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Abstract
Rate coefficients, k1, for the gas-phase OH radical reaction with the heterocyclic
ether C4H4O (1,4-epoxybuta-1,3-diene, furan) were measured over the tempera-
ture range 273–353 K at 760 Torr (syn. air). Experiments were performed using:
(i) the photochemical smog chamber THALAMOS (thermally regulated atmo-
spheric simulation chamber, IMT NE, Douai-France) equipped with Fourier
Transform Infrared (FTIR) and Selected Ion Flow Tube Mass Spectrometry
(SIFT-MS) detection methods and (ii) a photochemical reactor coupled with
FTIR spectroscopy (PCR, University of Crete, Greece). k1(273–353 K) was mea-
sured using a relative rate (RR) method, in which the loss of furan was measured
relative to the loss of reference compounds with well-established OH reaction
rate coefficients. k1(273–353 K) was found to be well represented by the Arrhe-
nius expression (1.30 ± 0.12) × 10−11 exp[(336 ± 20)/T] cm3 molecule−1 s−1,
with k1(296 K) measured to be (4.07 ± 0.32) × 10−11 cm3 molecule−1 s−1. The k1
(296 K) and pre-exponential quoted error limits are 2σ and include estimated
systematic errors in the reference rate coefficients. The observed negative tem-
perature dependence is consistent with a reaction mechanism involving the OH
radical association to a furan double bond. Quantummechanical molecular cal-
culations show that OH addition to the α-carbon (ΔHr(296 K)=−121.5 kJ mol−1)
is thermochemically favored over the β-carbon (ΔHr(296 K) = −52.9 kJ mol−1)
addition. TheOH-furan adductwas found to be stable over the temperature range
of the present measurements. Maleic anhydride (C4H2O3) was identified as a
minor reaction product, 3% lower-limit yield, demonstrating a non-ring-opening
active reaction channel. The present results are critically compared with results
from previous studies of the OH + furan reaction rate coefficient. The infrared
spectrum of furan was measured as part of this study and its estimated climate
metrics are reported.
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1 INTRODUCTION

Heterocyclic oxygenated volatile organic compounds
(c-OVOCs) have been identified as gas-phase products of
biomass burning (BB).1,2 Furan (C4H4O, 1,4-epoxybuta-
1,3-diene) is the base structural unit of furanoids,where the
hydrogen in furan is substituted with functional groups
such as hydroxy (-OH), aldehyde (-(H)C=O), ketone
(-(R)C=O) and methyl (-CH3). In spite of their impor-
tance, the c-OVOCs impact on air quality, human health,3
and climate are not fully characterized.4 c-OVOCs have
also been proposed as renewable biofuels via the catalytic
conversion of lignocellulosic biomass.5
There are limited studies of gas-phase furanoid kinetics,

with most studies being performed at room temperature
and atmospheric pressure. The kinetic study of reaction (1):

OH + C4H4O (furan) → products (1)

is expected to provide, in addition to information about
furan atmospheric reactivity and its degradation mech-
anism, insights into the OH radical chemistry of the
furanoid class of compounds.
There are several studies of k1(298 K)6–10 in the literature

and two temperature dependent measurements11,12 that
have significant systematic discrepancies. Lee and Tang6
were the first to report k1(298 K) using a Flash Photoly-
sis/Resonance Fluorescence technique (FP/RF). Atkinson
et al.,7 Tuazon et al.,8,9 and Bierbach et al.10 subsequently
measured k1(298 K) using RR methods. The results from
these three studies are in good agreement with an aver-
age k1(298 K) value of 4.04 × 10−11 cm3 molecule−1 s−1,
with a 7% (2 sigma) uncertainty. Wine and Thompson12
reported k1(254–425 K) using a FP/RF technique to have
a negative temperature dependence. More recently, Whe-
lan et al.11 reported k1(294–595 K) over a wide range of
pressure, 5–200 mbar (N2) and 2–10 bar (He); no pressure
dependence was observed. TheWhelan et al.11 study, how-
ever, reported k1(T) values that are systematically lower
than previously reported values by 15%–20%. Therefore,
detailed and accurate furan gas-phase reactivity is still
desired to elucidate the atmospheric oxidationmechanism
and to evaluate potential environmental andhumanhealth
impacts.13,14
In the present study, rate coefficients for the OH radi-

cal + furan reaction, k1(T), were measured between 273
and 353 K at atmospheric pressure by measuring the loss
of furan relative to four different reference compounds.
Kinetic measurements were carried out using the THA-
LAMOS smog chamber (IMT NE, Douai, France) and the
PCR apparatus (University of Crete–UoC, Greece). The
thermochemistry of reaction 1 was calculated via quantum

mechanicalmolecular calculations to evaluate theOH rad-
ical association site-specific reactivity. As part of this work,
the infrared spectrum of furan was measured and used
to derive its climate metrics. The present kinetic results
are compared with the previous measurements described
above and discrepancies in k1(T) are discussed.

