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Kinetic measurements of the C,H50- radical using time-resolved cavity
ring-down spectroscopy with a continuous source

Dmitry Melnik and Terry A. Miller?

Department of Chemistry, The Ohio State University, 120 W. 18th Avenue, Columbus, Ohio 43210, USA
(Received 3 June 2013; accepted 14 August 2013; published online 5 September 2013)

We report on the design of a time-resolved, high duty-factor cavity ring-down apparatus utilizing a
continuous laser and detail a technique for the accurate and precise measurement of effective reaction
rate constants with it. This report complements an earlier paper concerning the measurement of the
absolute absorption cross-sections, o p, of reactive intermediates. To demonstrate the performance
of the new technique, we have measured the decay rate of ethyl peroxy radicals by monitoring the
A<« X origin band of the G-conformer of these species. A measured value k,ps/op = 1.827(45)
x 107 cm/s was determined and it, along with the previously measured value of o p, was used to
derive the value of k,p, = 9.66(44)x 10714 cm?/s, for the effective rate constant for ethyl peroxy
self-reaction (all uncertainties are 1 o). The present value of k., is compared to those previously
reported, and sources of systematic errors and their impact are discussed. © 2013 AIP Publishing

LLC. [http://dx.doi.org/10.1063/1.4819474]

. INTRODUCTION

Organic peroxy radicals, RO, are important reactive in-
termediates in gas phase oxidation processes taking place in
the lower atmosphere and combustion environments.'™ In
the troposphere, they are involved in ozone production,*®’
formation of photochemical smog and acid rain.>"'! In low
temperature combustion, peroxy radicals are involved in the
chain-branching sequence of reactions that are necessary for
the sustained combustion process,'>'4 and in processes inter-
dicting soot formation.!> It has been shown' that the thermo-
dynamic properties of peroxy radicals result in the apparent
negative temperature coefficient of the reaction rate in parts
of the low temperature region. The isomerization of peroxy
radicals may lead to autoignition and engine knock which
have an adverse effect on the efficiency of internal combustion
engines and fuel economy.'>!* For a better quantitative un-
derstanding and managing of the oxidation processes in both
atmospheric and combustion environments it is necessary to
obtain accurate information about peroxy radical chemical
properties, of which the reaction rate coefficients (RRCs), are
among the most important.

In environments such as the troposphere or an internal
combustion engine, peroxy radicals react with a number of
species,>*1017 guch as NO, NO,, O3, and themselves. The
latter group of reactions can be divided into two categories,
peroxy radicals self-reactions, RO, + RO,, and reactions be-
tween different peroxy radical species, RO, + R'O; (R # R’),
including an important category of reactions RO, + HO,.
The self-reaction of a number of RO, species has been ex-
tensively studied in the past. It has been concluded that for
most radical species the observed reactant decay follows a
simple second order kinetic law>* with the observed RRC,
kops, accounting for the decay rate of the reactants in the pri-
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mary elementary processes as well as the secondary chemistry
effects. Traditionally, the values of k,,; were obtained by ob-
servation of the decay of the radical number density by mon-
itoring the absorption signal at the peak absorption frequency
of the B < X electronic transition in the UV region. Despite
arelatively simple chemical mechanism of the peroxy radical
self-reaction as well as large peak absorption cross-section of
the B < X transition,? the experimental values of the self-
reaction RRCs typically suffer experimental uncertainties of
15%-25% and substantially vary between reports of differ-
ent research groups (for example, within as much as factor of
three>* 18-26 for ethyl peroxy radical).

Additional complications arise in the measurement of the
RRC of the reactions between different radical species. First,
due to extreme similarity’ of the B < X absorption spec-
tra of organic peroxy radicals, the measured time dependent
absorption signal often gives the total number density of all
present peroxy radicals plus, possibly, a number of other in-
terfering species,!! rather than that of just the desired per-
oxy radicals. Second, as additional reactive species are intro-
duced to the media, the time dependence of the concentrations
of an individual species becomes more complicated.''?” The
analysis of such experimental data requires either using com-
plex mathematical models, or deconvolution of decay pro-
files obtained at different frequencies for strongly overlap-
ping spectra.?® Third, a rapidly growing number of elemen-
tary chemical processes whose individual RRC are poorly de-
termined, results in rather poor quantitative understanding of
the overall chemical process.'!?7-28

In the past decade, substantial progress has been
made in the investigation of the weak A < X electronic
transition?*3* of organic peroxy radicals in the NIR region in
the vicinity of 1.3 um. Since the A electronic state is bound,
the A < X spectra exhibit unique structure that identifies the
chemical and geometric structure of the carrier.!3%3°
On the other hand, its relatively small (of the order of
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1072'-1072° ¢cm?) absorption cross-section®®31:33:36.37 diq

not allow for its use as analytical tool until the advent of sen-
sitive experimental techniques such as cavity ring-down spec-
troscopy (CRDS).*®

For the purpose of kinetic studies, the CRDS monitoring
of the NIR A < X absorption offers two major benefits. First,
the structure of the NIR absorption spectra provides chemical
species-specific detection, allowing one to distinguish among
different isomers and conformers of the selected radical and
thereby permitting one to selectively monitor their tempo-
ral decay profiles. Additionally, the NIR region is relatively
weakly congested by spectra of radical precursors and prod-
ucts of the chemical reactions involved, which however, do
often absorb in the UV region thus complicating the analysis
of the kinetic data.?”-° Since the absorption signal obtained
from the analysis of the ringdown decays is insensitive to the
power fluctuations of the light source this technique gener-
ally allows for more accurate determination of the absorption
losses and therefore can produce a more accurate and precise
kinetic decay curve.

The CRDS-based kinetic studies of different reactive
species have been reported previously.?®27-41:42 In the experi-
mental studies by Atkinson and Hudgens?® and Atkinson and
Spillman?’ the reactive species were produced by laser pho-
tolysis. The kinetic decay of the species of interest has been
obtained by measuring the absorption at a single delay time
after the photolysis pulse. The decay curve is reconstructed
from a succession of measurements with different values of
photolysis-to-probe delay. This technique, while easy to im-
plement, suffers from a low duty factor. Additionally, since
every data point is obtained with a different sample of the re-
active species, this technique is vulnerable to pulse to pulse
fluctuations of the initial radical concentration, e.g., due to
photolysis laser power fluctuations. A more advanced ver-
sion of time-resolved kinetic measurements has been imple-
mented by Fittschen and co-workers,*>#! in which a series of
measurements of the absorption in the reaction region were
made following a single event synthesis of the reactive species
(HO,), i.e., by observation of the evolution of the same sam-
ple of radicals. In these studies, however, the authors pursued
determination of the absorption cross-section, and combined
their observed temporal decay profiles and the recommended
kinetic decay rate of self-reaction of HO, to obtain the con-
centration of radicals. Additionally, a number of factors, such
as low laser power and the necessity to sweep the cavity
length over the entire free spectrum range due to lack cav-
ity length stabilisation,*! prevented the authors from achiev-
ing high enough values of the duty factor to follow a single
kinetic event in detail.

In case of a well established reaction mechanism result-
ing in a simple decay law, which is the case*>*} for HO, and
reasonably high signal-to-noise ratio of the ringdown signal, a
small data set is sufficient to obtain accurate results. However,
in more complicated cases, such as measuring cross-reaction
rates with complex reaction mechanisms, a large number of
elementary processes>"?%3 and potential deviations from a
simple power decay law,*>* measurement of the kinetic de-
cay with high temporal resolution becomes critical for the
accurate determination of the relevant RRCs and improve-
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ment of our understanding of the mechanism of the reaction of
interest.

In the present work we will discuss the development of
a high duty factor CW-CRDS apparatus for the measurement
of the kinetic decay of individual samples of reactive species.
To demonstrate its capabilities, we report the measurement of
the effective RRC for the self-reaction of ethyl peroxy radi-
cals k,ps obtained by monitoring the absorption decay at the
peak of the A < X transition of the G-conformer®"-33 of this
radical. We will also discuss possible sources of errors (Ap-
pendix A) and evaluate the capabilities of this technique in
terms of the range of the RRCs that can be successfully mea-
sured (Appendix B).

Il. OVERVIEW OF THE KINETICS AND
CONCENTRATION DETERMINATION OF C,H50;

A. Concentration profile of the reactive species
as a function of time

In a clean laboratory environment,*’3%% peroxy radi-

cals, such as C,HsO, are synthesized by photolytic genera-
tion of alkyl (e.g., ethyl) radicals from the suitable precursor
(e.g., 3-pentanone) followed by rapid addition of molecular
oxygen. Under conditions of a large stationary uniform sam-
ple, in the absence of other reaction partners, ethyl peroxy
radicals are chemically removed from the reaction region by
self-reaction. The mechanism of this reaction can be repre-
sented by a set of the elementary processes™

193 nm

C,HsCOCyHs —= CO + 2C, Hs, (1a)

CyHs + 0, — C,Hs0,, 2.7 x107'2 (1b)

C,Hs + C,Hs — C4Hyy, 2.0x 1071, (1c)
C,Hs0y + CoHsO0y, — 2C,Hs0 + 0y, 4.2 x 10714,

(1d)

CyHs50, + CoHs50,

— CH;CHO + C,HsOH + 0,, 24 x 107", (le)

C,HsO + 0, > CH;CHO + HO,, 9.5 x 1075,
(1)

C,HsO, + HO, — CoHsOOH + 0,, 7.7 x 10712,
(1g)
HO, + HO, — H,0, 4+ 05, 1.6 x 10712, (1h)

HO, + HOy + Ny — HyOp + Na, 52 x 10732 Ny,,
(1)

4.5 x107°% - No,,
V)

HOy, + HO>» + Oy — H,05 + 0-,

C,Hs0 + C,H50,

— CoHsOOH +CH;CHO, 1.7x 107!, (1k)

C,HsO + HO, — C,HsOH + 0,, 1.6 x 107!, (11
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The values of the rate constants (in cm®/s) of Egs. (1b) and
(lc) are taken from the paper by Atkinson and Hudgens,*
rate constants, Eqs. (1d) and (le), are obtained from the re-
view by Lightfoot et al.,’> and rate constants Eqgs. (1) and
(1g) are taken from the review by Atkinson.’> The rate con-
stants for reactions ki, — kj; are obtained from the IUPAC
database. The value of the rate constant k; is obtained from
the work? of Noell et al., and the value of &y, is taken from the
report’? of Anastasi et al. At high concentrations of oxygen,
such as those found at the experimental conditions used in
the present studies, the rate of reaction, Eq. (1b), far exceeds
that of the competing reaction, Eq. (1c), ensuring essentially
stoichiometric conversion of ethyl to ethyl peroxy radicals.

