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ABSTRACT: d9-Butanol or 1-butan-d9-ol (D9B) is often used as an OH
radical tracer in atmospheric chemistry studies to determine OH exposure, a
useful universal metric that describes the extent of OH radical oxidation
chemistry. Despite its frequent application, there is only one study that
reports the rate coefficient of D9B with OH radicals, k1(295 K), which
limits its usefulness as an OH tracer for studying processes at temperatures
lower or higher than room temperature. In this study, two complementary
experimental techniques were used to measure the rate coefficient of D9B
with OH radicals, k1(T), at temperatures between 240 and 750 K and at
pressures within 2−760 Torr. A thermally regulated atmospheric simulation
chamber was used to determine k1(T) in the temperature range of 263−353
K and at atmospheric pressure using the relative rate method. A low-
pressure (2−10 Torr) discharge flow tube reactor coupled with a mass
spectrometer was used to measure k1(T) at temperatures within 240−750
K, using both the absolute and relative rate methods. The agreement between the two experimental aproaches followed in this study
was very good, within 6%, in the overlapping temperature range, and k1(295 ± 3 K) was 3.42 ± 0.26 × 10−12 cm3 molecule−1 s−1,
where the quoted error is the overall uncertainty of the measurements. The temperature dependence of the rate coefficient is well
described by the modified Arrhenius expression, k1 = (1.57 ± 0.88) × 10−14 × (T/293)4.60±0.4 × exp(1606 ± 164/T) cm3 molecule−1

s−1 in the range of 240−750 K, where the quoted error represents the 2σ standard deviation of the fit. The results of the current
study enable an accurate estimation of OH exposure in atmospheric simulation experiments and expand the applicability of D9B as
an OH radical tracer at temperatures other than room temperature.

1. INTRODUCTION
Atmospheric simulation chambers have been used for decades
to study the physicochemical processes that occur in our
atmosphere such as the oxidation mechanism and products of
volatile organic compounds (VOCs), secondary organic
aerosol formation, and photochemical aging.1,2 Many research
groups have developed a variety of atmospheric simulation
chambers that range from the traditional indoor and outdoor
Teflon chambers to the more recent temperature-regulated
simulation chambers and oxidation flow reactors that can
simulate multi-day atmospheric oxidation. These chambers are
often highly equipped with state-of-the-art instrumentation to
follow stable gaseous and particulate species and in several
cases for direct or indirect detection of radical species.1−3

OH radicals are the main driver of daytime VOC oxidation
in the atmosphere,4 and therefore, OH-initiated VOC
oxidation is frequently studied in simulation chambers. In
the past few years, the OH exposure (measured as the time-
integrated OH concentration) is reported in chamber studies
to provide a useful universal metric for atmospheric modeling
studies that simulate the various physicochemical processes.
While direct detection of OH radicals in atmospheric
simulation chambers is feasible via laser-induced fluorescence

or chemical ionization mass spectrometric detection,5−7

indirect methods of OH radical detection are often preferred
due to the ease of use and low cost of this approach.8−10 For
instance, indirect measurement of OH concentration is
performed by following the decay of a tracer compound, due
to its reaction with OH, using available detection techniques
such as gas chromatography or proton-transfer reaction mass
spectrometry (PTR-MS). Recently, Barmet et al. reported the
use of n-butanol-d9, CD3(CD2)3OH (referred to as D9B
hereinafter), as a useful tracer to measure OH exposure or OH
“clock” in atmospheric simulation chamber experiments.9

Barmet et al. showed that D9B is detected by PTR-MS, a
commonly used technique in chamber experiments, at a mass
peak (m/z 66) that is expected to be free of interferences even
under complex conditions where multiple VOC species and
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degradation products are present. Since D9B reacts predom-
inantly with OH radicals and can be unambiguously detected
even with quadrupole PTR-MS (unit mass resolution), other
research groups have applied this useful technique to measure
OH exposure in a variety of simulation chamber studies.
The use of D9B as a tracer for OH exposure measurements

requires the accurate knowledge of its reaction rate coefficient
with OH in a wide temperature range to provide extended
applicability in simulation chambers. As part of the Barmet et
al. study, the room temperature rate coefficient, k1(295 K), for
the reaction of OH with D9B was measured to be (3.40 ±
0.88) × 10−12 cm3 molecule−1 s−1.9

+ →OH D9B products (1)

Barmet et al. used the well-established relative rate technique
where the loss of D9B due to reaction with OH radicals was
measured relative to that of a reference compound, in this case
2-butanone. The authors discuss the complications related to
the OH rate coefficient measurement in their study, such as
potential loss of the reference compound, other than OH
reaction, and report an uncertainty of ∼26%.
Despite the uncertainties mentioned, D9B has been widely

applied as a tracer of OH radicals in smog chamber
experiments for almost a decade.8−36 Nevertheless, the errors
associated with the rate coefficient determination of the OH
tracer could propagate high uncertainties (≥26%) to the
concentration of OH radicals during the chamber experiments
and thus potentially lead to poor interpretation of the
experimental observations. Besides, to the best of our
knowledge, the rate coefficient of the tracer has been
determined solely at 295 K, and thus, it limits the application
of the method proposed by Barmet et al. to room temperature
studies. However, in several cases, the simulation and
understanding of the physicochemical processes occurring in
the atmosphere require studies at lower or higher temperatures
than 295 K.37−42 In addition, the possible application of the
OH clock method in other domains (e.g., combustion,
catalysis, etc.) where higher temperatures are required should
not be excluded.