2 EXPERIMENTAL DETAILS

In this section, experimental methods and setups used in
this study are described. Two apparatuses were used to
perform relative rate experiments: (a) The thermostated
Teflon chamber “THALAMOS” (IMT NE) equipped with
in-line FTIR spectroscopy and SIFT-MS was used to mea-
sure k1(273–353 K) at 760 Torr (syn. air)15,16 and (b) the
photochemical reactor (PCR, UoC) coupled with FTIR
spectroscopy16–18 was used to measure k1(296 K). Both
apparatuses have been used in the past and only brief
descriptions of the experimental setups and methods are
given herein.15–18

2.1 Chamber relative rate
measurements: THALAMOS

THALAMOS consists of three main components, (i) a
cuboid Teflon reactor, 0.6m3, housed in a climatic thermo-
static cage (climatic boxVT-4100, Vötsch industrietechnik,
Germany) providing temperature regulation between 231
and 453 K, (ii) a set of 10 UV-A (PL-L 24 W/10/4P,
Philips, Netherlands), and 10 UV-C (HNS-L 24 W 2G11,
Osram, UK) photolysis lamps, equally spaced around the
Teflon chamber inside the climatic box and (iii) FTIR and
SIFT-MS detection setups.
Reactants, the OH radical precursor, H2O2, and bath gas

were introduced into the chamber via independent inlets.
The reaction mixture was allowed to mix inside the cham-
ber utilizing four fans inside the chamber for a minimum
of 20 min. Once reactants were well mixed, as verified via
infrared and mass spectral signals, the UV-C lamps, max-
imum output at 254 nm, were turned on and the H2O2
photolysis led to OH radical formation, initiating the reac-
tion. The reaction progress was monitored continuously
via SIFT-MS (Voice 200 ultra, ∼0.2 Hz sampling rate in
most measurements) and FTIR (Antaris, Thermo).19
C4H4O loss was monitored relative to that of a selected

reference compound. The concept in the RRmethod is that
the reactant and a reference compound are lost solely via
their reaction with the reactive species of interest, that is,
theOH radical. Applying the rate law for the two reactants,
it can be shown20–22 that the rate coefficient of interest can
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ANGELAKI et al. 3

be obtained from the expression:

𝑙𝑛
[𝐶4𝐻4𝑂]𝑡

[𝐶4𝐻4𝑂]0
=

𝑘1
𝑘𝑟𝑒𝑓

𝑙𝑛
[𝑅𝑒𝑓]𝑡

[𝑅𝑒𝑓]0
(3)

where [C4H4O] and [Ref] are the C4H4O and reference
concentrations and k1 and kref are the OH rate coefficients
for the furan and reference compound reactions, respec-
tively. Possible first-order background losses, kd, for furan
and the reference compound, k′d, can be accounted for,
using:

1

(𝑡 − 𝑡0)
ln
[𝐶4𝐻4𝑂]𝑡0

[𝐶4𝐻4𝑂]𝑡
− 𝑘𝑑

=
𝑘1
𝑘𝑟𝑒𝑓

[
1

(𝑡 − 𝑡0)
ln
[𝑅𝑒𝑓]𝑡0

[𝑅𝑒𝑓]𝑡
− 𝑘′

𝑑

]
(4)

where t0 is the irradiation start time. Control experiments
were carried out at each temperature included in this
study. kd and reference compound k′d were measured,
with kd being in the range (0.5–1.0) × 10−5 s−1, while
k′d was negligible in all cases. Next, the reaction mix-
ture was irradiated for ∼2 h and photolysis loss of both
furan and reference compound measured. Furan photol-
ysis loss in THALAMOS (UV-C lamps) was measured to
be ∼5 × 10−6 s−1, while in PCR (3rd harmonic of Nd:
YAG laser, 355 nm) C4H4O photolysis loss was not mea-
surable. Reference compound photolysis loss was also
negligible, in both setups, under all experimental condi-
tions. The sampling flow rate of SIFT-MS was ∼25 cm3

min−1, which led to a change of less than 0.5% of the
reaction volume over the duration of an experiment. The
total background loss of furan during an actual kinetic
experiment was always less than 4% of the OH kinetic
loss.
Three reference compounds with well-established

OH reaction rate coefficients were used in sepa-
rate experiments: CH2=C(CH3)CH=CH2 (isoprene),
k(T)= 3.00× 10−11 exp(360/T), k(296 K)= 1.00× 10−10 cm3

molecule−1 s−1,23 n-C4H9OH (n-butanol), k(296 K) =

0.85 × 10-11 cm3 molecule−1 s−1,24 and C4H8O (tetrahy-
drofuran, THF), k(T) = 0.97 × 10-11 exp(177/T), k(296 K) =
1.76 × 10−11 cm3 molecule−1 s−1.25
The SIFT-MS detection system monitored the concen-

tration of the reactants at m/z: 69 for [C4H4O]H+ and 73
for [C4H8O]H+ using the [H3O]+ precursor ion. Results
obtained using [O2]+ and [NO]+ as the precursor ion led
to identical kinetic results, but with lower sensitivity and
were not used in the final kinetic analysis. In the mea-
surements with isoprene and n-butanol as the reference
compound, FTIRwas the only detectionmethod used. The
FTIR system recorded absorption spectra at discrete reac-

tion times, that is, at furan and reference compound losses
of∼5%–10% permeasurement. FTIR spectrawere recorded
with 64 co-added scans at 1 cm−1 resolution. Spectral anal-
ysis used the furan infrared spectrum measured in this
work and reference spectra for n-butanol,26 THF,26 and
isoprene,27 available in the literature.