The primary removal of the ethyl peroxy radicals occurs
through the steps given in Eqgs. (1d) and (le). The latter
of these two reactions results in formation of stable prod-
ucts. In the former reaction, one ethoxy molecule is pro-
duced per one ethyl peroxy reactant. Due to high concen-
trations of oxygen, ethoxy radicals are rapidly converted to
HO, through the step in Eq. (1f) with subsequent removal
of additional ethyl peroxy radicals through step Eq. (1g).
The high rate of reactivity of HO, with ethyl peroxy, as
well as its low concentration under typical conditions en-
sures that the steps, Eqs. (1h)—(1j), do not significantly af-
fect the overall process. For similar reasons, the effect of
the reactions, Eqgs. (1k) and (11), is also negligible. Hence,
each occurrence of reaction, Eq. (1d), results in the loss of
two additional peroxy radicals (four in total), whereas only
two peroxy radicals are destroyed in the path of Eq. (le).
Thus the total rate of removal of peroxy radicals, k,ps = 2k14
+ ki, must be distinguished from the RRC, ki; + ki, of the
primary reaction. The two rates, primary and observed, can
be related to one another by the introduction of the branching
ratio, ¢, indicating the fraction of the elementary reactions of
ethyl peroxy radicals with themselves proceeding along the
path of Eq. (1d):

kops =(k1a + ki)(1 + o), (2a)
kig

=, 2b

* kig + kie (25)

In the absence of other removal mechanisms apart from
the self-reaction, the evolution of the concentration of ethyl
peroxy radicals follows the simple second-order kinetic decay
law,

ON(x,t
% Dk N(x 1, 3)

whose solution is well known and is given by
NQx, )7 = N(x, 007" + 2kopst “

in which N(x, t) is the concentration of the reactant species
at point x and time #. The relationship between k,,; and the
RRC:s of the elementary reactions k;, and k. given by Eq. (2)
is based on the approximation that the secondary processes,
Egs. (1f) and (1g), result in rapid stoichiometric removal of
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0.0 T T T T T T
0 5 10 15 20 25 30

Time, ms

FIG. 1. Simulated evolution of the concentration of the reactants and inter-
mediates of the self-reaction of C;Hs5O,. The superimposed red and black
curve are time-dependent concentrations of CoHs50, calculated using the rig-
orous mathematical model representing the reaction mechanism in Eq. (1)
(black curve) and the approximation of Eq. (4). Their difference, multiplied
by a factor of 300, is given by the brown dashed curve. The concentrations
of the C,H50, and HO; radicals, multiplied by 100, are shown in blue and
green traces, respectively.

additional ethyl peroxy radical. A convenient summary of the
history of the previously reported values of « is provided by
Ref. 25. As is shown there, o values have been reported that
range from more than 0.7 to slightly less than 0.3. For this
reason we have compared the results for the complete reaction
mechanism, Eq. (1), with the simplified results, Egs. (2)-(4),
with the value of k,,; determined from Eq. (2) and the values
of k14 and k;, given in Eq. (1). These values correspond to
o = 0.64 which is consistent with the value of 0.62(10) rec-
ommended by Atkinson.’ These calculations, performed for
the initial concentration of C,Hs radicals at 2 x 10" c¢cm™3
are illustrated in Fig. 1. The concentration profiles are plotted
with 10 us time resolution. Two nearly superimposed curves,
red and black, show the kinetic decay of ethyl peroxy radicals
given by Eq. (4), and obtained from the numerical solution of
the system of kinetic equations for the complete mechanism
in Eq. (1), respectively. The dashed brown curve shows the
difference between these two predicted kinetic decay profiles
multiplied by a factor of 300. As Fig. 1 shows the difference
between the complete mechanism and the simplified model is
considerably less than 1%. For comparison, we have re-run
these calculations using the most recently reported values®
of « = 0.28 and k,p; = 1.20 x 1013 cm?/s, and the values
of k14 and kj, derived using Eq. (2). Although not shown in
Fig. 1, the difference between full and effective mechanisms
in the latter calculations is also substantially below 1%. We
conclude that under the condition of the experiment the effec-
tive simple second-order decay law for the ethyl peroxy radi-
cals accurately represents the full reaction mechanism within
a wide range of « values. Further discussion of the details of
the full mechanism and their implications for the value of &,
is given in Appendix A. Although not a subject of this paper,
the evolution of the concentrations of C,H5O (blue curve) and
HO; (green curve), both multiplied by a factor of 100 are also
shown in Fig. 1. Hence the concentrations of HO, and C;H50
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are lower than that of the ethyl peroxy by at least two orders
of magnitude at all times during the decay process.

In a realistic laboratory experiment, reactive species are
also subject to non-chemical removal mechanisms, such as
displacement from the detection zone by diffusion or macro-
scopic flow. For an accurate determination of the k,p, such
processes need to be properly accounted for. To do that
we introduce the assumption, which will be examined in
Appendix A, that the experiments are conducted under con-
ditions of slow laminar flow and any effects of turbulence can
be ignored. Under such conditions, the number density of the
reactive species in the reactive sample can be described by the
Smoluchowski equation,*®

IN(x, 1)

5 =V (DVNG.1)

—V - (U N(x, 1) = 2kops N(x, )%, (5)

where D is the diffusion constant, v is the macroscopic ve-
locity of the sample and the last term accounts for the chemi-
cal removal of the species. In case of steady one-dimensional
flow of an incompressible medium (i.e., N(x,#)V - v = 0),
such as a gas at low speeds and a spatially invariant D,
Eq. (5) reduces to
% = DV?N(x,1)— U - VN(x, 1) — 2kpps N(x, 1)*.
(6)
The general solution of Eq. (6) with realistic boundary con-
ditions is rather complex and is outside of the scope of this
work. To use this equation for the numerical analysis of the
experimental data, we introduce two simplifications. First we
note that in the present work the reaction cell is configured
such that the extended sample is generated by the transverse
illumination of the cell by a near-uniform, masked photolysis
laser beam (see details in Sec. III), and removed by pumping
along the cell axis, coincident with the path of the probe beam.
In such a configuration, the gradient of the radical concentra-
tion is perpendicular to the macroscopic velocity at all points
along the sample axis except for relatively small regions at
the ends of the sample, therefore the second term in Eq. (6)
essentially vanishes.

Second, we note that the removal of radicals from the
probe region due to diffusion depends on the distribution
function of the radical density in the direction perpendicu-
lar to the probe beam. This distribution function changes with
time due to the chemical reaction and therefore the rate of rad-
ical removal due to the first (diffusion) term in Eq. (6) is also
time-dependent. In general, this removal rate increases with
the absolute concentration of the radicals. Therefore, as the
second simplification we assume that the removal rate due to
the diffusion is proportional to the radical concentration along
the axis of the sample and replace the first term on the right-
hand side of Eq. (6) with the first-order kinetic term,

ON(x,t
% = kNG D = 2kop NG, 07, (7)

where the first-order constant, k;, accounts for all physical
removal processes of the radicals from the near-axis region
of the sample. In Appendix A we will discuss the implication
of this assumption and evaluate the systematic error resulting
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from such a simplification. The minus sign in front of k; is
introduced such that k; has a positive value. The closed form
solution of Eq. (7) can be obtained either analytically or using
contemporary computational software such as Mathematica,
and is given as

kiN(x, 0)

N(x,t) = s
1) = et — 2oy N(x, 0) F Zhpy e N x, 0)

®)

where N(x, 0) is the initial concentration of radicals. In the
limit of k; — 0, Eq. (8) reduces to Eq. (4), which can be
verified directly by expanding the exponentials in the denom-
inator in a power series through the linear term.

B. Kinetic model

To make use of Eq. (8) we need to recast it in terms of
the experimentally measured quantities. Spectroscopic deter-
mination of k,, involves the observation of the time evolution
of the light absorption, A(), in a finite sample of the generally
variable length, L(?), (see Sec. III for details) due to the pro-
cesses of chemical and physical removal described above. Us-
ing Beer’s law for optically thin sample, the time-dependent
absorption can be written as

AI(t) L®

AQ) = =op N(t, x)dx, ©)]
Io(t) 0

where [ is the intensity of the incident radiation, Al is the
intensity loss due to the absorption in the sample, x is the co-
ordinate along the line of sight, and o p is the absorption cross-
section. Combining Eq. (8) with Eq. (9) and performing the
integration, we obtain the expression for the time evolution of
the absorption signal A(?),

opkiNo (Lo — vt)
klek" — 2kops No + 2k0bsekltN() '

A(t) = (10a)

1 [ho
Ny =— N(x, 0)dx,

(10b)
Loy Jo

where Ly = L(t = 0) and the initial distribution of species
N(x, 0) is assumed to be independent of x. Effects of the sam-
ple nonuniformity along the x coordinate will be discussed in
Appendix A.