The objective of the current study was twofoldon one
hand, to conduct kinetic experiments and determine accurately
the rate coefficient of D9B with OH radicals (reaction 1) at
room temperature and, on the other hand, to measure the rate
coefficient of the title reaction as a function of temperature and
to extend the applications of the method proposed by Barmet
et al. In particular, the title reaction was studied in a wide
temperature range, 240−750 K, and at pressures within 2−760
Torr, using two different experimental approaches, that is, a
temperature-regulated atmospheric simulation chamber at
atmospheric pressure and a temperature-regulated low-
pressure flow tube reactor. The two approaches followed
here allow us to systematically explore the reaction under a
wide range of conditions and to measure the OH rate
coefficient, k1(T), at high accuracy using both absolute and
relative rate methods. The results of this study are compared
with those of the only available literature study of Barmet et al.
at 295 K.

2. EXPERIMENTAL SECTION

The OH reaction rate coefficient, k1, was measured at
atmospheric pressure and at temperatures between 263 and
353 K deploying the THALAMOS (Thermally regulated
Atmospheric simulation chamber) facility and applying the
well-established relative rate method. At pressures between 2
and 10 Torr and at temperatures between 240 and 750 K, a
discharge flow tube reactor coupled with a modulated
molecular beam mass spectrometer was used to determine
the rate coefficient of the title reaction employing both
absolute and relative rate methods. The two complimentary
techniques used in this study have been discussed in detail
before, and only the details related to this work are given
below.

2.1. THALAMOS Simulation Chamber. THALAMOS is
an indoor atmospheric simulation chamber where temper-
ature-dependent studies of homogeneous or heterogeneous
processes are carried out (Figure 1).43,44 THALAMOS consists
of a 0.6 m3 Teflon chamber placed inside a climatic box
(Vötsch industrietechnik VT-4100, effective volume of 1.2 m3)

Figure 1. General description of the THALAMOS facility. The wide vertical arrows indicate the cleaning process of the THALAMOS chamber,
that is, the continuous flashing and pumping of the chamber. During a typical experiment, the Teflon pump is recirculating the gas mixture between
the chamber and the SIFT-MS instrument (dash arrows).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c01942
ACS Omega 2021, 6, 18123−18134

18124

https://pubs.acs.org/doi/10.1021/acsomega.1c01942?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01942?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01942?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01942?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c01942?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


to control the temperature between 231 and 453 K. Several
fans are used inside the climatic box and inside the Teflon
chamber to ensure fast temperature equilibration of the air
surrounding the walls of the Teflon chamber and the
homogeneous mixing of reagents inside the Teflon chamber,
respectively. The temperature, pressure, and relative humidity
(RH) inside the chamber are continuously monitored and
recorded with appropriately calibrated probes.
Generated dry air (RH < 5%) was used as bath gas for the

majority of the experiments, while a few measurements were
carried out under 50% RH. D9B, H2O2, and reference
compounds were injected in their liquid form via a septum
inlet and introduced into the chamber using a stream of dry air.
To facilitate the evaporation of compounds, the inlet line was
temperature-controlled using a heating tape at 323 K. Gas
mixture homogenization inside THALAMOS, at 293 K, is
achieved within ∼1 min, but it is also dependent on compound
volatility and THALAMOS temperature.
In order to induce photo-oxidation reactions, the climatic

box is equipped with a light irradiation system capable of
hosting 20 lamps, (i) 10 UV-A lamps (Philips PL-L 24W/10/
4P) with a maximum at λmax = 365 nm and (ii) 10 mercury
lamps (OSRAM HNS-L 24W 2G11) emitting in the UV-C
region, λmax at 254 nm. In the current study, UV-C lamps were
used to photolyze H2O2 and produce OH radicals via the
reaction

ν+ →hH O (254 nm) 2OH2 2 (2)

A Restek Sulfinert-treated stainless-steel tube was used to
sample the reaction mixture off the chamber. Selected ion flow
tube mass spectrometry (SIFT-MS) was deployed for the real-
time monitoring of reactants. The standard sampling flow of
the instrument is 25 mL min−1. A recirculating Teflon
diaphragm pump, 4 L min−1, is used to create a closed loop
between the chamber and the SIFT-MS instrument to ensure
the fast response of the mass spectrometer to the modifications
in the gas mixture occurring in the chamber.
The SIFT-MS (Voice 200 ultra) is a mass spectrometer

based on the chemical ionization of the analytes. Further
information about the operation principles of SIFT-MS
technology can be found elsewhere, and only a brief
description will be given herein.45,46 A microwave discharge
is used for the simultaneous generation of three precursor ions,
H3O

+, NO+, and O2
+, which are sequentially selected using a

first quadrupole mass filter. Then, the precursor ions are
injected inside a low-pressure flow tube reactor (pressure in
the range of 500−900 mTorr) using nitrogen (N2), as carrier
gas. At the same time, the sample is injected at the upstream
end of the reactor. The precursor ions react with the analytes
along the flow tube to produce new characteristic ionized
molecules.45,46 Finally, the gas flow passes through a skimmer,
located at the downstream end of the flow tube reactor, and is
injected in a high-vacuum chamber for mass analysis and ion
counting using a second quadrupole mass spectrometer. The
mass spectrometric ion peaks selected to monitor the
concentration profiles of reference and target molecules used
in the current study are listed in Table 1.
2.1.1. Mass Spectrometric Pattern of D9B with SIFT-MS.