2.2 Photochemical reactor (PCR)
relative rate measurements

The PCR apparatus consists of four major components: (i)
a 90 cm long cylindrical double-wall glass gas flow reactor
equipped with quartz windows. The reactor tempera-
ture was maintained by circulating temperature regulated
water through the reactor jacket; (ii) a 16.3 cm long single-
pass Pyrex absorption cell with KBr windows mounted in
the FTIR sample compartment; (iii) a Teflon pump to cir-
culate the gas mixture between the reactor and absorption
cell; and (iv) a Nd:YAG pulsed laser (3rd harmonic: 355 nm,
1–10 Hz) photolysis light source.
OH radicals were produced by the 355 nm pulsed laser

photolysis of HONO:

HONO + hv → OH+NO (5)

HONO was synthesized online and transferred into the
reactor by flowing N2 bath gas over the headspace of a
H2SO4/NaNO2 solution (see materials section). The reac-
tor pressure increased ∼70 Torr (660–730 Torr) over the
duration of an experiment.
k1(296 K) was measured at a nominal 700 Torr (syn.

air) with OH + CHF=CF228 as the reference reaction,
k(296 K) = 0.82 × 10−11 cm3 molecule−1 s−1.28 Infrared
absorption cross sections for CHF=CF2 was taken from the
literature.28

2.3 Furan infrared spectrum

Infrared absorption cross sections were measured using
FTIR spectroscopy and static gas fills of an absorption cell
of 16.3 cm pathlength (PCR, UoC). Spectra were recorded
at 1 cm-1 resolution between 400 and 4000 cm-1 in 128 co-
added scans. C4H4O was introduced into the absorption
cell either as a pure compound or from a mixture in He
(13.6% and 16.6%). Independent measurements were made
with C4H4O concentrations in the range (0.50–6.25) × 1017
molecule cm−3. At least eight different furan concentra-
tions were used in each set of cross section determinations.
The furan Beer-Lambert analysis is shown in Figure S1.
The agreement between the individual determinations
was excellent, to within 2%. A digitized furan infrared
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4 ANGELAKI et al.

absorption spectrum is given in the supplement in JCAMP-
DX format.

2.4 Computational methods

The thermochemistry for OH radical addition to the two
chemically different carbons of C4H4O double bonds as
well as the direct abstraction pathways were investigated
using quantummechanicalmolecular calculations and the
Gaussian16 program suite. C4H4O, H2O, dehydrogenated
radicals and the possible OH-furan adduct geometries and
frequencies were calculated at the MP2/6-31+G(3df,2p)
level of theory, while absolute electronic energies were
finely adjusted employing the CCSD(full) method in con-
junction with TZVP basis set. The optimized geometries
were verified to correspond to global minima by the lack
of any negative frequency values. The uncertainty in ther-
mochemistry calculations is estimated to be less than
5 kJ mol−1 for the studied reactions.16 Yuan et al.29 have
previously theoretically studied the kinetics and the reac-
tion mechanism for reaction 1. In our thermochemical
approach the reaction pathways enthalpy, entropy and free
energy, ΔH, ΔS and ΔG, were calculated as a function
of temperature to evaluate the OH-furan adduct ther-
modynamic stability over the temperature range of the
present kinetic measurements and determine that our
measured k1(T) values correspond to the forward rate coef-
ficient. A comparison between temperature dependence
ΔG of association and H-atom abstraction channels is also
presented.

2.5 Materials

All reactants, besides HONO, were obtained commer-
cially: C4H4O (Sigma–Aldrich, 99%, 0.025 wt% butylated
hydroxytoluene as an inhibitor), C4H8O (Sigma–Aldrich,
≥ 99.9%), C5H8 (Sigma–Aldrich, 99%, < 1000 ppm p-
tert-butylcatechol as an inhibitor), n-CH3(CH2)2CH2OH
(Sigma–Aldrich, ≥ 99.7%), CHF=CF2 (Synquest Labs,
98%), and He (Linde, 99.996%). Reactants were degassed
several times through freeze-pump-thaw cycles at 77 K
prior to their storage in darkened Pyrex bulbs. Dilute
furan mixtures were manometrically prepared via furan
condensation at 77 K and turbulent mixing with He,
at room temperature, in a 10 L bulb. The mixing ratio
of the prepared mixtures were also calibrated by flow-
calibration experiments using pure C4H4O, as reference,
and quadrupole mass spectrometry detection. The results
of the two different techniques were in excellent agree-
ment, to within 1%, verifying the accuracy of the C4H4O
concentration used in the infrared spectrum measure-

F IGURE 1 Relative rate plot for the OH radical reaction with
furan at 296 K obtained for the different reference reactions used
(see legend). Data include rate coefficient measurements obtained
with both THALAMOS (296 K, 760 Torr syn. air) and PCR (296 K,
700 Torr syn. air) apparatuse (see legend). Red solid and open
symbols denote data obtained with FTIR and SIFT-MS detection
methods, respectively.

ments. HONO was synthesized online by adding 0.1 M
aqueous NaNO2 dropwise (∼0.5 mL min−1) into ∼50 mL
of 0.5 or 1 M aqueous solution of H2SO4.16 NO2 impu-
rity levels were continuouslymonitored via FTIR. Pressure
was measured by 100 and 1000 Torr calibrated pressure
sensors.