In the discussion above we made an assumption that ex-
perimental conditions are chosen such that the chemical reac-
tion is the dominant process of the removal of the ethyl peroxy
radicals. Alternatively, the time interval for the analysis of the
kinetic data needs to be chosen such that chemical removal
rate is much greater than the removal rate due to non-chemical
processes at all times,

kiN(t) < 2kops N*(2), (11

where we explicitly removed the x-dependence of radicals
concentration in the sample. Using Eq. (4), we obtain
Zkobs N 0= k 1

t _ . 12
< 2Nokopski (12
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Since at + = 0 the chemical removal is dominant, we can
ignore the second term in the numerator in Eq. (12) and
obtain

kit < 1. (13)

Using this criterion and expanding exponentials in Eq. (10a),
we obtain for A(¢) at times limited by Eq. (13),

Ao l1— Ly
0 Lo
k, A ’
op ) Lo

where A is the absorption at the beginning of the monitoring,
A(t = 0). Eqution (14) shows that the rate constant k; adds
to the absorption decay rate, and even though relatively small
in magnitude, it can lead to an overestimation of k,,s/o p by
approximately k;Lo/(2A¢) if not properly accounted for. Ad-
ditionally, the flow velocity must be known from an indepen-
dent measurement to avoid systematic errors associated with
macroscopic removal of the species. Both of these parameters,
in principle, can be measured by monitoring the absorption
decay of an inert species, for which the RRC, &, is negligi-
ble and for which Eq. (10) reduces to

A(t) =

(14)

A(t) = Ao [1 - Liot] ekt (15)

Under realistic experimental conditions of a near-static
sample, k; and v are difficult to obtain independently due to
high degree of correlation between these parameters arising
in the nonlinear fit of the experimental data to Eq. (15). This
can be illustrated by expanding Eq. (15) to the first order term
(at times limited by Eq. (13)), which gives

A@) = Ag [1 LI ti| : (16)
Lo

i.e., only the sum of v and &Ly can be experimentally mea-
sured by monitoring of absorption of the chemically inert
species over the time interval relevant to the kinetic measure-
ments. The value in parentheses in Eq. (16) has dimension of
velocity and at low values of k; becomes equal to the physical
flow rate of the sample v. Therefore, we introduce the “effec-
tive” flow rate,

u=v+kiLo, (17)

which takes into account all physical removal processes to the
given level of approximation.

To utilize flow rate data for an inert species in the anal-
ysis of the absorption decay of the reactive species, we need
to modify Eq. (14). To do so, we note that the term k;7 in
the denominator remains small compared to the rest of the
denominator at all times during the measurement. Therefore,

J. Chem. Phys. 139, 094201 (2013)

we rewrite Eq. (14) as

Aol1= 2y
0 L

AW
[1 +2 (—”) —Oti| (14 k1)
Op L()

= (18)

A(1)

%

where small terms quadratic in time are ignored.

Absorption decay curves simulated for Ly = 5 cm,
v=23cm/s, k; =2 s ! (resulting in u = 13 cm/s), k,ps/o p=2
x 107 cm/s are shown in Fig. 2(a). Two nearly superimposed
curves, black and red, show the evolution of the absorption
of peroxy radicals calculated using Eqgs. (10a) and (18), re-
spectively. The blue curve shows the difference between these
decay profiles, multiplied by a factor of 100. These simula-
tions illustrate that the simplified model, Eq. (18), gives an
error no greater than 0.15 ppm which falls below the noise
level of the absorption signal in our experiments. Fig. 2(b)
shows similar predictions for the absorption profiles of the
inert species at Ag = 20 ppm and the same values of v, &,
and Ly as those being used to generated the traces in Fig.
2(a). These simulations show that the use of the simplified
model, Eq. (16), in lieu of the rigorous model, Eq. (15), pro-
duces qualitatively similar results on the time scale of mea-
surements but introduces about a 10% overestimate of the
value of u. Therefore, Eq. (16) and the second equality in Eq.
(18) were used for the analysis of the experimental data in
this work and we examine the effects of such overestimates
in Appendix A.

(a) (b)

25
2 \

0 10 2 30 40 0 2 4 60 80 100
Time, ms Time, ms

50

S
S

3
&>

A, ppmipass
A, ppmipass

=

S

FIG. 2. Simulations of the absorption decay, calculated using the rigorous
(black curves) and approximate (red curves) expressions. The differences be-
tween the rigorous and approximate models, multiplied by numerical factors
as shown, are given by the blue curves. Panel (a) shows the simulation for the
absorption decays of the ethyl peroxy radicals. Panel (b) shows simulation
for the chemically inert molecules. See text for the details and conditions of
the simulations.
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C. Absorption profiles measurement via CRDS

Equation (14) shows that the quantity (':;’fj) is di-
rectly measured in the actual experiment rather than k,p; it-
self. Therefore, the absorption cross-section o p needs to be
known to adequate accuracy since its uncertainty defines a
lower limit in the uncertainty of k,,, derived from such a
measurement.

The A < X transition of ethyl peroxy is located in
the NIR region which makes it convenient for the quantita-
tive measurement via the CRDS technique. Previously,®' the
spectra of the two ethyl peroxy conformers, T and G were
reported under ambient conditions, and subsequently,* the
peak absorption cross-section, o p, for the spectrum feature at
7596 cm~! corresponding to the peak of the R-branch of the
origin of A < X electronic transition, was experimentally
measured.

Under the conditions of the present and previously
reported®’33 measurements, this feature is relatively broad
and lacks fine spectrum details.>"3* A sufficient width of the
absorption feature is important in two respects. First, in or-
der to make a quantitatively accurate measure of the absorp-
tion, the absorption peak must be wide compared to the laser
bandwidth.’*#7 If such conditions are achieved, the experi-
mentally obtained value of the fractional absorption is insen-
sitive to the laser bandwidth and therefore absorption mea-
surements done with a pulsed multimode laser (such as a
Stokes-shifted dye laser) used in measurements of the o p, and
a narrow band single-mode diode laser will provide identical
results. Second, the use of a broad absorption feature elimi-
nates the need of locking the laser to, or scanning over,*>4! a
narrow spectral range in the vicinity of the peak absorption,
thus greatly simplifying and speeding up the data acquisition
protocol.

The nature of the CRDS protocol limits the time reso-
lution of the measurements. A single value of A(¢) is derived
from the analysis of an individual ring-down decay curve over
a time period of 3-5 ring-down times, which is of the order of
200-300 us. The speed of the chemical decay process can be
characterized by a half-life time, 7/, defined as time mea-
sured since the start of the kinetic data acquisition at which
the concentration of the reactive species is reduced by a factor
of two. Assuming that the chemical removal process is domi-
nant and the radicals are evenly distributed over the sample at
t = 0, we obtain

T2 = (2kops No) ™' (19)

The half-life time 7/, defines the time scale of the kinetic ex-
periment. For the accurate measurement of the RRC, two cri-
teria must be met. First, the time resolution A¢ must be small
compared to T15. Second, the time span, T,,, over which the
kinetic decay is observed must be large compared to 7. Us-
ing an order-of-magnitude argument, we define the practical

limits for At and T,
At <0.1- 712 = (20kops No) ™', (20a)

T, > 101’1/2. (20b)

J. Chem. Phys. 139, 094201 (2013)

For the values of RRCs in Eq. (1) and the experimental
conditions,? the value of t,,, is ~2.5 ms, hence a time res-
olution of 2250 us and recording time for measuring kinetic
decay of ~25 ms is required to obtain data to accurately de-
termine the RRC for self-reaction of the ethyl peroxy radicals.

lll. EXPERIMENTAL
A. Instrumental design

A schematic diagram of the experimental setup is given
in Fig. 3. We used one of the arms (arm A) of the previ-
ously described®® dual wavelength CRDS apparatus to build
the CW-CRDS system, with arm B being reserved for future
extensions of the experiment. The optical train for the photol-
ysis laser beam is shown in Fig. 4. A rectangular reaction cell
with cross section 12.5 mm x 25 mm is inserted in the middle
of the 70-cm long CRDS cavity and is furnished with quartz
windows allowing the radiation from the photolysis laser to
define a zone for the reactive species. The beam of the ex-
cimer laser entering the cell is reshaped by cylindrical and
spherical lenses and restricted by the mask placed 20 cm away
from the axis of the cell, resulting in formation of the reaction
zone whose dimensions are 8 mm high and 60 mm long in the
plane containing the probe beam and perpendicular to the ex-
cimer beam. The precursor mixture is introduced into the cell
through two input ports located at either side of the reaction
region, 175 mm apart. The cell is evacuated through a single
port located above the center of the photolysis window by an
Alcatel 2012AC vacuum pump interfaced through a needle
valve to control the flow rate.

