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ABSTRACT
Polyoxymethylene dimethyl ethers, CH3O(CH2O)nCH3 with n ≥ 1 (abbreviated in the literature also as OME-n, PODEn,
POMDMEn, or OMDMEn) are currently discussed as renewable fuels. Despite fuel +OH reactions are crucial for the combustion
chemistry and atmospheric degradation of fuels, experimental kinetic data on OME-n + OH do not exist in the literature for n >

1; only estimated or theoretically calculated values are available. In the present work, we present an experimental kinetic study of
the reactions OH +OME-2 and OH +OME-3. For verification and comparison, identical experiments were also performed on the
somewhat better-known reactions of OHwith OME-1 and with the cyclic ethers 1,3,5-trioxane (TRI, C3H6O3) and tetrahydrofuran
(THF, C4H8O) as well as its perdeuterated isotopologue (THF-d8, C4D8O). Rate coefficients were determined as a function
of temperature and pressure in slow-flow reactors with the pulsed laser photolysis/laser-induced fluorescence technique. The
experiments were performed at temperatures between 250 and 520 K and pressures ranging from 0.2 to 5 bar (OME-2), 0.2 to 10 bar
(OME-3), 0.2 to 0.9 bar (OME-1, TRI), and 0.2 to 0.8 bar (THF, THF-d8)with heliumas bath gas.No significant pressure dependence
of the rate coefficients was observed. The generally very weak temperature dependences are parameterized in Arrhenius form.
Structural influences on reactivity are discussed and compared with predictions from structure-reactivity relationships.

1 Introduction

Polyoxymethylene dimethyl ethers, CH3O(CH2O)nCH3 with n
≥ 1, are currently discussed as sustainable diesel substitutes [1,
2] and can be produced via renewable pathways [3, 4]. These
compounds are also known as oxymethylene ethers (OMEs),
and we will use the abbreviation OME-n throughout this work.
However, we note that alternative abbreviations such as PODEn,
POMDMEn, or OMDMEn are also common in the literature [3].
In the context of fuel applications, the reactions of OMEs with
hydroxyl radicals are of particular importance due to their impact
on both autoignition behavior and atmospheric degradation.

Despite this role, experimental kinetic data on OH + OME-
n reactions are not available in the literature for n > 1. Only
for OH + OME-1, a number of experimental studies have been
published so far [5–9]. Consequently, current kinetic models for
the combustion of larger OMEs rely on calculated or estimated
rate coefficients for these reactions [10–12].

In the present study, we report what is, to the best of our
knowledge, the first experimental determination of the rate
coefficients for the reactions of OH with OME-2 and OME-3. The
temperatures in our study range from ca. 260 to 520 K at nominal
pressures between 0.2 and 10 bar to cover tropospheric conditions
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FIGURE 1 Schematic structures of the compounds studied in this
work.

and the beginning low-temperature ignition range. To validate
our experimental approach, we reinvestigated the OH + OME-1
reaction and expanded the temperature and pressure ranges of
earlier measurements [9].

To exemplify differences in the kinetics of open-chain and cyclic
oligo ethers, the OH + 1,3,5-trioxane (TRI) reaction was also
studied. TRI, which can be considered a cyclic analog of the
open-chain OME-2, is also a potential feedstock in the industrial
production of higher OMEs (see, e.g., [1, 3]). This raises the
importance of understanding the kinetics of its atmospheric
degradation to assess the overall environmental impact of OMEs
as fuels. Few kinetic studies on the OH + TRI reaction are
available in the literature [13–15]; their results will be discussed
and compared with the findings of the present work.

Finally, to characterize differences between cyclic mono- and
oligoethers, we studied the reaction of OH with tetrahydrofuran
(THF) and its perdeuterated isotopologue (THF-d8). There are
three earlier temperature-dependent studies of this reaction
system, two at temperatures below 372 K (relative rate method
[13, 16] and pulsed laser photolysis/laser-induced fluorescence
[13]) and one above 800 K (shock tube [17]). In our study,
we decrease the temperature gap in these measurements by
performing experiments between ca. 300 and 500 K.

The structures of all oligoethers studied in the present work are
shown in Figure 1. General aspects of the combustion chemistry
of cyclic ethers were recently reviewed in Ref. [18].