3 RESULTS AND DISCUSSION

Results for the independent k1(273–353 K) and k1(296 K)
measurements are presented below. The kinetic results are
then compared with the available literature kinetic data
and discrepancies discussed.
Table 1 summarizes the experimental conditions and the

results obtained for k1(T). Figure 1 shows results from typ-
ical relative rate kinetic experiments at 296 K and 700 and
760 Torr, for the four different reference reactions used in
this study. Experiments performed at temperatures other
than 296 K were of similar quality and are displayed in
Figures S2–S4. k1(296 K) obtained using the THALAMOS
and PCR setups, which used different OH radical sources
and reference compounds, are in excellent agreement, to
within 5%. The final value for k1(296 K) was obtained
from an average of the individual measurements to be
(4.07 ± 0.05) × 10−11 cm3 molecule−1 s−1. k1(T) was deter-
mined using at least two different reference reactions at
each temperature resulting in values that agreed to better
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ANGELAKI et al. 5

TABLE 1 Summary of the experimental conditions and the kinetic results, k1(T), for the gas phase OH + C4H4O reaction obtained with
both PCR and THALAMOS techniques.

Measured k1/kRefb k1c
T (K) Ref [C4H4O]0a [Ref]0a [H2O2]0a FTIRc,d SIFT-MSc,e (10−11 cm3 molecule−1 s−1)
273 C5H8 13.8 6.9 24.6 0.40 ± 0.01 4.48 ± 0.08

C4H8O 0.3 0.22 0.58 2.37 ± 0.03 4.39 ± 0.02
29.3 10.5 34.3 2.44 ± 0.04 4.51 ± 0.02

k1,avg(273 K) = (4.45 ± 0.04)f

296 C5H8 6.5 7.9 14.7 0.40 ± 0.01 4.04 ± 0.05
C4H8O 0.25 0.15 0.49 2.43 ± 0.02 4.28 ± 0.01

10.3 7.02 10.6 2.32 ± 0.04 4.08 ± 0.05
0.61 0.47 1.06 2.27 ± 0.04 4.00 ± 0.02

C4H9OH 5.16 24.3 29.5 4.77 ± 0.07 4.05 ± 0.04
CHF=CF2g 900 320 4.87 ± 0.10 3.99 ± 0.03

960 412 4.91 ± 0.10 4.03 ± 0.03
k1,avg(296 K) = (4.07 ± 0.05)f

323 C5H8 12.8 7.4 16.2 0.40 ± 0.01 3.66 ± 0.09
C4H8O 0.29 0.20 0.46 2.19 ± 0.01 3.67 ± 0.02

22.6 14.2 11.0 2.17 ± 0.05 3.64 ± 0.02
k1,avg(323 K) = (3.66 ± 0.03)f

353 C5H8 8.6 7.9 19.3 0.40 ± 0.01 3.32 ± 0.08
C4H8O 0.36 0.25 0.41 2.17 ± 0.02 3.47 ± 0.02

38.7 28.2 12.8 2.05 ± 0.04 3.28 ± 0.01
k1,avg(353 K) = (3.38 ± 0.06)f

Note: Experiments carried out between 273 and 353 K at 700 and 760 Torr (syn. Air).
aConcentrations in units of 1014 molecule cm−3.
bFuran dark and photolysis loss corrections have been applied in the relative rate ratio using expression 3. Kd was measured prior to each measurement and was
in the range (1–1.5) × 10−5 s−1 and k’d was zero in all cases.
cUncertainties are the 2σ precision from the fits.
dk1/kRef, ratio measured using FTIR detection.
ek1/kRef ratio measured using SIFT-MS detection.
fAveraged k1(T) values from different references and detection methods used, at each temperature.
gExperiments carried out in PCR with 355 nm photolysis of HONO as OH radicals precursor.

than 7% (see Table 1). k1(T), shown in Figure 2, displayed
a negative temperature dependence that is very well rep-
resented by the Arrhenius expression (1.30 ± 0.08) × 10−11
exp[(336 ± 20)/T] cm3 molecule−1 s−1. The quoted uncer-
tainties are the 2σ precision from the fit. Including an
estimated 7% systematic error from the reference reac-
tion rate coefficients in a root mean square error analysis
yields k1(T) = (1.30 ± 0.12) × 10−11 exp[(336 ± 20)/T] cm3

molecule−1 s−1.
In the present work, an emphasis was placed on an

evaluation of systematic errors and measurement repro-
ducibility. Experimental condition variations were used
as a diagnostic to minimize measurement artefacts and
improve measurement precision and accuracy. In partic-
ular, k1(296 K) determinations were carried out in two
independent apparatuses that have substantially different
configurations. Besides the different reactors, PCR exper-
iments used monochromatic laser light, 355 nm, as the