The radiation of an external cavity diode laser (ECDL,
New Focus Velocity TLB-6324) is coupled to the TEMy
mode of CRDS cavity through one of the mirrors (Los
Gatos Research, 99.995% minimum reflectivity) using mode-
matching optics (MMO). To prevent back-reflection of the ra-
diation to the laser diode, two 30-dB optical isolators (OI)
were placed after the exit aperture of the laser. The laser

! L ]
Photodiode | J | J
()

Reaction ol AOM
o |- F \/

4>

region

=

Delay
generator || )
—— Analog Function
—— Digital generator
—— GPIB
MX

Trigger to the

photolysis laser

FIG. 3. Schematic diagram of the experimental setup. Abbreviations:
ECDL - external cavity diode laser, OI - optical isolators, AOM - acousto-
optical modulator, MMO - mode-matching optics. See text for more detail.
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FIG. 4. Schematic diagram of the optical train for the photolysis beam. Abbreviations: CL - cylindrical lens, SL - spherical lens, PI - precursor inlet. The pump
port location is shown as white circle in the middle of the cell. The inset below shows the cross-section of the reaction cell in the plane perpendicular to the
probe beam. The position of probe beam (waist diameter 1.4 mm) is marked by a red dot. See text for more details.

radiation can be rapidly coupled and de-coupled from the cav-
ity using an acousto-optic modulator (AOM, Brimrose Corpo-
ration, IPM-80-13) capable of transmitting over 70% of radi-
ation into the first order diffracted beam. To maintain single
mode operation of the laser, typical output power within the
range of 4.5-5.5 mW was used, resulting in about 3 mW im-
pinging upon the mirror of the CRDS cavity.

The CRDS signal is captured by a photodiode (Thorlabs,
PDA10CS) and amplified by two consecutive custom made
preamplifiers. To reduce electrical noises and avoid ground
loops in low signal circuits, the built-in preamplifier of the
photodiode and the first stage custom made preamplifier are
battery powered. The output of the second stage preamplifier
is recorded by the data acquisition board (ADC, Measurement
Computing, PCI-4020/12). The same signal is interfaced to a
digital delay generator (Stanford Research Systems, DG535)
to provide a trigger signal for the AOM and a reference signal
for timing circuits. The resulting digital output from the delay
generator is also recorded by the ADC to facilitate the data
processing.

In the present version of the spectrometer, the laser fre-
quency dithers around a given CRDS cavity resonance using
a feedback circuit. To accomplish this, we used an arbitrary
function generator (Agilent, model 33220A) to drive the PZT
actuator of the ECDL with a periodic sawtooth signal. The
analog output of the function generator is added to the sig-
nal generated by the DAC (Access, PCI-DA12-6) installed in
the dedicated servo computer, through a custom-made ana-
log mixing circuit (MX). The output of the MX is supplied to
the EDCL. The real time software run by the servo computer
responds to the digital signals provided by the delay gener-
ator and function generator, and controlled through the cus-

tom made parallel port link by the control computer running
data acquisition software. Time-insensitive operation settings
of the function generator and EDCL are monitored through
the GPIB interface by the control computer.

B. Data acquisition protocol

The choice of the experimental protocol is defined by
the requirements imposed by the kinetic mechanism, spectro-
scopic properties of the radicals, and instrumental specifics.
Since the bandwidth of the CW ECDL laser (<1 MHz) is
much narrower than either that of the Raman-shifted pulsed
dye laser (1-3 GHz) which was used® for measurements
of op, or the separation between the CRDS cavity modes
(210.8 MHz), the CW-CRDS requires synchronization of the
laser frequency and the frequency of the cavity resonance for
aring-down event to occur.

In general, an ECDL laser lacks the intrinsic capability
to stabilize its frequency to sub-GHz accuracy and needs to
be referenced to an external device or frequency marker. An
example of such marker is a CRDS cavity resonance. CRDS
resonance frequencies are not stable either, but “drift” due
to the thermal variations in the environment of the CRDS
cavity. A typical coefficient of linear thermal expansion for
the cavity material (stainless steel) of about 107°/K im-
plies that a mirror-to-mirror distance in a 70 cm long cav-
ity varies up to 7 um/K, or about 10 half-wavelength at the
frequency of A <— X origin transition of the ethyl peroxy.
Viewed from a different perspective, the frequency variation
of a particular cavity mode is of the order of 0.06 cm™!/K.
The width of the peak of the R-branch of the origin transition
is of the order’’3? of 1 cm~!. Hence, an environment with
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FIG. 5. Water absorption lines used for the frequency calibration of the diode
laser. The top black trace shows the experimental trace obtained by a rapid,
420 GHz/s sweep over about 1 cm ™! in the vicinity of the peak absorption of
the ethyl peroxy radicals. The bottom, inverted red trace, shows simulation
of the absorption using the data from HITRAN database. The absolute transi-
tion frequencies from HITRAN (in cm™!) are shown. The details of the plot
simulation and transition assignment are given in the text.

temperature control of 1 K is sufficient to ensure overlap of
the laser frequency with the spectral feature without sacrific-
ing the accuracy of the absorption measurements.

The absolute frequency of the laser is calibrated by
recording water absorption lines in the vicinity of the target
frequency observed by substitution of the organic precursor
with a 10% mixture of ambient air. Figure 5 shows the ex-
perimental trace (black) obtained during a rapid sweep of the
laser frequency coupled to the CRDS cavity over a succes-

J. Chem. Phys. 139, 094201 (2013)

sion of the cavity TEMyy resonances in the vicinity of the
target frequency. Three water lines are observed, (021) 7s3
<« (000) 656 at 7592.430 cm™!, (101) 75, < (000) 633 at
7592.559 cm™! and a stronger feature, (002) 43, < (000) 35;
at 7593.147 cm~!. The bottom trace show the simulation of
the absorption lines at T = 298 K, P = 300 Torr and optical
path length LNp, o = 6.9x 10'7 cm~2 using the data from the
HITRAN database.*®

A succession of the ring-down events is generated by
dithering the laser frequency around a CRDS cavity reso-
nance with repetition rate 1.8-2.0 kHz, resulting in a ring-
down event twice a period, ensuring a temporal resolution of
250-270 pus. The dither rate is limited by two factors. First,
the small amplitude dither signal supplied by a function gen-
erator is fed directly to the PZT of the ECDL, whose com-
bined mechanical and electronic input bandwidth is limited at
2 kHz. Second, the consecutive ring-down events must be sep-
arated in time sufficiently so that each ring-down event is not
initiated before the preceding event is essentially complete. In
the present setup, a typical ringdown time in the cavity with
organic precursor present, is 7, = 60—80 ws, meaning that the
time delay between the adjacent events is roughly 4t,, which
also sets the limit of the dither rate at the present time. At
these conditions, the chosen data acquisition protocol allows
for near-continuous data acquisition during the chemical de-
cay process.

The following, or “pseudo-locking,” of the laser fre-
quency to the CRDS resonance is achieved by the implemen-
tation of a feedback circuit which includes the digital inter-
face to the servo computer and real-time software analyzing
the timing of the process. The frequency-following technique
is illustrated in Fig. 6. The analog output of the arbitrary

Y (a)

(b)

FIG. 6. The “following,” or “pseudo-locking” scheme. The laser frequency is dithered around the CRDS cavity resonance (red trace at the left) by applying a
periodic sawtooth voltage (blue trace) to the diode laser PZT. The resulting periodic frequency sweep produces ring-down events (green traces) twice a period
as the laser frequency matches the frequency of the cavity resonance, as shown in panel (a). A shift of the laser center frequency of the dither with respect to the
cavity resonance is measured by the delay between function generator sync signal, panel (b), and digital signal produced by the ring-down event, panel (c). An
analog error signal AV, is generated to produce a compensating shift of the center dither frequency if the delay does not equal the dither quarter-period, 74/4,
i.e., to reduce 87, to zero value. The error signal AV, is added to the voltage supplied to the PZT of the laser.
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function generator, which serves as a master clock, is added to
the output of the servo DAC and the voltage sum, V, is applied
to the PZT of the diode laser to control its frequency. The
sawtooth waveform signal (blue) applied to the PZT, shown
in trace (a) results in the periodic sweeping (dither) of the
laser frequency around the CRDS cavity resonance (shown
to the left of the trace (a) in red). Ideally, the center fre-
quency of the sweep coincides with the cavity resonance fre-
quency resulting in the equally-separated ring-down events,
shown as green decay traces, occurring twice a period. Un-
der such circumstances, the ring-down events occur at 7,/4
and 37,/4 times since the frequency sweep reversal, which
is marked by the function generator sync signal, shown in
trace (b).

The ring-down events are initiated when the signal on
the photodiode generated by the light injected into the cav-
ity by the laser in resonance reaches a pre-set value. This
causes the delay generator to decouple the laser beam from
the cavity by switching off the AOM and to issue a digital
signal as shown in trace (c) of Fig. 6 which is recorded by the
ADC for future data processing. Both digital signals (shown
in panels (b) and (c)) are interfaced through the parallel port
to the servo computer where the real-time software measures
delay between them. When the dither center frequency drifts
away from the cavity resonance, the delay between sync sig-
nal and ringdown event changes. This change, éT,, is used
to generate the analog error signal which is added to the DC
offset of the analog signal supplied to the PZT of the laser
such that the center dither frequency is restored to the cavity
resonance. Such a correction is performed once a period. If
the error signal reaches the limit of the DAC range, the DAC
voltage is rolled back to match the frequency of the adjacent
cavity resonance. The addition of the analog signals from the
function and error signal from DAC is performed by a mix-
ing circuit MX (see Fig. 3) in which the function generator
output is attenuated by a factor of 4, and the DAC output is
attenuated by a factor of 10 to reduce the effect of the digital
noises from the DAC and increase the flexibility in adjust-
ment of the dither amplitude. This pseudo-locking protocol is
capable of maintaining the frequency following for as long as
20 continuous minutes with a frequency dither amplitude of
about 30 MHz.