The mass spectrometric pattern of D9B has been recorded
under dry conditions (RH < 5%) after injection and well
mixing of 1.2 × 1014 molecule cm−3 in the Teflon chamber.
The time and mass resolution of the instrument were set to 1 s
and 1 amu, respectively. Figure 2 displays the recorded mass

spectra and the major fragments/mass spectrometric peaks
identified for each of the three precursor ions of SIFT-MS.
Concerning the H3O

+ ion, the most intense peak noticed was
the one with m/z 66 that corresponds to the [C4D9]

+

fragment.9 In addition, the protonated parent peak with m/z
84 ([C4D9OH]H

+) was also observed along with another mass
peak with m/z 102 that corresponds to [C4D9OH]H3O

+.
Interestingly, the ratio of mass peaks 66/102 was decreased
when RH in the chamber was increased to 50%. Apparently,
the increase in RH in the sampling flow results in an increase
in water absolute concentration in the flow tube of the SIFT-
MS instrument, enhancing the formation of the first hydro-
nium water cluster (m/z = 37) and thus the reaction
probability for the formation of the [C4D9OH]H3O

+ cation.
Using NO+ as a precursor ion, two major peaks were noticed
with m/z ratios of 81 and 99 that correspond to [C4D8OH]

+

and [C4D8O]H3O
+, respectively. Regarding O2

+, the major
peak observed was at 64 amu corresponding to the [C4D8]

+

cation. Several other fragments with lower relative abundances
were noticed and attributed as displayed in Figure 2.
To monitor the concentration profiles of D9B in the kinetic

experiments (see Table 1), four selection criteria were applied
based on the (i) stability of the mass peaks in the absence of
reaction after injecting a known amount of D9B in the
chamber, (ii) stability of the mass peaks after introducing in
the chamber a known quantity of H2O2/H2O solution (OH
radical precursor) in the absence of reaction, (iii) absence of
contribution to the peaks of D9B after injection of the
reference compound(s) in the chamber, and (iv) absence of

Table 1. Mass Spectral Ion Intensities Selected to Monitor
the Concentration Profiles of the Compounds Used in the
Kinetic Study

SIFT-MS (atmospheric pressure study)

compounds product ions m/z precursor ions

d9-butanol (C4D9OH) C4D9
+ 66 H3O

+

[C4D9OH]H
+ 84

[C4D9OH]H3O
+ 102

[C4D8OH]
+ 81 NO+

[C4D8OH
+]H2O 99

C3D6O
+ 64 O2

+

toluene (C7H8) [C7H8]H
+ 93 H3O

+

C7H8
+ 92 NO+

C7H8
+ 92 O2

+

propanol (C3H7OH) C3H7
+ 43 H3O

+

C3H7O
+ 59 NO+

1-butanol (C4H9OH) C4H9
+ 57 H3O

+

C4H9O
+ 73 NO+

C4H8
+ 56 O2

+

ethanol (C2H5OH) [C2H6O]H
+ 47 H3O

+

C2H5O
+ 45 NO+

C2H5O
+ 45 O2

+

Modulated QMS (Low-Pressure Study)
nitrogen oxide (NO) [NO]+ 30
nitrogen dioxide (NO2) [NO2]

+ 46
molecular bromine (Br2) [Br2]

+ 160
atomic bromine (Br•) [Br]+ 80
hypobromous acid (BrOH) [BrOH]+ 96/98
molecular fluorine (F2) [F2]

+ 38
atomic fluorine (F•) [F]+ 19
d9-butanol (C4D9OH) [C4D9OH]

+ 83
[C3D6O]

+ 64
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contribution to the peaks of D9B after the OH-initiated
oxidation of reference compounds. Consequently, under dry
conditions where the majority of the experiments were carried
out, the mass peaks with an m/z of 66, 99, and 64 arising from
H3O

+, NO+, and O2
+, respectively, were used to monitor D9B.

2.1.2. Relative Rate Coefficient Determination. The rate
coefficient k1 of OH radical reaction with D9B was investigated
under atmospheric pressure in the temperature range of 263−
353 K applying the relative rate method (RR). In the RR
methodology, the temporal loss of D9B is measured relative to
that of a reference compound (REF) provided that the
observed changes are solely in the gas phase due to their
reaction with the oxidant of interest, that is, the OH radicals

+ →OH D9B products (1)

+ →OH reference products (3)

In all measurements presented herein, the dark and
photolytic loss of D9B and reference compounds was
negligible as verified by initial testing before each rate
coefficient determination experiment.
The RR method has been widely used in the literature,47,48

and the relative rate coefficient is derived by the expression49

i
k
jjjjj

y
{
zzzzz

i
k
jjjjj

y
{
zzzzz

[ ]
[ ]

=
[ ]
[ ]

k
k

ln
D9B
D9B

ln
REF
REFt t

0 1

REF

0

where [D9B]0, [REF]0, [D9B]t, and [REF]t are the initial
concentrations of d9-butanol and those of the reference at
reaction time t = 0 and at discrete times, t, after reaction
mixture irradiation, respectively, and k1 and kREF are the
corresponding second-order rate coefficients. A relative rate
plot, ln[D9B]0/[D9B]t versus ln[REF]0/[REF]t, should be
linear, with a slope equal to rate coefficient ratio, k1/kREF, and a
zero intercept. Therefore, the rate coefficient for the reaction
of interest can be determined from the relative rate data fitting
relative to the known rate coefficient of the reference reaction,
kref.