HONO photolysis source of OH radicals. In the THALA-
MOS experiments, OH radicals were produced by broad
band, UV-C lamps, H2O2 photolysis. In addition, the
reactant concentrations in the PCR experiments were ∼2
orders of magnitude greater than used in the THALAMOS
experiments. Even given these differences, agreement in
k1 was better than 7%. This demonstrates the high level of
reproducibility and precision (repeatability), ∼2%, of our
measurements and that potential furan secondary chem-
istry was negligible. In addition, the use of four different
reference reactions allowed to evaluate and minimize sys-
tematic uncertainties associated with the selection of the
reference rate coefficient in this study. In all cases, the
k1 agreement was better than 7%, which also implies that
the reference reaction rate coefficients are better known
than their quoted uncertainties in the literature. The over-
all consistency of the measured rate coefficients obtained
with four different reference compounds, that is, the high
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6 ANGELAKI et al.

F IGURE 2 Arrhenius plot comparing all the temperature
dependent rate coefficient values available in the literature. This
work data are shown with solid red circles. Error bars are the 2σ
precision from the RR data fits and encompass multiple
determination variations. The red dashed line is a least-square fit of
the present data to an Arrhenius expression (k1(T) = (1.30 ± 0.08) ×
10−11 exp[(336 ± 20)/T] cm3 molecule−1 s−1). Temperature
dependent rate coefficient data fromWine and Thompson12 and
Whelan et al.11 are included for comparison (see legend).

level of repeatability and reproducibility of our measure-
ments (see Table 1), provides additional confidence in the
present results.

3.1 Comparison with literature data

There are several room temperature absolute and rela-
tive rate measurements of k1 in the literature to compare
with the present results (Table 2).6–12 There are two deter-
minations of the temperature dependence of k1,11,12 that
applied absolute rate (AR) methods. The pressure depen-
dence of k1(T) has been evaluated in several studies, which
has shown k1(T) to be pressure independent over the
pressure range 0.005–10 bar and temperature range 294–
595 K. Therefore, all k1(T) values, currently available in
the literature were obtained in the reactions high-pressure
limit.
Although the differences between the present mea-

surement of k1(T) and previous results is not large, it
is worthwhile to consider the potential systematic errors

in both absolute and relative rate kinetic measurement
methods. AR and RR methods are susceptible to different
potential sources of systematic error of different origin, for
example, absolute concentration determination, sample
purity, secondary radical chemistry, heterogeneous loss,
etc. Here, we will briefly discuss the major sources of sys-
tematic error and how they were addressed in the present
study.
A key element in kinetic measurements is the determi-

nation of the reactant sample concentration and purity.
Particularly in AR kinetic measurements, it is critical to
know the reactant absolute concentration inside the reac-
tor, while it is not necessary in RR measurements. In
some cases, this can be the primary source of uncer-
tainty in an AR measured rate coefficient and can result
in either overestimates or underestimates of the reaction
rate coefficient. Another important consideration in AR
measurements, but less so in RR measurements, is the
presence of reactive sample impurities, whichwould result
in an overestimate of the rate coefficient. This does not
appear to be an issue in the comparison of the OH+ furan
studies. A major unavoidable source of uncertainty in
RR measurements is the reference reaction rate coeffi-
cient uncertainty. Few compounds have rate coefficients
known to better than 5%–10%. The present study addressed
this potential source of uncertainty by performing inde-
pendent experiments with multiple reference compounds.
In addition, secondary radical chemistry is also a poten-
tial source of error in both AR and RR measurements.
OH radical regeneration can lead to lower OH rate coef-
ficients in AR measurements, while the formation of
other radical species could affect RR measurements. In
the present work, different OH radical precursors and
photolysis sources as well as different reference com-
pounds were used to experimentally demonstrate that sec-
ondary chemistry did not influence the determination of
k1(T).
Table 2 and Figure 3 compare k1(296 K) measured

in this work with the available literature data. Lee
and Tang6 reported a value of k1(296 K) using a Flash
Photolysis/Resonance Fluorescence technique (FP/RF)
technique. Their k1(296 K) value is, however, an outlier, a
factor of ∼3 greater than all the other measurements and
has not been included in Figure 3, or considered further.
Atkinson et al.,7 Tuazon et al.,8,9 and Bierbach et al.10 mea-
sured k1(296 K) using RR methods and reported values of
(3.93 ± 0.28) × 10−11, (3.98 ± 0.35) × 10−11, and (4.19 ± 0.21)
× 10−11 cm3 molecule−1 s−1, respectively, with the error
limits representing the 2σ precision of the RR data fits. In
the Atkinson et al.7 determination OH + n-hexane was
used as the reference reaction, k(298 K) = 5.58 × 10−11 cm3

molecule−1 s−1.9 There are several room temperature rate
coefficients values for the OH + n-hexane reaction in
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ANGELAKI et al. 7

TABLE 2 Comparison of OH + C4H4O reaction room temperature rate coefficients, k1(296 K), data available in the literature.