The data are taken in frames as illustrated in Fig. 7. The
data frame is a segment of the continuously acquired data of
typically 150 ms duration. Trace (a) shows the sawtooth sig-
nal described above, which results in the succession of the
ringdown events schematically shown as vertical bars in trace
(b). The analysis of the decay time constant of each ring-down
event produces a single data point on the absorption plot. Such
data points are shown as circles in trace (c). The trigger for
the ADC installed in the control computer (see Fig. 3) to start
acquisition is supplied by the real-time program run by the
servo computer at # = 0 mark, as shown on trace (d). The first
portion, between 0 and 50 ms of the data frame, occurring be-
fore the photolysis laser fires, is used to collect the baseline
information. At the 50 ms mark, a trigger pulse is issued to
fire the photolysis laser to initiate chemical reaction leading
to the formation of the peroxy radicals and their subsequent
decay. The second portion of the data frame, 100 ms long, is

J. Chem. Phys. 139, 094201 (2013)
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FIG. 7. The structure of the data frame. Panel (a) shows periodically swept
voltage supplied to the ECDL, resulting in the succession of the ring-down
events (panel (b)). A 150 ms duration of the raw signal is recorded by the
ADC (shaded area in panel (c)) after a trigger pulse (panel (d)) is issued
by a servo computer. The raw ring-down curves are processed to obtain a
single absorption data point (dots on the curve in panel (c)) per ring-down
event. The data obtained during the first 50 us (blue dots) prior to triggering
the photolysis laser (panel (e)) are used to calculate the baseline for radi-
cal absorption, the rest of the data (red dots) are used to derive kinetic rate
constant.

dedicated toward acquiring the kinetic decay data. Each data
frame record contains 500-600 ringdown events, which are
used to generate a single kinetic decay curve, as shown in
trace (c). The repetition rate of the data frames is adjusted ac-
cording to the pumping speed of the reaction cell to allow for
complete refreshment of the sample between two successive
photolysis events, as will be discussed below. A succession
of 100-250 data frames taken under the identical conditions
is stored in a single file whose size is limited by the file sys-
tem of the control computer where the data are stored. Large
continuous amounts of data are generated by running a data
acquisition device in the “streaming” regime. In this regime,
the on-board memory buffer is used as a pipe, which continu-
ously transfers the incoming data into the hard drive. To avoid
overrunning the on-board memory buffer, the data acquisition
rate (16 MB/s) should be slower than the SATA data trans-
fer rate (300 MB/s for SATA 2.0). This condition is readily
achieved. Due to the large data input rate, the raw data are
not processed in real time but stored in the computer and are
processed (and, if necessary, re-processed) later.

C. Experimental parameters and conditions

For the kinetic experiments, the ethyl peroxy radicals
were generated by the 193.3 nm photolysis of a gas mix-
ture consisting of dry air and 3-pentanone vapor. The pho-
tolysis of 3-pentanone produces two ethyl radicals,* see
Eq. (1a), followed by the formation of the ethyl peroxy radi-
cals and subsequent reactions as described by Egs. (1a)—(11).
The precursor mixture is prepared in a gas manifold con-
sisting of three separate lines. Dry air is supplied through a
2000 sccm (standard cubic centimeters per minute) MKS flow
controller which forms the main line. The organic precursor
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FIG. 8. The details of the experimentally observed ring-down and kinetic decays. Panel (a) shows the raw signal containing ~540 ring-down decay curves.
Panel (b) shows the kinetic decay curve determined from the ring-down decay traces, and plotted on the same time scale as panel (a). Panels (c) and (d) show
expanded portions of the raw data containing 4 ring-down curves without and with radicals present at times marked with blue and red arrows in panel (a),
respectively. The shaded portion in panel (b) shows the region of the decay curve that was used to determine the rate constant.

component is prepared by slow bubbling of the dry air though
liquid 3-pentanone kept at room temperature and is supplied
by a line through the 50 sccm flow controller. The third line
(100 sccm, dry air) is used to form a protective curtain for
the ringdown mirrors. Dry air in all three lines is supplied
by a common gas cylinder. The experiments are conducted
at ambient temperature 298(1) K in a temperature-stabilized
environment, at a total pressure of 300 Torr, i.e., the same
conditions that were used in the measurements of the peak
absorption cross-section in the preceding work.** The num-
ber density of 3-pentanone was varied in the range of 0.6—1.8
x 10'% cm 3. The flow conditions are adjusted by throttling
the pump. The total gas flow rate was varied in the range
of 70-165 sccm. Ethyl peroxy radicals were probed at the
peak absorption frequency of the G-conformer of ethyl per-
oxy radical®* at 7596 cm™'.

For measurements of the effective flow speed, u, at the
sample axis, we monitored absorption of t-butyl peroxy>’
whose self-reaction rate constant* at 298 K is k;;sl’ =3
x 10717 cm?/s. Its half live under typical conditions, Ny
~ 10" cm™3 is over 10 s. Hence for the purpose of our mea-
surements on the time scale of ~100 ms it can be considered
chemically inert. To produce the sample of the #-butyl peroxy
radicals, we use 2-bromo-2-methylpropane. The absorption of
the #-butyl peroxy radicals was monitored at the frequency>°
of the A <— X origin band at 7757 cm™~!. Additionally, similar
measurements were performed by monitoring the time evolu-
tion of the reported™ stable byproduct of the photolysis of
2-bromo-2-methylpropane at 7612 cm~'. These complemen-
tary measurements are useful since the typical absorption sig-

nal at the origin of #-butyl peroxy is rather weak. Additionally,
absorption measurements at 7612 cm~! allowed us to check
for possible 3-pentanone contamination of the gas lines before
introducing the precursor for the #-butyl peroxy radical.

IV. RESULTS AND DISCUSSION

An example of the experimental results obtained for the
kinetic decay of ethyl peroxy radicals is shown in Fig. 8. Panel
(a) contains continuously acquired data containing approx-
imately 540 ring-down decay curves with an average sepa-
ration of 275 us over the span of 150 ms. These ring-down
events are used to derive the absorption data plotted versus
time, A(?), on panel (b) below on the same time scale. The
portion of the raw and the corresponding absorption data pre-
ceding the 50 ms mark correlate with the ring-down events
shown in blue in Figs. 7(b) and 7(c), respectively. These data
are used to establish the absorption signal baseline and ensure
the complete replenishment of the sample before the next pho-
tolysis laser pulse. It should be noted that in an earlier work™3
a baseline correction was applied to the spectrum of ethyl per-
oxy to remove the spectral interference due to an unidentified
long-lived by-product. In the present experiment, a different
chemical protocol was used. No evidence of deviation of the
decay curve from the second-order law has been observed;
hence no baseline correction has been introduced.

The portion of the trace in Figs. 8(a)-8(b) following the
photolysis laser pulse at the 50 ms mark shows the ringdown
events and corresponding absorption data which are schemat-
ically shown in red in Figs. 7(b) and 7(c). The portion of the
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kinetic decay curve in the time interval 1-26 ms after the pho-
tolysis pulse (i.e., 51-76 ms marks on the absolute scale and
shown in Fig. 8(b) as shaded area) is used to derive the RRC
of the ethyl peroxy radicals. An expanded view of the raw data
showing a succession of ring-down events during the baseline
and kinetic decay portion of the data frame are shown in pan-
els (c) and (d), respectively.

As Eq. (18) indicates, beside the experimentally mea-
sured absorption decay function, A(¢), used to calculate the
kops/o p for the ethyl peroxy under the conditions of the ex-
periment, it is also necessary to obtain the values of Ly and u.
The former value is defined by the dimension of the laser pho-
tolysis beam along the line of sight. The effective flow rate, u,
Eq. (17) is determined by monitoring the evolution of the ab-
sorption of the spectral features at 7757 cm™! and 7612 cm™!
in the spectra of the chemically inert #-butyl peroxy radical.
Due to the weakness of the signal, longer portions of the de-
cay curve, 90 ms long, were used to determine the flow condi-
tions. A typical experimental trace at 7612 cm~! is shown in
Fig. 9. The 10 ms fragment of the curve immediately follow-
ing the photolysis pulse is excluded from the analysis to avoid
the systematic effects due to transient processes, €.g., possi-
ble reactions with the methyl peroxy radicals that are formed
as by-product of #-butyl peroxy synthesis.® The effect of the
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FIG. 9. Typical traces showing the evolution of the absorption of ethyl per-
oxy radicals at 7596 cm™! (panel (a)) and inert species at 7612 cm™! (panel
(b)), taken at the flow rate of 70 sccm. Panel (a) shows an expanded view of
the kinetic decay trace shown in Fig. 8(b). The shaded areas on both panels
indicate the portion of the trace used for the determination of the effective
flow rate. The red line shows the fit of the data to the corresponding absorp-
tion decay model (see text for details).
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TABLE I. Experimental values of the effective flow rate, #, measured un-
der two different flow conditions by observation of the absorption decay of
the different features in the spectrum of the 7-butyl peroxy radicals. The av-
erage effective rates, used for the kinetic data analysis at the corresponding
conditions, i are shown in the last column.

Flow rate (sccm) v (em™) u (cm/s) i (cm/s)
7612 15(1)

70 15(1)
7757 15(3)
7612 18(2)

165 20(3)
7757 22(2)

methyl peroxy byproduct on the decay curve of the ethyl per-
oxy is discussed in Appendix A.