49 Toluene, propanol, 1-butanol, and ethanol were used as
reference compounds. The corresponding rate coefficient
values of the reference molecules with OH radicals were
obtained by the temperature-dependent expressions recom-

mended by the IUPAC panel: k(toluene+OH) = 1.8 × 10−12

exp(340/T) cm3 molecule−1 s−1 recommended over 210−350
K, k(propanol+OH) = 4.6 × 10−12 exp(70/T) cm3 molecule−1 s−1

recommended over 260−380 K,47 k(1‑butanol+OH) = 5.3 × 10−12

exp(140/T) cm3 molecule−1 s−1 recommended over 260−380
K,47 and k(ethanol+OH) = 6.7 × 10−18T2 exp(511/T) cm3

molecule−1 s−1, recommended over 216−599 K.47

2.2. Low-Pressure Discharge Flow Tube Reactor.
Absolute and relative kinetic measurements were conducted
at a total pressure of 2.0−8.4 Torr (He bath gas) using a
conventional fast-flow reactor combined with a molecular
beam-sampling electron-impact ionization mass spectrome-
ter.50−52 Depending on the temperature range, two different
flow reactors were used. The low-temperature reactor (Figure
S1), used at T = 240−335 K, consisted of a Pyrex tube (45 cm
length and 2.4 cm i.d.) surrounded by a jacket through which
thermostated ethanol was circulated. To reduce the heteroge-
neous loss of OH radicals, the inner surface of the reactor and
of the movable injector of the OH radicals was coated with
halocarbon wax. For higher temperatures (T = 310−750 K), a
reactor consisting of a Quartz tube (45 cm length and 2.5 cm
i.d.) with an electrical heater and water-cooled attachments
was used (Figure S2).52

Hydroxyl radicals were produced in the movable injector
through a rapid reaction of H atoms with excess NO2,
hydrogen atoms being generated by dissociation of H2, diluted
in He, in a microwave discharge (Figure S1)

+ → +H NO OH NO2 (4)

with a rate coefficient k4 = (1.47 ± 0.26) × 10−10 cm3

molecule−1 s−1 recommended over 195−2000 K.53

OH radicals were monitored at m/z 96 and 98, (HOBr+),
after being scavenged with excess Br2 ([Br2] = (3−5) × 1013

molecule cm−3), added in the end of the reactor, 5 cm
upstream of the sampling cone, as shown in Figure S1

+ → +OH Br HOBr Br2 (5)

with a rate coefficient k5 = 2.16 × 10−11 exp(207/T) cm3

molecule−1 s−1 recommended over 220−950 K.50

This reaction was also used for the determination of the
absolute concentrations of OH radicals through their chemical

Figure 2. Mass spectrum of D9B recorded with SIFT-MS recorded after introduction of 1.2 × 1014 molecule cm−3 in the chamber under dry
conditions and 293 K. Mass scan resolution of the SIFT-MS instrument was set to 1.
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conversion to HOBr in excess of Br2, [OH] = [HOBr] =
Δ[Br2], that is, concentration of OH (HOBr) was determined
from the consumed fraction of [Br2]. The detailed discussion
on the possible influence of secondary chemistry on this
method of OH detection and determination of the absolute
concentrations of the radicals is presented in previous
publications.54,55

The D9B was delivered to the reactor by flowing the bath
gas (He) over liquid D9B and was detected by MS at its parent
and fragment peaks at m/z = 83 and m/z = 64, respectively
(Table 1). The absolute calibration of the mass spectrometer
for D9B was realized under experimental conditions of kinetic
measurements (pressure, temperature, and total flow of bath
gas) through injection of known amounts (generally, 0.6 μL)
of D9B into a helium flow in the reactor and recording its mass
peak at m/z = 64, which was by a factor of 100 more intensive
than the parent one. The integrated area of the mass
spectrometric signal, corresponding to the known total number
of D9B molecules injected into the reactor, allowed the
determination of the calibration factor. Another method
employed for the absolute calibration of D9B was to link its
concentration to that of Br2. It consisted in titration of the
same concentration of F atoms, generated after dissociation of
F2 in a microwave discharge, with excess Br2 ([F]0 = Δ[Br2])
and D9B ([F]0 = Δ[D9B]). This procedure allowed the
absolute calibration of D9B signals using that of Br2. The
absolute concentrations of D9B determined with two
employed methods were consistent within 10%. Absolute
concentrations of stable species (NO2 and Br2) were calculated
from their flow rates obtained from the measurements of the
pressure drop of their manometrically prepared mixtures in He
stored in calibrated volume flasks.
2.2.1. Absolute Rate Coefficient Determination. The

absolute measurements of k1 were carried out at a total
pressure of 2.0−2.2 Torr (He bath gas) under pseudo-first-
order conditions, monitoring kinetics of OH consumption,
[OH]0 = 2−3 × 1011 molecule cm−3, in an excess of D9B.
Under such conditions, = [ ] × − ′OH OH exp k t

0
1 , with the

pseudo-first-order rate constant k1′ = k1[D9B] + kw, where kw
represents the heterogeneous loss of OH radicals. All the
pseudo-first-order rate constants, k1′, were corrected for axial
and radial diffusion of OH radicals,56 with the diffusion
coefficient of OH in He calculated as D0 = 660 × (T/298)1.85