Reference
Experimental
technique

Temperature
(K)

Total pressure
(mbar)

k1(296 K)a
(10−11 cm3 molecule−1 s−1)

Lee and Tang6 DF-RF 295 2.17–3.39 1.05 ± 0.08
Atkinson et al.7 RR/GC-FID 298 980 3.75 ± 0.28
Tuazon et al.8 RR/GC-FID 295 980 4.23 ± 0.32
Bierbach et al.10 RR/GC-FID 300 1013 4.19 ± 0.21
Wine and Thompson12 PF-RF 254–425 40–200 4.04 ± 0.61b

Whelan et al.11 PLP-LIF 294–560
298–595

(2–10) × 103

5–200
3.45 ± 0.13
3.34 ± 0.48

This work RR/SIFT-MS
RR/FTIR

273–353 1013 4.07 ± 0.05

4.07 ± 0.22b

Abbreviations: DF-RF, discharge flow – resonance fluorescence; PF-RF, pulsed photolysis – resonance fluorescence; PLP-LIF, pulsed laser photolysis – laser
induced fluorescence; RR/SIFT-MS, relative rate/selected ion flow tube-mass spectrometry; RR/GC-FID, relative rate/gas chromatography – flame ionization
detection; RR/FTIR, relative rate/Fourier transform infrared.
aThe uncertainties are the 2σ precision of the fits.
bUncertainties include differences in independent measurements.

F IGURE 3 k1(296 K) comparison between this work and the
available literature data (see legend). The present uncertainties of
all the literature values are the 2σ precision from the fits. This work
k1(296 K) is presented with dual error limits with the 2σ
measurement precision shown in black and the differences in the
independent measurements are presented in red.

the literature.7,30–36 k(296 K) values vary between 5.00
and 5.70 × 10−11 cm3 molecule−1 s−1 with an average
k(296 K) = 5.33 × 10−11 cm3 molecule−1 s−1. The Atkinson
et al.7 k(296 K) value reported in Table 2 and Figure 3
has been revised based on the average k(296 K) value
for the OH radical + n-hexane reaction. Tuazon et al.8
used a RR method with OH + 2-methyl-1,3-butadiene
(isoprene, k(298 K) = 9.60 × 10−11 cm3 molecule−1 s−1) as
the reference reaction. k1(296 K) included in Table 2 and

Figure 3 has been revised using the current recommenda-
tion for OH + CH2=C(CH3)CH=CH2 reaction (isoprene,
k(298 K) = 1.02 × 10−10 cm3 molecule−1 s−1),23 leading
to a ∼6% higher absolute rate coefficient value. In the
Bierbach et al.10 RR measurements, OH + CH2=CHCH3
(propene, k(296 K)= 2.60 × 10−11 cm3 molecule−1 s−1) was
used as reference reaction, which agrees with the current
rate coefficient recommendation.23 The Bierbach et al.10
measurement included significant corrections attributed
to furan photolysis, up to 25%, although the UVA-Visible
photolysis lamps (Philips TL05/40 W: 320–480 nm,
λmax = 365 nm) used to photolyze CH3ONO and produce
OH radicals, would not photolyze furan (see furan UV
absorption spectrum given in MPI-Mainz UV/VIS Spec-
tral Database37). No background or photolysis corrections
were employed in the Atkinson et al.7 and Tuazon et al.8,9
studies. Error bars shown in Figure 2, for the relative rate
studies, are the 2σ fit precision obtained in experiments
with a single reference compound.
Wine and Thompson,12 in their absolute rate measure-

ments, used pulsed photolysis of H2O (165–185 nm) to
produce OH radicals, that also leads to H atom formation
in a 1:1 yield, and resonance fluorescence to detect it. H
atoms could possibly react with C4H4O, but since furan
was in large excess to ensure pseudo-first order conditions
in OH (initial [OH] ∼1 × 1011 molecule cm−3), it would not
affect the furan concentration and thus the second-order
rate coefficientmeasured. The authors reported a rate coef-
ficient of (4.04 ± 0.61) × 10−11 cm3 molecule−1 s−1, with
a 2σ uncertainty, that includes fit precision and measure-
ment variability, but not possible systematic uncertainties.
Their quoted error limits are three times greater than our
quoted uncertaintymainly due to the scatter in their k1(296
K) determinations.
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8 ANGELAKI et al.

Whelan et al.11 using laser pulsed photolysis to form
OH radicals and laser induced fluorescence to detect it.
They reported low pressure, < 200 mbar, and high pres-
sure, > 2 bar, k1(294 K) values of (3.34 ± 0.48) × 10−11 and
(3.45 ± 0.13) × 10−11 cm3 molecule−1 s−1, respectively, with
their reported uncertainties given as 2σ (unknown origin).
Our reported room temperature value is also presented

in Figure 3, with two different error bars; the black error
bar represents the 2σ precision of themeasurements, while
the red includes differences in the independent measure-
ments. Comparing the quoted error limits of our k1 values
with those of the other measurements, the precision of
the present results is substantially higher, ∼2%, and 4–6
times less than the error limits reported in all the other
studies. Note that the precision obtained for the different
reference compounds is nearly identical. The agreement
between our k1(296 K) value and the absolute room tem-
perature rate coefficients from all the previous studies is
better than 4%, while the Atkinson et al.7 revised k1(296
K) is still in reasonable agreement, ∼8% lower. However,
the Whelan et al.11 k1(296 K) value is substantially lower,
∼15%, and falls outside the error limit margins even for the
measurements at < 200 mbar that have rather large error
limits.
Whelan et al.11 attributed their substantially smaller