Measurements were taken at two different flow condi-
tions, 70 and 165 sccm total flow rates. In all experiments, the
cell pressure was maintained at P = 300 £ 0.5 Torr. To mea-
sure the flow conditions, sequences of 50 data frames were
obtained at both 7757 and 7612 cm™! frequencies. The re-
sults of these measurements are shown in Table I. The values
of the effective flow rate u obtained at different frequencies
are consistent with each other at both flow conditions, there-
fore, the average values were used in the kinetic decay anal-
ysis. Although Eq. (18) allows us to use the experimentally
measured value of u directly, we can make a rough estimate
of flow velocity v at the axis of the sample and the first order
diffusion loss rate, k;. We assume that the flow velocity v for
laminar isothermic flow is proportional to the total mass flow
rate, and k; is invariant in all measurements since the pres-
sure and temperature of the buffer gas is maintained at the
same values. Solving Eq. (17) for two different conditions,
we obtain k;= 1.9 s~!, and the values of v for the slower and
faster flow regimes used in these experiments at 3.7 and 8.7
cm/s, respectively. These estimates allow us to adjust the pho-
tolysis repetition rate such as to allow for full refreshment of
the sample between the consecutive photolysis pulses. We es-
timate that the time required for the full sample refreshment,
T, is

2
= —v,
Ly

where the factor of 2 accounts for non-uniformity of flow
speed across the cell. This gives the values of T, at 3.2 s and
1.4 s for the slower and faster regimes, respectively. The pho-
tolysis laser was fired every 5 s and every 3 s in the slower
and faster flow regimes, respectively.

To obtain the experimental values of the (k,ps/0 p), a total
of six series of measurements, each consisting of 100-250 ki-
netic events (one per data frame) at different flow conditions,
were made. The results of these measurements are summa-
rized in Table II. For the global analysis, the individual mea-
surements of the (k,ps/0 p) from all six series were combined.
The resulting value of the (k,ps/0 p) is given in the last line of
the table. The statistical distribution of the values of (k,ps/0 p)
obtained from single kinetic measurements is given in
Fig. 10. Combining this value with the previously obtained
value of op = 5.29(20) x 107! cm? for the A < X origin

T, 21
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TABLE II. Summary of the results for the kinetic decay of ethyl peroxy
radicals. All uncertainties are 1 o.

J. Chem. Phys. 139, 094201 (2013)

TABLE III. Summary of the experimental values reported for k,ps for the
self-reaction of the ethyl peroxy radicals. All uncertainties are 1 .

k
Series  Frames N x 10715 (cm_l) u (cm/s) (0—“) (107 cm/s)
op

1 250 1.29(7) 15(1) 1.82(3)
2 250 1.19(6) 15(1) 1.81(3)
3 100 0.88(4) 20(3) 1.82(5)
4 100 0.91(4) 20(3) 1.84(5)
5 250 0.85(4) 20(3) 1.86(5)
6 249 0.85(4) 20(3) 1.85(5)
Total 1199 1.827(45)

band of the G-conformer of the ethyl peroxy, we obtain

k
( ”) — 1.827(45) x 107 cm/s, (22a)
op
op = 5.29(20) x 107! cm?, (22b)
kops = 9.66(44) x 107" cm?/s, (22¢)

where the numbers in parentheses indicate 1o for the statisti-
cal uncertainties. The value of the k5, obtained in this work is
compared to the values previously reported by various groups
in Table IIL. It is consistent with the previously reported val-
ues except those by Fenter et al.>* and Noel et al.>®> Table III
shows that the precision of the present measurements is con-
siderably greater than most of previous ones. Nonetheless, the
accuracy of these measurements can potentially be affected
by a number of unaccounted processes and approximations.
In Appendix A, we examine some of these factors and show
that an intelligent choice of the mathematical model and ex-
perimental conditions can reduce systematic errors to values
comparable to the statistical errors.

V. SUMMARY

In the this work, we have demonstrated an extension of
the dual-wavelength CRDS apparatus reported previously>?

= HHHHH H Hﬂﬂﬂﬂﬂ 1|

.70 1.75 1.80 1.85 1.90 1.95 2.00

-

(kps/0p), 107 cm/s

FIG. 10. Statistical distribution of the values of (k,ps/0 p) obtained from in-
dividual measurements in the combined data set.

kobs (10713 cm/s) Reference

1.08(34) Lightfoot et al >
0.91(23) Wallington et al.*
1.03(29) Atkinson®

1.29(7) Fenter et al.**

1.20(9)* Noell et al.?

1.24(41) Atkinson and Hudgens?0
0.966(45) This work

“Value obtained at P = 200 Torr, T = 295 K.

which was used to measure the absolute absorption cross-
section, op, of the reactive species. This extension permits
the accurate measurement of the reaction RRC using time-
resolved CW-CRDS spectroscopy. This apparatus has a high
duty factor which allows for the determination of the absorp-
tion decay rates, (k,ps/0 p), with high precision, and allows for
the dimensions of the reaction region and the volume of the
reactive sample to be substantially smaller than those typi-
cally used for kinetic measurements. An error analysis indi-
cates that the systematic errors should be relatively small and
comparable with the statistical uncertainties of the measured
kabs-

To illustrate the capability of the apparatus, we have
measured the effective self-reaction rate of ethyl peroxy rad-
icals by monitoring the evolution of the absorption at the
peak of the A <— X origin band of the G-conformer of this
molecules. The experimentally measured absorption decay
rate, (k,ps/0 p), and previously measured value of the peak ab-
sorption cross-section were used to derive the value,

kobs = 966(44) X 10_14 cm3/s

at room temperature. This reported value of k., is consis-
tent with the majority of the previously reported values of this
quantity; however, it enjoys lower experimental uncertainties
and is likely less time consuming to obtain than previously
reported measurements.

We have demonstrated that the presented experimental
setup is capable of performing accurate and precise measure-
ments of the RRC and peak absorption cross-sections in com-
plementary but independent experiments, resolving the corre-
lation between these parameters, often present in earlier mea-
surements. The present version of this apparatus can be used
for measurement of the (k,ps/0 p) within a dynamic range of
nearly two orders of magnitude without any further modifica-
tion.
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APPENDIX A: ERROR ANALYSIS

To evaluate the precision and accuracy of the measure-
ments of k,p it is important to discuss various sources of er-
rors in these measurements and their impact on the final result.

1. Statistical errors

The statistical uncertainty of k,5s in Eq. (22c) receives
contributions from two major sources as it is calculated from
the two independently measured values. For the distribution
of the individual measurements of (k,;/0 p) shown in Fig. 10
the statistical uncertainty is given in Eq. (22a). Its half-width
corresponds to a statistical error of 2.5%. This uncertainty is
due to a modest signal-to-noise ratio for the individual ring-
down traces. The noise in the ringdown curve results in ran-
dom fluctuations of the calculated absorption which propagate
to random noise for the derived value of (k,,s/0p). This er-
ror sets the limit of the precision for the measurements of the
RRC using the present apparatus. The second source of the
statistical error is the experimental uncertainty for o p, which
is about 4.1%, and whose analysis is given in Ref. 33. Under
these conditions the actual precision of 4.6% is practically
limited by the o p measurement.

a. Errors in the effective flow rate measurements

An additional contribution to the random error which
needs to be explicitly considered results from the error prop-
agation from the experimental uncertainty in u, which can
affect the derived value of (k,5s/0p). As seen in Fig. 9, the
signal-to-noise ratio for the absorption decay traces of “quasi-
stable” species which were used for measurement of the effec-
tive flow rate, is rather poor, which resulted in the uncertain-
ties of the experimental values of u (see Table I). The appar-
ent solution to this problem is to use a longer period of the
experimental trace for the numerical analysis. On the other
hand, these measurements should be done over a period of
time which is short enough to approximate the absorption de-
cay of the inert species by a linear law, Eq. (16). We found
that the optimum range for the data analysis is within 10—
100 ms after the photolysis pulse. At longer times, the decay
curve exhibits non-negligible nonlinear character due to the
exponential factor in Eq. (15), which would lead to underes-
timation of the value of u if the decay trace is fit to the linear
law. At times shorter than 10 ms, a faster kinetic decay of the
spectrum carrier is observed, possibly due to the reaction with
the trace amounts of the methyl peroxy radicals that are also
generated as a by-product of the #-butyl peroxy synthesis.””

The inclusion of the macroscopic and diffusional removal
in the analysis of the kinetic decay of the ethyl peroxy radi-
cals partially accounts for the removal of the reactive species
from the sample, hence u is expected to negatively correlate
with the k,,s/0 p. We performed several model runs of the fit
of the kinetic decay data with varying preset values of u and
obtained the value of the correlation factor,

kOS
a( b)/au%—6x104,
op

(AD)

J. Chem. Phys. 139, 094201 (2013)

which implies that 3 cm/s uncertainty of the experimental
value of u propagates into 2 x 103 cm/s contribution to the
uncertainty of the k,ps/0 p, which is small compared to 1o of
distribution shown in Fig. 10. Since the experimentally mea-
sured values of u are randomly distributed, the uncertainty in
u contributes to random rather than systematic errors.