Torr cm−2 s−1.57 The corrections were typically <8%, being
somewhat higher in a few kinetic runs (up to 14%).
2.2.2. Relative Rate Coefficient Determination. Relative

rate measurements were conducted using the reaction of OH
with Br2 as a reference

+ →OH D9B products (1)

+ → +OH Br HOBr Br2 (5)

The experiments were carried out at total pressures in the
reactor in the range of 2.0−8.4 Torr and consisted in a fast
consumption of OH in reaction with a mixture of Br2 and D9B
and the measurements of HOBr yield as a function of the
[D9B]/[Br2] ratio.
The fraction of the initial concentration of OH radicals,

[OH]0, transformed to HOBr in reaction 5, is

[ ] =
[ ]

[ ] + [ ] +
× [ ]

k
k k k

HOBr
Br

Br D9B
OH5 2

5 2 1 w
0

After rearrangement of this expression, one has

[ ]
[ ]

− =
[ ]
[ ]

+
[ ]

k
k

k
k

OH
HOBr

1
D9B
Br Br

0 1

5 2

w

5 2

At a constant concentration of Br2, the second term of the
last equation is constant, and k1/k5 can be determined as a
slope of the linear dependence of (([OH]0/[HOBr])−1) on
the [D9B]/[Br2] ratio.

2.3. Materials. The purities of the gases/liquids used in the
current study were as follows: He (>99.9995%, Alphagaz),
passed through a liquid nitrogen trap; H2 (>99.998%,
Alphagaz); Br2 (>99.99%, Aldrich); and NO2 (>99%,
Alphagaz) and D9B (isotopic purity 98%, Aldrich), toluene
(≥99.5% Aldrich), ethanol (≥99.5%, Aldrich), propanol
(≥99.5%, Aldrich), 1-butanol (≥99.5%, Aldrich), and H2O2
(30% in water). Zero air was produced using an oil-free air
compressor and then was driven through a zero air generator
(Claind AZ-2020) operated at 673 K to catalytically convert
the organics present in the air flow to CO2. The RH in the gas
flow at room temperature, 293 K, was below 5%

2.4. Error Analysis. In this section, we discuss possible
uncertainties in the determination of the rate coefficient values.
Considering the different experimental systems deployed and
rate coefficient methods applied, the uncertainties are
discussed separately. Deploying the THALAMOS chamber
and the relative rate ratios, the linear fitting of experimental
results (see also Figure 3) provides the 2σ standard deviation
of the measurement, which was always better than 3% (see also
Table 2). Considering that a combination of several mass
peaks of D9B and the reference compound was used, the
values of each k1

ion/kREF
ion measurement were averaged, and the

2σ standard error of the mean is given as an estimated
uncertainty (see also Table 2). To estimate the accuracy of
each measurement, we add in quadrature the 2σ standard error
of the average value, other systematic uncertainties, such as
temperature readings (estimated to be always below 1%), and
the error in the rate coefficient of the reference compound
(10% for toluene and propanol, 15% for butanol, and 6% for
ethanol). The final value of k1 at each temperature is derived
after performing a weighted average of individual measure-
ments. The weighted average takes into account the accuracy
of each measurement. The overall uncertainty denoted for k1
values measured with the THALAMOS chamber (see also
Figure 6) corresponds to the 2σ standard error of the mean
value, reflecting the total uncertainty of the measurements.
The accuracy in the absolute rate coefficient measurements

of k1 is estimated to be around 11% by adding in quadrature
the statistical error (i.e., 2σ standard deviation, which was
always better than 4%), the absolute concentration of D9B
(∼10%), flows (3%), pressure (2%), and temperature (1%).
For the high-temperature absolute measurements (above 595
K), a conservative uncertainty of 20% was also included (in
quadrature) due to OH regeneration (see Section 3.2.1), and
the total uncertainty was increased to 23%. The total error
(accuracy) of the measurements deploying the relative rate
method in the low-pressure flow tube was estimated to be ca.
20% by adding in quadrature the precision of the measure-
ments (2σ standard deviation, ∼8%) and errors in D9B (10%)
and Br2 (5%) concentration and that of the reference
compound (Br2, 15%).
Finally, the estimated total uncertainty of the room

temperature value was derived after a weighted average of
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the individual kinetic measurements carried out under
atmospheric and low pressures. The error quoted to the
mean value is the 2σ standard error, indicating the total
uncertainty of the measurement.

3. RESULTS
3.1. Atmospheric Pressure Kinetic Measurements

inside the THALAMOS Simulation Chamber. Table 2
summarizes the conditions under which experiments were
carried out, the relative rate ratios, and the obtained rate
coefficients measured at each temperature. The initial
concentrations of D9B and reference compounds were
between 1.97 and 9.05 × 1013 molecule cm−3, while those of
H2O2 ranged between 54 and 497 × 1013 molecule cm−3.
Besides the kinetic runs carried out using propanol as a
reference, with the three precursor ions H3O

+, NO+, and O2
+,

the characteristic mass intensities of each compound (see also
Table 1) were used to determine the relative rate ratios for

each pair of precursor ions, that is,
+ +

k k/m z m zD9B( / )
H O

reference( / )
H O3 3 ,

+ +
k k/m z m zD9B( / )