2 Experimental

The experiments were performed in three different slow-flow
reactors (see below) by using the pulsed laser photolysis/laser-
induced fluorescence (PLP/LIF) technique. The concentrations
were chosen to ensure pseudo-first order conditions with respect
to [OH]. The bath gas was helium. The general approach is well
known and is described along with the experimental setups in
detail elsewhere [9, 19–24]; only the essentials are repeated here.

The OH radicals were produced by pulsed photolysis of HNO3
at 248 nm with a KrF excimer laser. The fluorescence of OH
was excited with a frequency-doubled (BBO crystal) dye laser
at 281.9 nm and detected with a photomultiplier non-resonantly
around 308 nm. Two different LIF setups were employed. Setup
A: Dye laser (dye: Coumarin 153) pumped by a XeCl excimer

laser at 308 nm; detection of the fluorescence after passing a
monochromator (308± 4 nm). Setup B: Dye laser (dye: Rhodamin
6G) pumped by a frequency-doubled Nd:YAG laser at 532 nm;
detection of the fluorescence after passing a band pass filter
(310 ± 10 nm). In both setups, digital delay generators were used
to vary the time lag between the pulses of the photolysis laser and
the fluorescence excitation laser. For each given delay time, ten
measurements were recorded and automatically averaged. The
repetition rate of the experiments was 10 Hz.

Three different reactors, corresponding to the temperature and
pressure range of a specific experimental run, were used. The
reactor for temperatures above 300 K and pressures above 1 bar
(high temperature/high pressure, HTHP) is described in detail
in Ref. [9], and the reactor for T < 300 K and p < 1 bar (low
temperature/low pressure, LTLP) is described in Ref. [22]. The
geometry of the third reactor, for T > 300 K and p < 1 bar
(HTLP), very closely resembles that of the HTHP reactor [9].
All three reactors are made of stainless steel and have a T-
shaped arrangement of three quartz windows. The laser beams
for photolysis and fluorescence excitation propagate antiparallel
through the two opposite windows, and the fluorescence is
detected perpendicular to the laser axis through the thirdwindow.
Due to the technical conditions within our laboratory, the HTHP
reactor was always combined with Setup A and the HTLP and
LTLP reactors were always combined with Setup B. We note that
no systematic differences between the two setups were observed.

The gas mixtures (HNO3/He and ether/He) were preparedmano-
metrically in a separate mixing line and stored in two stainless
steel cylinders at least for 12 h prior to use to ensure complete
mixing. We note that this kind of mixture preparation ensures
that the initial concentrations of the ethers are not influenced
by their different vapor pressures. The flows (including neat He
from a third cylinder) were regulated with mass-flow controllers
and mixed in a capillary before entering the reactor. Flow rates
were chosen so as to avoid accumulation of reaction products in
the corresponding cell, and pseudo-first order conditions were
carefully maintained. The ratios of the initial concentrations
[ether]0/[OH]0 ranged between 25 and 5000, and all observed
decays of the OH LIF signals were monoexponential. The abso-
lute initial concentrations of the ethers ranged from 1 × 1014 to
3 × 1016 cm−3 and the initial concentrations of HNO3 from 1 ×
1015 to 6 × 1016 cm−3. The latter range results in estimated OH
initial concentrations between 7 × 1011 and 2 × 1013 cm−3 under
the conditions of our experiments [9].

The OH radical precursor, HNO3, was synthesized from freshly
degassed concentrated H2SO4 and dried KNO3 as described in
Ref. [9]. The purities of the chemicals used were as follows:
OME-1 ≥ 99.0% (Sigma–Aldrich), TRI ≥ 99.0% (Sigma–Aldrich),
THF ≥ 99.8% (Carl Roth), THF-d8 ≥ 99.5%D (Carl Roth), He >

99.999% (Air Liquide), H2SO4 98% (Carl Roth), KNO3 ≥ 99% (Carl
Roth), OME-2 ≥ 99.7% and OME-3 ≥ 99.9% (Institute of Catalysis
Research and Technology, KIT) [25].