2. Systematic errors

a. Implications of reactions, Eqs. (1h)—(1l), for the
observed decay process

The analysis in the present paper is based on the assump-
tion that the observed removal of the ethyl peroxy radicals
obeys a second order kinetic decay law, Eq. (4), with the ef-
fective rate constant, k,,s Which is related to the rate constants
of the elementary processes, e.g., as shown in Eq. (2). This
relationship holds as long as secondary chemical processes
following reaction, Eq. (1d), result in rapid stoichiometric re-
moval of two additional peroxy radicals. While the competing
reactions, Eqs. (1h)—(11), do not necessarily alter the form of
the decay law, they will affect the relationship, Eq. (2). While
the present studies are not aimed at elucidating the latter re-
lationship, it is still useful to estimate the impact of the com-
peting reactions on the value of the k.

To do that we performed a series of quantitative calcula-
tions of the temporal profile of the reactive species at the con-
ditions of the experiment (N¢,s, = 105 cm™3, T = 298 K,
P(air) = 300 Torr) using the complete reaction mechanism in
Eq. (1), such as those shown in Fig. 1. The calculated tem-
poral profile of ethyl peroxy radicals obtained from these de-
tailed calculations were subsequently fit to the simple second
order decay function, Eq. (4). This procedure has been re-
peated while the value of the effective self-reaction rate con-
stant for HO,, k'gg? = ki, + k1; Ny, + k1N, has been var-
ied while all other RRCs were fixed. Similar calculations have
been performed for the reactions, Eqs. (1k) and (11). The par-
tial derivatives of the k,,; with respect to kgéz and ky; were
obtained

ok,
( i ) = -58x107°, (A2
kS .
HO, k;{gz=2.05x10-‘2
aka s B
( b) — —6x107°, (A3)
Okik /g =1.7x10-1
8k0 s B
( b ) — _1.1x 1075, (A4)
ki /) k=1.7x10-1

Overall, the variation of kgéz within two orders of mag-
nitude, from 1 x 1078 to 1 x 10~ resulted in about 0.5%
variation of the calculated value of k,,. Similar results (0.3%)
was obtained for the variation of the k;; within two orders of
magnitude, from 2 x 1072 t0 2 x 10719 and for ky; (1.5%) for
variation of the latter from 1.6 x 10~'% to 1.6 x 10710 cm?/s.
Therefore, we conclude that the effect of reactions, Eqgs. (1h)—
(11), on the overall ethyl peroxy decay rate at the conditions
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of the experiment, and the propagation of the uncertainties for
the corresponding RRCs are negligible.

b. Presence of other reactions

The number density of the ethyl peroxy radicals can be
straightforwardly measured from the absorption at t+ = 0,
the length of the sample, Ly, and the peak absorption cross-
section, op, using Beer’s law. The decay curves, such as
shown in Fig. 8(b), are analyzed under the assumption of the
reaction mechanism of Eq. (1). If other reactive species are
generated by the photolysis and subsequent chemistry, the de-
cay of the ethyl peroxy radicals may no longer be described
by Eq. (1). An example of such an independent decay pro-
cess can be seen in Fig. 9 within a few 10 ms after the pho-
tolysis pulse. The two most likely reactive by-products are
C,H5CO (or its derivatives) and CH30,. Although the for-
mation of the acyl radicals from the photolysis of ketones
is possible at longer photolysis radiation wavelengths,’! the
photon energy at 193.3 nm allows for the direct formation of
two alkyl radicals.>> No detectable trace of acyl byproducts*’
are experimentally observed hence it is unlikely that C;HsCO
contributes to the chemistry.

However, small amounts of methyl peroxy radicals were
detected in the #-butyl peroxy® and ethyl peroxy spectra.’!
At t = 0, their reaction with the ethyl peroxy contributes to
the rate of removal of the latter by —klzNoNé"I P where ki»
is the observed reaction rate between the ethyl and methyl
peroxy radicals and N} is the initial concentration of methyl
peroxy. The initial concentration of the CH3O, radicals can
be estimated from the survey scan traces over the spectrum
range of ethyl peroxy radicals®' and the reported value*® of
its peak absorption cross-section o}/ ¥ = 2.7x1072° cm?. The
amplitude of the feature identified as the origin of the CH;0,
by Rupper et al.3' is about 5% of the amplitude of the origin
of the G-conformer of the ethyl peroxy. Since o }/” is nearly 5
times larger than o p, we deduce that the initial concentration
of the methyl peroxy is two orders of magnitude smaller than
that of the ethyl peroxy radicals.

The reported value® 3”3 of the kjp = 2x 10713 cm?/s is
comparable with k,,, hence at the conditions of the experi-
ment, the main mechanism for the removal of methyl peroxy
radicals from the reaction region is its reaction with ethyl per-
oxy radicals. For the purpose of rough estimate we can as-
sume that the temporal profiles of the two radicals are similar,
and obtain an estimate of the systematic error due to the cross-
reaction between two species

MP

Skops = —k No
obs — 12 2N()

which constitutes about 1% overestimate of the k.

~ —10"1 em’/s,

(A5)

c. Longitudinal spatial non-uniformity
of the reactive sample

Equation (10) was obtained under the assumption that the
reactive sample is spatially uniform, so that N(x, f) factors out
from the integration over the beam path. In reality, the sample
has some non-uniformity, and the distribution of the number

J. Chem. Phys. 139, 094201 (2013)
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FIG. 11. The spatial distribution of the intensity, in arbitrary units, of the
photolysis laser beam along the axis of the sample relative to its midpoint.

density, N(x, 0), maps from that of the photolysis beam inten-
sity 1,(x). To maximize the uniformity of the sample, we used
a mask which blocks lateral, low-intensity parts of the photol-
ysis laser beam, creating a rectangular sample 6 cm long and
8 mm tall, along the axis of the probe beam. The photolysis
beam intensity distribution within the open region was mea-
sured using a smaller, 5 mm long mask which could sample
the beam at the desired value of x. The results of these mea-
surements are shown in Fig. 11.

To estimate the errors due to the observed sample non-
uniformity we assume that during the time interval of the ki-
netic measurements (25 ms) the sample length remains essen-
tially unchanged. We also assume that the spatial variation of
the sample density is relatively small, and express N(x, 0) as
a weakly varying function of x with an average value, Ny. Its
spatial variation is described by a dimensionless function f{x),
whose integral over the optical path vanishes, in accordance
with the definition of the Ny, Eq. (10b):

N(x,0)=No(1+ f(x)), (A6a)

Lo

fx)dx =0, (A6b)

0

and N is defined in Eq. (10b), and f(x) is a dimensionless
distribution function. Expanding the exponentials in Eq. (8)
and substituting the results, along with Eq. (A6) into Eq. (9),
we obtain

_ L7 No(1+ f(x))
A(f)—UP(l—kll)/o H-T(MNOI

x (1 _w)dx (A7)

1+ 2koNot

In the expression under the integral, f(x) is the only
coordinate-dependent quantity. Since its integral over Lg
vanishes, we rewrite Eq. (A7), ignoring small terms
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quadratic in ¢, as

(1 — ki) Ao [1 - le]

0
Ko\ A
142 (—”) =0
op L()
1 2k ps Not
x 41— — o0
Lo 14 2k,ps Not

A(t) =

Lo
/ fz(x)dx} . (A8)
0

The fraction in front of the curly brackets on the right hand
side of Eq. (A8) reduces to the right hand side of Eq. (18).
The integral within the curly brackets on the right-hand side
is related to the variance of the radical number density, x3
which we assume is the same as the variance of the photolysis
beam intensity shown in Fig. 11,

1

xXn=—

Lo )
(x)dx.
Lo Jo f

(A9)

We now show that the sample nonuniformity affects the
measured value of k,p directly, i.e., it contributes to the sec-
ond order term in Eq. (7) by addition of the systematic error
8,kops. Substituting kyps + 8,kyps for the k,ps in Eq. (10a) and
performing the expansion of the exponentials and rearranging
the terms as we did for Eq. (A7), we obtain

(1 = ki1) Ag [1 - Liot]

142 <kobs> ﬂ
op L()
(A10)
Comparing Egs. (A8) and (A10), we find the value for the
systematic error due to the sample nonuniformity,

28, ks Not
A(f) = { bs 0 } .

1+ 2kops Not

Snkobs = Kobs X - (A11)

For the beam intensity distribution shown in Fig. 11 we find
X3 = 0.017, hence the corresponding sample nonuniformity
results in the overestimate of the ks by 1.7%.

In addition to bulk sample non-uniformity, two other ef-
fects need to be discussed. First, it is the effect of the radi-
cal diffusion along the sample axis. This effect will be most
prominent at the ends of the sample where the gradient of
radical concentration will be the greatest. This gradient will
cause the radicals to diffuse outwards, creating regions where
the sample concentration will be lower than in the middle of
the sample and simultaneously extending the overall sample
length. While the total absorption within the sample will be
unaffected by this process, radicals in the region with reduced
concentration at the ends of the sample will decay slower, re-
sulting in underestimation of k,s/0 p. Similar processes in the
middle of a nonuniform sample result in transfer of radicals
from more dense to less dense regions and are expected to me-
diate the effects of the spatial sample nonuniformity discussed
above. Hence, we will discuss only the systematic error due
to diffusion effects at the ends of the sample. Such systematic
error can be estimated by the degree of the sample extension
by ¢t = 1, due to diffusion. This extension is characterized
by the mean-squared displacement of the radical at the sam-

J. Chem. Phys. 139, 094201 (2013)

ple border,

(x*) = 2D1y)0, (A12)

where D is the diffusion coefficient for ethyl peroxy radi-
cal in air. A diffusion coefficient of ethyl peroxy radicals is
not available, therefore for the purpose of estimate we use
the value of D for ethanol provided by the EPA.>* For the
conditions of the experiment (T = 298 K, P= 300 Torr),
D = 0.316 cm?/s, therefore the overall sample extension, SL
can be found at

SL = 2/(x2) ~ 1.8 mm. (A13)

The factor of 2 is introduced to account for both ends of the
sample. This constitutes 3% of the sample length, and is ex-
pected to translate into the corresponding value of systematic
error for k,ps/o p.