NO
reference( / )
NO , and

+ +
k k/m z m zD9B( / )

O
reference( / )
O2 2 , respec-

tively. The final relative rate ratio reported represents the
average value of the ions’ precursor ratios, and the
corresponding uncertainty is the 2σ standard error of the
mean. Typical relative rate plots with the four reference
compounds at 293 K using H3O

+ as a precursor ion are given
in Figure 3. As displayed in Table 2, the variation in

experimental conditions, such as the concentrations of D9B
and the reference molecules, the OH radical precursor, the RH,
and so forth, resulted in similar rate coefficient values (within
experimental uncertainties) at a given temperature. Further-
more, the rate coefficients determined with the four reference
compounds are in excellent agreement between each other.
In the range of 263−353 K where chamber experiments

were performed, no significant variation in the rate coefficient
was noticed (see also Figure 6). Nevertheless, moving away
from room temperature to both hot and cold temperature

extremes, the rate coefficient was slightly increased. To further
evaluate the temperature dependence of the title reaction,
kinetic measurements were carried out with the low-pressure
discharge flow tube reactor where a significant broad
temperature range was achieved.

3.2. Low-Pressure Kinetic Measurements inside the
Discharge Flow Tube Reactor. 3.2.1. Absolute Measure-
ments of k1. The absolute rate coefficient measurements were
carried out in the temperature range of 298−750 K. The
concentration of OH radicals used in the kinetic runs was in
the order of 2−3 × 1011 molecule cm−3 and Br2 0.13−11.2 ×
1013 molecule cm−3. Results are summarized in Table 3. Figure

S3 displays examples of the exponential decays of OH radicals
in the presence of different concentrations of D9B in the
reactor. Typical second-order plots are displayed in Figure 4. It

Figure 3. Example of relative rate plots for the reaction of D9B with
OH radicals obtained at 293 K and atmospheric pressure using the
reference compounds labeled on the graph. For the relative rate data
displayed, the H3O

+ precursor ion of the SIFT-MS instrument was
selected to monitor in real time the concentrations of D9B and the
reference. The lines are linear least-squares fits of the experimental
data.

Table 3. Summary of the Absolute Measurements of k1
a

T (K)
number of
kinetic runs

[D9B]
(1013molecule cm−3)

k1
(10−12) cm3 molecule−1 s−1

298b 9 0.80−10.1 3.60 ± 0.41
335b 11 0.55−9.68 3.40 ± 0.39
425c 9 0.49−8.78 4.11 ± 0.47
500c 9 0.13−11.1 4.70 ± 0.54
595c 8 0.67−11.2 5.79 ± 1.32d

670c 11 0.14−5.14 8.12 ± 1.85d

750c 7 0.32−4.36 9.80 ± 2.23d

aThe total pressure in the reactor was 2 Torr, with the linear flow
velocity in the reactor between 1980 and 2100 cm s−1 and OH radical
concentrations in the range of (2−3) × 1011 molecule cm−3. The
combined uncertainty on k1 was estimated to be about 11% by adding
in quadrature the statistical error (≤4%) and that on the
measurements of the absolute concentration of D9B (∼10%), flows
(3%), pressure (2%), and temperature (1%). bHalocarbon wax-coated
reactor. cUncoated quartz reactor. dThe error includes the systematic
uncertainty and 20% conservative error to include OH regeneration of
high-temperature studies.

Figure 4. Pseudo-first-order rate constant (k1′) as a function of the
concentration of D9B at T = 298 K (open symbols) and 750 K (filled
symbols). Error bars represent estimated uncertainties (≤5%) on the
determination of k1′.
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is worth mentioning that the intercepts in the examples shown
in Figure 4, kw, are in the range 30−40 s−1, which is somewhat
higher than the values measured in the absence of D9B in the
reactor, kw = 10−20 s−1. This indicates the contamination of
the surface of the reactor by D9B and/or the products of
reaction (1). The effect was more pronounced at lower
temperatures in both uncoated quartz (at T ≤ 500 K) and
halocarbon wax-coated (at T < 298 K) reactors. The rate of
OH radical consumption rapidly increased upon addition of
even very low concentrations of D9B. As one can see in Figure
S4, the intercept of the linear fit to the experimental data
observed at T = 500 K (≈90 s−1) is much higher than the value
of kw (≈20 s−1) measured in the absence of D9B in the reactor.
In all cases, the reaction rate constant was determined from the
slope of the linear fit to the experimental data observed in the
presence of D9B in the reactor (straight lines in Figures 4 and
S4), that is, under the assumption that heterogeneous
contribution to the loss of OH radicals is independent of
D9B concentration in the gas phase and considering that the
intercept is significantly lower than the measured maximum
values of k1′. However, due to this effect, the lowest
temperature of the absolute kinetic measurements was limited
to 425 and 298 K in the quartz and halocarbon wax-coated
reactors, respectively.
The highest temperature of the study (T = 750 K) was

limited by a chain reaction in the zone of OH conversion to
HOBr at high temperatures

+ → +OH D9B HOD (or H O) R2 1 (1)

+ → +OH Br HOBr Br2 (5)

+ → +R Br R Br Br1 2 1 (6)

+ → +Br D9B R DBr2 (7)

+ → +R Br R Br Br2 2 2 (8)

where R1 and R2 are the radicals formed upon abstraction of a
D atom from D9Br by OH and Br. Although this side
chemistry (operative at high temperatures only) has a
negligible impact on the concentrations of D9B (due to the
low initial concentrations of OH radicals), it led to the
formation of the species contributing to m/z = 96/98 (most

likely, the fragment of CD3Br), that is, to the mass peaks where
OH radicals were detected (as HOBr).
Another point, which should be discussed, is the potential

regeneration of OH at high temperaturesin particular, the D
or H atom abstraction pathways by hydroxyl radicals at all four
s i t e s o f D 9 B ( α - C D 3 C D 2 C D 2 C

•DOH , β -
CD3CD2C

•DCD2OH, γ -CD3C
•DCD2CD2OH, δ -

C•D2CD2CD2CD2OH, and O radical-CD3CD2CD2CD2O
•).