room temperature rate coefficient values, ∼10%–25%, to
possible systematic errors in the previous studies due to
secondary chemistry initiated by the OH precursors and
photolysis wavelengths used. However, the results from
our study, whichwere performedwith various background
loss tests, different OH precursors, and photolysis sources
contradict this supposition.
The measured temperature dependence of k1 deter-

mined in this work can be compared with results from
the Wine and Thomson12 and Whelan et al.11 studies.
Their k1(T) data are included in Figure 2 for compari-
son with the present work. Wine and Thompson12 studied
the OH kinetics between 254 and 425 K, while the Whe-
lan et al.11 measurements from 294 to 595 K. The results
from the present study are in excellent agreement with the
results from theWine andThompson.12 TheWhelan et al.11
k1(T) data are systematically lower by ∼15%–20% than the
present results, and those of Wine and Thompson,12 over
the 273–425 K temperature range. In all three tempera-
ture dependent kinetics studies, a negative temperature
dependence was observed. Besides the systematic differ-
ence between this work and Whelan et al.11 k1(T) values,
the activation energies are essentially the same, in the over-
lapped temperature range, with the Whelan et al.11 E/R
value to be−(375± 86)K, combining low andhigh pressure
data, and ours −(336 ± 20) K. The corresponding pre-
exponential factor inWhelan et al.11 work was (9.74± 0.26)
× 10−12 cm3 molecule−1 s−1, for this temperature range,

F IGURE 4 Arrhenius plot that includes the temperature
dependent measurements available in the literature (see legend).
Wine and Thompson,12 and Whelan et al.11 data have been scaled to
the k1(296 K) value measured in this work. The solid line is a fit of
all the data to the expression k1(T) = A1 × (T/300)b + A2 × (T/1000)c

× exp[-(E/RT)] originally presented in the Whelan et al.11 analysis.

that is ∼25% lower compared to the results from this work.
Figure 4 shows all the temperature dependent data avail-
able in the literature after scaling the Whelan et al.11 and
Wine and Thomson12 data to the k1(296 K) valuemeasured
in this work.
Whelan et al.11 rationalized their kinetic measurements

using MESMER38 simulations, with input files developed
by Yuan et al.29 The analysis combined their data with the
high temperature rate coefficients obtained in the shock-
tube study of Elwardany et al.39 The MESMER analysis
does not address the high-temperature abstraction reaction
and that pathway was included as a A(T/300)n depen-
dence. The simulation yielded the expression k1(T)= 3.5 ×
10−11 (T/300)−1.61 + 9.5 × 10−11 (T/1000)−0.44 exp[−(25.6 kJ
mol−1/RT)] cm3 molecule−1 s−1. Here, we have scaled the
Wine and Thompson12 and Whelan et al.11 data to our
more precise room temperature k1 value, as shown in
Figure 4. A fit of the scaled data using the same expres-
sion yields k1(T) = 4.03 × 10−11 (T/300)−1.48 + 5.83 × 10−11
(T/1000)+2.18 exp[-(28.4 kJmol−1/RT)] cm3 molecule−1 s−1,
that reproduces the experimental data very well with a rea-
sonably acceptable different set of parameters than given
in Whelan et al.11 (see Figure 4).
The dip of the curve between 700 and 1000 K and the

positive temperature dependence at higher temperatures
is consistent with the transition from an adduct forma-
tion reaction mechanism at lower temperatures and a
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ANGELAKI et al. 9

H-abstraction mechanism at higher temperatures. That is,
the OH-furan adduct becomes gradually less stable and
the H-abstraction reaction channels becomes significant
with temperature increase. This is consistent with our free
energy thermochemical calculations, which show that OH
addition to the α-carbon (Figure S5) becomes endoergic,
ΔG > 0, at ∼870 K, Figure S6. The reaction mechanism
pathway competition results in the observed valley in the
Arrhenius curve. When the OH-furan adduct, which is
formed due to the OH radical association to the furan
double bond, is no longer stable, the H atom abstraction
channel becomes the dominant reaction pathway leading
to positive temperature dependence in k1(T).
Yuan et al.29 suggest that the OH association pro-

ceeds via a van-der Waals pre-reactive complex formation
resulting in an excited OH-furan adduct, which further
can either be thermally stabilized and yield cyclic oxi-
dation products, such as maleic anhydride (C4H2O3), or
via ring-opening to form predominately (E)- and (Z)-
butenedial (C4H4O2). Bierbach et al.40 measured a total
yield of the two butenedial conformers > 0.70, in the
absence of NOx, while Gómez Alvarez et al.,41 and
Aschmann et al.42 reported unity and 0.75 molar yields,
respectively.
In both THALAMOS and PCR experiments, C4H2O3

was detected as a OH + furan reaction product by both
SIFT-MS and FTIR. The determination of themaleic anhy-
dride reaction yield in the present and previous studies is
complicated by its wall-loss, UV photolysis, and reaction
with the OH radical, k(296 K) = (3.93 ± 0.28) × 10−13 cm3