Finally, we take into account “leaking” of the excimer ra-
diation outside of the mask, thus creating an uncertainty in the
actual sample length. The photolysis beam from the excimer
laser entering the cell is reshaped by two lenses, cylindrical,
and spherical. This arrangement creates a beam focus, less
than 1 mm wide, in the plane of the probe IR beam at the
distance 60 cm from the sample axis. The mask is placed 20
cm away from the sample axis, thus the expected uncertainty
of the sample length is about 0.33 mm at each side, which is
about 1% of the sample length.

d. Transverse spatial sample nonuniformity

To use Eq. (7) instead of Eq. (6) we assumed that the
diffusion term in the latter equation can be replaced with the
first-order kinetic term in the former equation. To test this as-
sumption we assume that the chemical removal of radicals
occurs at a much greater rate than the physical removal due to
diffusion. Therefore, we need to find conditions under which
the diffusion in the direction perpendicular to the sample axis
exhibits the same behavior as the first order kinetic term, i.e.,
its value is proportional to N(¢). To do that we consider a spa-
tial distribution of radicals which is non-uniform along the
axis y, perpendicular the line of sight, and whose initial dis-
tribution follows the one-dimensional Gaussian profile of the
photolysis laser,

2
N(y.t =0) = Ny exp [— (1) } . (Al4)
Yo

where yy is the half-width of the photolysis laser beam in the
direction perpendicular to the probe laser beam. Since we as-
sume that the sample is uniform along the other two direc-
tions, then the diffusion term at the axis of the sample is writ-
ten as
2
DV2N(0,t = 0) = lim Da—N(y, t=0)= —2DN°,
y—0 8y2 g

(A15)
which means that at t = O the condition is fulfilled, and com-
parison of Eqgs. (6) and (7) and (A15) gives k; = 2D/y§. To
obtain an expression for this term at times other than r = 0,
we substitute the expression in Eq. (A14) into Eq. (4) and
evaluate lim,, _, oDV?2N(y, t) as a function of time. We obtain,
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explicitly removing coordinate dependence,

DVANG) 2D Ny 2DN(t)
3 (L 2konNon)® 3 (14 L)
0 T12
(A16)

where the half-life time 7/, is given by Eq. (19). In notation
of Eq. (7), the k; constant becomes time-dependent,

2D
w(1+:5)

We see that Eq. (7) is approximately valid at times
t < 11p. For t-butyl peroxy, it remains valid during all the
measurement period (90 ms), since for these species 7, is
over 10 s. However, for the ethyl peroxy, measurements are
carried out for a period exceeding 7, by an order of magni-
tude, over which the impact of diffusion greatly diminishes.
Therefore, the use of the value of u obtained from the #-butyl
peroxy for the analysis of kinetic decay of ethyl peroxy will
result in a systematic error in the measured value of k,ps/op.
The magnitude of this error can be estimated as follows. At
t < 1y the impact of this error is negligible, and gradually
grows to its largest value towards the end of the measurement.
Diffusion provides a major contribution to the value of u, e.g.,
for t-butyl peroxy kLo &~ 12 cm/s (see discussion below), we
can estimate the overall systematic error due to treatment of k;
as constant for the measurements of the ethyl peroxy kinetic
decay over the period of 107, as

ki(r) = (A17)

kobs
op

0.76 - k1 Lod ( )/Bu =-54x 10°cm/s, (Al8)
where the factor 0.76 is 1 —T(t)/ k1(0), and the numeri-
cal value for the partial derivative from Eq. (Al) is used.
This systematic error is comparable in magnitude to the ran-
dom errors in Eq. (22a) and results in an underestimate of
the k,ps/o p as it results from radical loss to diffusion rather
than to kinetic decay.

It is interesting to note that systematic errors due to reac-
tion with methyl peroxy radicals and longitudinal nonunifor-
mity on the one hand, and oversimplification of the physical
kinetic processes on the other hand, result in the systematic
errors that have opposite but comparable effects on the deter-
mined value for k,p;.

e. Other model approximations

Up to now we have used Eq. (18) as a solution of Eq. (7).
This is a useful approximation which allows us to interpret
the physical significance of the parameters k; and v (see
Eq. (17)) and to apply the results of the flow rate measurement
to the analysis of the kinetic decay. In doing that, however, we
have made two assumptions.

First, we treated k; as a time-independent parameter and
subsequently replaced the exponentials arising from the first-
order term in Eq. (7) with its power series expansion truncated
at the linear term. As shown in Fig. 2(b), such an assump-
tion results in the overestimation of the effective flow rate (red
curve) compared with the rigorous solution of Eq. (15). The
choice of the parameters in these simulations arose from the

J. Chem. Phys. 139, 094201 (2013)

comparison of the values of u at the different flow rates shown
in Table I. Since an increase of the flow rate by a factor of 2.4
results only in a moderate increase of u of about 30%, the dif-
fusion processes, accounted for by k|, must play a substantial
role. Assuming v is proportional to the macroscopic flow rate
and k; is independent of it, we obtain values of k; = 1.9 s~ !
and v = 3.7 cm/s at the lower flow rate. As Fig. 2(b) shows
that the experimental values of u measured over 100 ms por-
tion of the decay curve are about 10% overestimated, which
results in roughly a 10° cm/s underestimate of the k,p/o p, or
0.5% underestimate in the determination of k.

Second, we assumed that the flow speed is low enough
so that the flow is laminar and any turbulence effects can be
ignored. The criterion for this flow type is defined by the value
of the Reynolds number, R

VD
Re:pm h’

n

where p is the fluid (gas) density, v, is the mean stream
velocity, Dj, is the hydraulic diameter of the cell, and 7 is
the dynamic viscosity. For air at T = 295 K, the pressure-
independent value of n = 1.82 x 107> kg m~'s~!, and the
density of the air at P = 300 Torr is 0.51 kg m~>. The mean
stream velocity, v,,, for the isothermic flow at T = 298 K and
pressure P can be estimated using an equation that is straight-
forwardly derived from the ideal gas law (i.e., assuming that
the specific volume is inversely proportional to pressure),

_VaPu
S P’
where V, is the standard condition volumetric flow rate, given
in the first column of Table I, Py, = 760 Torr, and S, is the
cell cross-section. Under the conditions of the experiment, the
values of the v,, for the slower and faster flow regime are 1.0
and 2.4 cm/s, respectively, which are about 3 times smaller
than the macroscopic flow speed, v, at the axis of the cell.

The hydraulic diameter of the pipe with the rectangular
cross-section is given as

(A19)

Um

(A20)

(A21)

where p. is the perimeter of the cell cross-section. For the
cell used in these experiments, D, = 1.67 cm. Using the pa-
rameters of the expansion, we obtain values of the Reynolds
number for the slower and faster flow regimes of 4.6 and 11.0,
respectively. For fluid flow to be considered laminar, the value
of the Reynolds number should stay>® below 2300. Hence,
turbulence effects at the axis of the cell can be ignored.

In summary, the combined systematic errors for the ex-
perimental measurements evaluated for the conditions of this
work are of the order of the 2% of the reported value of
kops Which is comparable to the experimental uncertainties of
the k,p;.

APPENDIX B: APPARATUS LIMITATIONS

It is worthwhile to consider the range of the absorption
decay values, k,ps/0p which can be practically determined
using the present experimental setup. To measure k,ps/0p
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reliably, the following criteria must be met. First, the time res-
olution, A¢, must be sufficient to record M data points during
71/, period of time. Second, the signal-to-noise ratio of the ab-
sorption trace at ¢ = 0 should be at least R}, given the baseline
noise level is A,. Third, the maximum absorption amplitude at
t = 0 should be at most Ay. The third criterion is imposed by
the limited time resolution of the ADC that has to be sufficient
to record the ring-down curve, and the stability issues of the
frequency following scheme, described in the Experimental
section.

Using these criteria, we first estimate the maximum mea-
surable value of k,,;/0p. Summarizing the first two criteria,
we obtain

T12 1
=" =", (Bla)
At 2Nokyps At
. LoopN
RS :M’ (B1b)
Ay

from which we derive

Kops L
b R (B2)
op )y 2MRSA,AL

In the present experiments, Ly = 6 cm, A, = 5 X 1077, At
=2.5 x 107, and we can specify the values of M = 10 and
R} =20 using an order of magnitude argument. Using these
values, we obtain

kO S
( b) ~ 108 cm/s. (B3)

op

To obtain the minimum measurable value of k,,,/0p we
require that the chemical removal rate is much larger than
the macroscopic and diffusion rate during at least 7, i.e., at
t = 0 it exceeds the physical removal rate by at least a factor
of R, = 20. Additionally, we require that the magnitude of the
absorption at t = 0 does not exceed Ay. Therefore, we can
write

ks N2 = R, (lq n %) No. (B4)
Using Beer’s law for the Ay, we obtain
kobs Rr (k Lo+ ) uRr (BS)
= V) = .
g min AM e AM

For Ay; = 100 ppm = 107, and the limit of zero flow rate u
= Lok; =~ 10 cm/s, we obtain

kU A
< b ) =2 x 10° cmis. (B6)
o min

For measurements of slower rates, a larger cell, ensuring
smaller values of ki, could be implemented.
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