Anticipating a similar reaction mechanism with 1-butanol,
these abstraction pathways are temperature-dependent, and
thus, they contribute differently to the overall rate coefficient.58

In all cases, the corresponding radicals formed can isomerize or
decompose (forming different products), a temperature- and
pressure-dependent process.58−60 The decomposition of the β-
radical can result in 1-d8-butene (or 1-butene in the case of 1-
butanol) formation and OH radical regeneration58,59,61

→ + =CD CD CDCD OH OH CD CD CD CD3 2 2 3 2 2
(9)

According to the theoretical work of Zhang et al.,60 the
unimolecular decomposition rate of the β-radical is important
at high temperatures (e.g., below 50 s−1 at 500 K, 1000 s−1 at
600 K, and ∼1 × 104 at 750 K at 1 Torr total pressure) and can
bias high-temperature kinetic measurements. Overall, the
majority of literature data report an OH regeneration of
around 20% in the case of 1 butanol reaction with OH radicals.
Considering a comparable site-specific reactivity distribution
with 1 butanol and similar temperature and pressure
dependence of the β-radical, we anticipate that the OH
regeneration can bias the absolute kinetic measurements
carried out at temperatures above ca. 550 K. In particular,
the absolute kinetic measurements were carried out always in
excess of NO2 and NO in our reactor (ca. 5 × 1013 molecule
cm3 for both species), and in their presence, the β-radicals
formed (but not limited to) can be scavenged. Based on the
studies of Rissanen et al.62,63 who studied the reactivity of C2
carbon-centered free hydroxyalkyl radicals as a function of
temperature, the corresponding rate coefficients of the
hydroxyalkyl radicals with NO2 and NO at 550 K are expected
to be 2 × 10−11 and 7 × 10−12 cm3 molecule−1 s−1, respectively.
Considering similar rate coefficients for the hydroxybutyl
radicals, the first-order rate constant of radical scavenging is
around 1000 s−1 and thus around 10 times higher than that of

Table 4. Summary of the Relative Measurements of k1 with the Reaction OH + Br2 as a Referencea

T (K) number of kinetic runs [D9B]b [Br2]
b k1/k3 k1 (10

−12) cm3 molecule−1 s−1

240c 8 0.58−23.9 1.28 0.107 5.48 ± 1.10
245c 8 1.08−27.2 1.22 0.095 4.79 ± 0.96
252c 8 0.71−17.4 1.06 0.106 4.91 ± 0.98
260c 8 0.82−17.4 1.32 0.091 4.36 ± 0.87
268d 7 1.46−15.3 1.23 0.091 4.26 ± 0.85
275d 8 1.13−16.4 1.38 0.078 3.59 ± 0.72
283d 8 0.64−23.6 0.95 0.078 3.52 ± 0.70
310d 12 0.72−13.3 0.71 0.087 3.66 ± 0.73
320c 9 0.41−17.4 1.01 0.083 3.41 ± 0.68
360d 6 0.30−11.9 1.17 0.096 3.69 ± 0.74
405e 9 0.55−8.39 0.85 0.106 3.80 ± 0.76
460e 10 0.24−9.83 1.20 0.127 4.30 ± 0.86
540e 9 0.35−7.05 0.88 0.162 5.15 ± 1.03

aThe quoted overall uncertainty is 20% and includes the precision of the measurements (∼8%) and errors in D9B (10%) and Br2 (5%)
concentration and that of the reference compound (Br2, 15%).

bUnits of 1013 molecule cm−3. cHalocarbon wax-coated reactor, P = (8.2−8.4) Torr.
dHalocarbon wax-coated reactor, P = 2.15 Torr. eUncoated quartz reactor, P = (2.0−2.2) Torr.
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the decomposition of β-radicals that leads to OH regener-
ation.60 At 600 K, the total rate coefficient of scavenging is
comparable with that of β-radical decomposition. To account
for the effect of OH regeneration, besides the estimated
systematic uncertainties, we have included an extra 20% error
in our high-temperature measurements (>595 K). In
conclusion, the absolute kinetic measurements at 595 K and
above should be considered as the overall rate coefficient of the
process.61

3.2.2. Relative Rate Measurements of k1. Besides absolute
rate coefficient measurements, the relative rate method
described in Section 2.2.2 was applied to determine the rate
coefficient of k1 in the range of 240−540 K. In these
experiments, HOBr was monitored in both the D9B-free
system, corresponding to [OH]0, and the Br2 and D9B-
containing system, corresponding to the fraction of [OH]0
reacted with Br2. Reaction time was 0.02−0.04 s, [OH]0 = (2−
5) × 1011 molecule cm−3, and the concentrations of D9B and
Br2 were 0.24−27.2 × 1013 and 0.71−1.38 × 1013 molecule
cm−3 respectively. In Table 4, all the experimental conditions
and the k1 values measured with the relative rate method are
summarized. Typical examples of the experimental data are
shown in Figures 5 and S5. The values of kw calculated from

the y-intercepts in Figure 5 are around 40 s−1 at T = 540 and
460 K and nearly 110 s−1 at T = 275 K. As expected, kw derived
from the data observed at lower temperatures (Figure S5) is
significantly higher (around 200 s−1). The low-pressure kinetic
measurements obtained with the relative rate and absolute rate
approaches were in excellent agreement with each other.