molecule−1 s−1.43 There was evidence of C4H2O3 loss in
the PCR measurements at higher furan conversion, that
is, downward curvature in the product yield plot was
observed. Curvature was not observed in the THALAMOS
experiments (see Figure S7). We attribute this difference
to C4H2O3 wall-loss, which would be less in the ∼2.5
times lower surface-to-volume ratio of the THALAMOS
apparatus. The linear fit of the PCR data in the furan
conversion region resulted in a maleic anhydride yield of
(1.27 ± 0.05)%. The maleic anhydride yield in the THALA-
MOS experiments was slightly greater at (3.15 ± 0.20)%.
We report a 3% maleic anhydride yield as a lower-limit
due to possible unaccounted for losses of C4H2O3 in the
THALAMOS experiments. The detection of maleic anhy-
dride as a reaction product provides evidence that a minor
OH + furan reaction pathway does not lead to furan ring
opening.

3.2 Atmospheric implications

The furan atmospheric lifetime due to OH reactive loss,
τ(OH), using k1(273 K) = 4.45 × 10−11 cm3 molecule−1 s−1

F IGURE 5 Infrared gas-phase absorption spectrum of furan
(C4H4O). Spectra were recorded at 1 cm−1 resolution in a 16.3 cm
single pass absorption cell with static furan concentrations between
0.50 and 6.25 × 1017molecule cm−3. Cross section was determined
from a Beers law analysis (see Figure S1). The integrated band
strength (IBS) over the 520–1800 cm−1 region was determined to be
(3.51 ± 0.03) × 10−17 cm2 molecule−1 cm−1. A digitized spectrum is
provided in the SI.

from this work and a globally averaged OH concentration
of 106 molecule cm−3, was estimated to be 6.2 h.
Newland et al.44 and Al Ali et al.45 have reported

room temperature rate coefficients for the NO3 radi-
cal + C4H4O reaction to be (1.49 ± 0.23) × 10−12 and
(1.51± 0.38)× 10−12 cm3 molecule−1 s−1, respectively. They
estimated daytime and nighttime furan lifetimes, τ(NO3),
of 19 and ∼1 h, respectively, for NO3 reactive loss using
1 × 107 (daytime) and 2 × 108 (nighttime) molecule cm−3

NO3 radical concentrations. In addition, Atkinson et al.7
andAndersen et al.46 have reported furan atmospheric life-
timewith respect the reaction with O3 to be 119 h. Thus, O3
chemistry is expected to be a minor atmospheric removal
process for furan. The OH radical reaction is expected to
dominate the daytime loss of furan, while reactionwith the
NO3 radical is expected to be the predominant nighttime
loss process.
On the basis of the τ(OH) estimated in this work and

the measured infrared spectrum (Figure 5), the furan well
mixed (instantaneous) and lifetime adjusted radiative effi-
ciencies were calculated to be 0.058 and ∼5 × 10−4 W m−2

ppb−1, respectively.47 A 20-year time horizon global warm-
ing potential, GWP20, of ∼5 × 10−5 is estimated using the
adjusted RE. (Figure S8).
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10 ANGELAKI et al.

The furan infrared spectrum measured in this work
(1 cm−1 resolution) can be compared with the high-
resolution infrared spectrum reported in the PNNL
database.26 The PNNL infrared spectrum was recorded
between 550 and 6500 cm−1, at 0.112 cm−1 resolution. Due
to the different resolution of the spectra, we are comparing
the integrated band strengths (IBS) for bands in the range
500–1800 cm−1. The IBSs for the furan bands between 810
and 1800 cm−1 are in excellent agreement, within 0.5%–
3%. However, significant differences were observed for the
bands centered at 602 and 744 cm−1, with the IBS val-
ues measured in this work being 35 and 40% smaller,
respectively. This may imply that the 7th order polynomial
baseline correction applied in the PNNL spectrum may
have led to overestimating these absorption features. The
observed discrepancy affects the furan RE by ∼20%.

4 CONCLUSIONS

Rate coefficients, k1, for the gas-phase OH radical + furan
(C4H4O) reaction were determined as a function of tem-
perature between 273 and 353 K, using two independent
apparatuses employing RR methods. The results from this
study are consistent with the previous work by Wine and
Thompson12 and systematically greater by∼15%–20% com-
pared to the more recent study by Whelan et al.11 The
negative temperature dependence for theOH+ furan reac-
tion is consistent with a complex reaction mechanism
that predominately proceeds via OH radical association to
furan’s double bonds, at atmospherically relevant temper-
atures and pressures. Thermochemical molecular calcula-
tions showed that although both OH radical association
channels to the two chemically different carbons of furan
are exothermic, −121.5 (α-carbon with respect the ether-
group) and −52.9 kJ mol−1 (β-carbon), the addition to the
α-carbon is thermodynamically preferred. H-atom abstrac-
tion from both α- and β-carbons are highly endothermic by
41.9 and 42.3 kJ mol−1, respectively, and it is expected to
have negligible contribution under atmospheric degrada-
tion conditions. Maleic anhydride (C4H4O3) was observed
as aminor product (3% yield lower-limit) of theOH+ furan
reaction, identifying an atmospheric source of maleic
anhydride in wildfire plume chemistry.
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