71l(t; + 7T Al15
Gain= (1/1) (dl/dr) (A3) ne = 11711 ) (A15)
one obtains If the mirrors have equal reflectivities; = 72, eq. A13 becomes
Gain= (1/2)(1 + ryr,7° (1 — 1,177 (A4) Wi = 74/2 (A16)
Assuming high reflectivity mirrors and low one pass loss of This expression has a very simple interpretation. Only a fraction
the medium of 7; of all incident photons penetrate inside the cavity. After
that, a photon has equal chances to leave the cell through either
1-r,<1 1-7x1 (AS) mirror, which additionally halves the light intensity.
) _ To illustrate the above expressions, a cell made of two perfect
and introducing the average one-pass loss of the cell mirrors with 98% reflectivity and perfectly matched with the

incident beam is considered. For such a cell, the one pass loss
is 2%, the theoretical gain is 50, and the theoretical contrast is
25. A detuned cell will attenuate the monitoring light 2500 times,
and an aligned cell will attenuate the monitoring light only 100
times. Only 2% of the incident photons penetrate inside the cell.
Half of these photons leave through the second mirror. Photons

Expression A7 shows the enhancement in the light intensity Make a different number of passes in the cell, but on average,

modulation by an additional small absorption (Abs) compared Photons make 500passes. If the absorption to be monitored is
to the light intensity modulation in the one-pass arrangement Much 1ess than 2%, than eq A9 can be used. If the absorption

provided that the additional absorption is small in comparison IS comparable with 2%, but still small, eq A11 should be used

One PathLosss (1 —r)2+(1—ry)2+1—1 (AB)
one derives from eq A4

Gain= (One Pass LosSJ (A7)

with the average one-pass loss of the cell: to convert the light intensity into the absorption.
Abs < One Pass Loss (A8) References and Notes
Oy = Gain@!/lp)onepass (A9) 8 E;);,n'T? Hzleatgigglncﬁr\]}\//s ggﬁfgldcge% P&iﬁ?%t}ér?l(l)ggé
If the criterion A8 is not fulfilled and the additional absorption 10q(3‘63)53’%0nson, R.; Aschmann, S. Mnt. J. Chem. Kinet1994 26, 929.

is comparable with the one pass cavity loss, eq A9 cannot beChe(rﬁ) I’;“mﬁggég;fggfmmn’ S- M. Arey, J.; Carter, W. PIat. J.

used. When additional absorption is comparable with the one  (5) Semadeni, M.; Stocker, D. W.; Kerr, J. At. J. Chem. Kinet.
pass loss, the light intensity change is comparable with the initial 1995 27, 287. _ _ )
light intensity in the absence of absorption. However, if the (6) Wallington, T. J.; Neuman, D. M.; Kurylo, M. J. Int. Chem. Kinet.

additional absorption is still small, Abs: 1, equation A2 can 198?’7)19{:;25" R. A.; Atkinson, R.; Pitts, J. N., 1. Phys. Chem1977,
be transformed as 81, 296.
(8) Witte, F.; Urbanik, E.; Zetzsch, Q. Phys. Cheml986 90, 3251.
| = Iol(l + Abs Gair@)) (AlO) (9) Knispel, R.; Koch, R.; Seise, M.; Zetzsch, Ber. Bunsen-Ges.

Phys. Chem199Q 94, 1375.
. . . ) (10) Lin, S.-C.; Kuo, T.-C.; Lee, Y.-Rl. Chem. Physl994 101, 2098.
wherely and Gaig are the output light intensity and the cell (11) Bjergbakke, E.; Sillesen, A.; Pagsberg, P1.Phys. Cheml996
gain in the absence of the additional absorption, respectively. 100 5729.

. . o . (12) zellner, R.; Fritz, B.; Priedel, MChem. Phys. Letl985 121, 412.
To convert the light intensity into the absorption, eq A10 should (13) Ghigo, G. Tonachini, GJ. Am. Chem. Sod.998 120, 6753.

be rearranged as follows: (14) Ghigo, G.; Tonachini, GJ. Am. Chem. S0d.999 121, 8366.
(15) Johnson, D.; Raoult, S.; Rayez, M.-T.; Rayez, J.-C.; Lesclaux, R.
Abs= (1 — I/1)/Gain, (A11) Phys. Chem. Chem. Phy2002 4, 4678.

(16) Chen, C.; Bozzelli, J. W. to be published.
. " (17) Krasnoperov, L.; Mehta, K1. Phys. Chem. A999 103 8008.
For practical purposes, an additional parameter of the cell, the (1) Atinson, R.: Baulch, D. L.; Cox, R. A.; Hampson, R. F.. Kerr, J.
“contrast”, is of interest. The “contrastGC, is defined as the A.; Rossi, M. J.; Troe, JJ. Phys. Chem. Ref. Datt097, 26, 521.

ratio of the light intensity of an aligned cell and the light Th(_li) r‘?aTCR'_Dls_'I-I;r?]CO&OSJ’ CT\r] C?]X;\',?v-'l“k-? FSSEF\)VQJVEV?EK't F’v-_l?JJUSt’
intensity emerging from a completely misaligned cell (only one Phys. eChérﬁ. Ref. 'D'a,%égz' o1 41cf‘ - alker, ). W, Wamnatz, £

pass possible). The light intensity for a misaligned cell is given  {20) Krasnoperov, L. N.; Stepanov, ¥. Chem. Educat.999 76, 1182.

by the first term in the series Al (21) Lightfoot, P. D.; Kirwan, S. P.; Pilling, M. J. Phys. Cheni988
92, 4938.
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