4. DISCUSSION
Figure 6 summarizes the rate coefficients measured with the
two complementary techniques. Concerning the chamber
experiments, in Figure 6 are presented the average values of
the rate coefficients determined with the different references at
each temperature. The error bars correspond to the 2σ

standard error of the mean values derived from the weighted
fitting of all individual measurements (see also the Error
Analysis section) and reflect the overall uncertainty of the
measurements. In the temperature range where kinetic data
can be compared, there is an excellent agreement between the
rate coefficients measured with the two setups despite the
significant differences in the experimental conditions used, that
is, pressure−no pressure dependence of the rate coefficient is
noticed, methods applied, OH radical generation, detection of
compounds, and so on. The cross-validation of the kinetic
measurements confirms that the rate coefficients reported in
this study are not affected by any systematic uncertainties
related to experimental conditions.
To obtain the room temperature (295 ± 3 K) rate

coefficient of D9B with OH radicals, an error-weighted average
of the individual kinetic measurements carried out under
atmospheric and low pressures was performed. k1 at 295 ± 3 K
was found to be k1 = (3.42 ± 0.26) × 10−12 cm3 molecule−1

s−1, where the estimated uncertainty corresponds to the 2σ
standard error of the mean value and includes the overall
uncertainty of the measurements (see the Error Analysis
section). k1 measured in the current study is in excellent
agreement with the only literature measurement of Barmet et
al.,9 k1 = (3.40 ± 0.88) × 10−12 cm3 molecule−1 s−1. However,
the uncertainty between the two measurements is significantly
different, with our measurement being highly precise
(uncertainty of ca. 8%) compared with the literature value,
where the estimated uncertainty was ca. 26%.9 Based on the
IUPAC-recommended rate coefficient value, for the reaction of
OH radicals with 1-butanol at 298 K, k(1‑butanol) = 8.5 × 10−12

cm3 molecule−1 s−1,47 the observed kinetic isotope effect is ca
2.5, which is consistent with that previously observed for the
case of ethanol.64

Figure 6 includes the data measured in this study that
describe the temperature dependence of k1. The kinetic data at
all temperatures are well represented by the modified
Arrhenius expression
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While the rate coefficient values measured within 300−400
K shows very small dependence on temperature, increased
values were noticednear the temperature extremes. This
observed temperature dependence indicates a complex
reaction mechanism that includes direct H atom elimination
at high temperatures and/or the formation of pre-reactive
complexes at low temperatures. In particular, it is well
established in the literature that OH radicals form pre-reactive
complexes with oxygenated species and with n-butanol.58 At
low temperatures, the pre-reactive complex is thermally
stabilized, increasing its lifetime, that is, the complex has
sufficient time to distribute the excess of energy, and thus, the
probability of the reaction leading to products is enhanced,
increasing the overall rate coefficient. At elevated temperatures,
the contribution of the pre-reactive complex formation is
diminished, and the overall rate coefficient is defined by the
direct H atom abstraction mechanism (similar to alkanes +
OH reactions). Furthermore, the temperature dependence of
k1 is consistent with that previously observed for the case of 1-
butanol.65 However, at higher temperatures, the apparent

Figure 5. Yield of HOBr from OH radical titration with Br2 + D9B
mixtures at 275 K (filled squares), 460 K (open circles), and 540 K
(filled circles). Partially shown error bars represent typical
uncertainties of the measurements (≤10%). For clarity, the data for
T = 275 are Y-shifted by −0.17.
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kinetic isotope effect seems to decrease, indicating differences
in the reaction rate temperature dependence for one or more
of the available reactivity sites (α, β, γ, and δ positions)
between D9B and 1-butanol. While further exploration on the
site-specific reactivity and its temperature dependence is
required to better understand the observed kinetic behavior,
it was beyond the scope of this study.

5. CONCLUSIONS

In the framework of the current study, the rate coefficient of
D9B with OH radicals has been measured in a wide
temperature range, applying both absolute and relative rate
methods under atmospheric and low pressures. Under
atmospheric pressure, the room temperature rate coefficient
was determined to be (3.42 ± 0.26) × 10−12 cm3 molecule−1

s−1 with an accuracy of 8%. This value is significantly more
precise than the existing value in the literature (uncertainty of
26%), and thus, it allows a more accurate determination of OH
radicals when D9B is used as a tracer in chamber experiments.
Low-pressure and atmospheric pressure kinetic data are in
excellent agreement in the overlapping range applied.
Combining all kinetic measurements, the temperature depend-
ence of the reaction has been determined. To conclude, the
kinetic data of the current study can be used for a more
accurate determination of OH radicals in chamber experiments
(commonly performed under atmospheric temperature con-
ditions, i.e., <320 K) or in possible future applications at
combustion temperatures.
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