3 Results

We start this section with our investigations of OME-2 and OME-
3, for which we present the first experimental kinetic data of
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FIGURE 2 Measured LIF intensity-time profiles (symbols) for the
OME-2+OH reaction and best mono-exponential fits (solid lines) for T=
279K and p= 900mbar at differentOME-2 concentrations: (open squares)
2.55 × 1015, (bullets) 5.08 × 1015, and (open triangles) 7.60 × 1015 cm−3.

their reactionswithOH.We continuewithOME-1, TRI, THF, and
THF-d8, for which a limited number of studies have already been
published. The data analysis for OME-2 + OH is elucidated in
detail, whereas the presentations for the other reactions are kept
shorter because the approaches were identical.

3.1 The Reaction OME-2 + OH

The reactionOME-2+OH→ products was studied in the temper-
ature range 261–514 K at pressures between 0.2 and 5 bar. Typical
fluorescence intensity-time profiles of individual experiments are
shown in Figure 2; pseudo-first order rate coefficients, kpseudo,
were obtained from mono-exponential fits. From these values,
the second-order rate coefficients, k, were determined as the
slopes of least-squares fits kpseudo versus [OME-2]0 as illustrated
in Figure 3. Note that the finite intercepts at [OME-2]0 = 0 are
mainly due to unwanted side reactions of OH with impurities,
most likely NO2. This problem, which only marginally affects
the slopes, is discussed at some length in Ref. [9]. The second-
order rate coefficients, k, obtained in this way are tabulated
along with the experimental conditions in Table S2. Because no
significant pressure dependence was observed, we lumped and
averaged these rate coefficients for the different pressures and
temperatures close to each other (T ± ΔT) for further analysis.
The results, 〈k〉, are collected in Table 1. The standard deviations
σ〈k〉 given there were obtained as the sum of standard deviations
of themean plus the averaged standard deviations σk of the single
k values from Table S2. The results are plotted in Figure 4.

As one can realize, there is notable scatter in the data for OME-2.
It is somewhat larger than the scatter for the other compounds
of the present work (see below) and larger than the typical scatter
observed in previous studies performedwith the same experimen-
tal setup (cf. Refs. [9, 23, 24, 26]). The reason is not quite clear. The
experimental procedures were analogous, the compounds were
of similar high purity, and there was no dependence observed on
the age of the mixtures, on laser fluences, and on the direction of

TABLE 1 Lumped and averaged (see text) rate coefficients of the
OME-n + OH reactions.

R + OH (T ± ΔT)/K (〈k〉 ± σ〈k〉)/10−12 cm3/s

OME-1 + OH 253 ± 6 4.01 ± 0.68
268 ± 5 4.11 ± 0.28
272 ± 3 3.68 ± 0.82
278 ± 3 3.85 ± 0.56
282 ± 2 3.74 ± 0.37
286 ± 1 3.63 ± 0.34
294 ± 0 4.28 ± 0.50
324 ± 2 3.90 ± 0.51
357 ± 2 4.74 ± 0.21
383 ± 1 4.18 ± 0.50
420 ± 1 3.10 ± 0.24
448 ± 1 3.22 ± 0.53
503 ± 1 3.57 ± 0.19

OME-2 + OH 261 ± 6 5.60 ± 2.07
265 ± 4 5.64 ± 2.20
270 ± 4 3.68 ± 1.55
278 ± 2 3.32 ± 0.88
284 ± 2 7.32 ± 0.78
288 ± 2 5.09 ± 1.55
294 ± 1 5.74 ± 0.66
310 ± 1 3.17 ± 1.08
324 ± 2 4.75 ± 0.58
341 ± 1 3.71 ± 0.92
355 ± 2 6.19 ± 0.84
359 ± 1 4.64 ± 1.13
378 ± 1 4.69 ± 2.06
384 ± 1 5.86 ± 0.74
406 ± 1 4.41 ± 1.93
424 ± 1 6.28 ± 0.79
429 ± 1 3.21 ± 0.43
455 ± 2 4.55 ± 0.48
514 ± 2 5.63 ± 0.71

OME-3 + OH 284 ± 1 8.26 ± 1.17
288 ± 1 6.67 ± 1.67
295 ± 1 6.26 ± 1.01
310 ± 1 7.29 ± 1.43
319 ± 1 10.3 ± 2.14
338 ± 1 7.01 ± 1.59
356 ± 1 5.85 ± 1.06
379 ± 1 5.42 ± 1.14
410 ± 1 6.74 ± 1.78
431 ± 1 7.83 ± 1.50
456 ± 1 9.17 ± 1.87
492 ± 1 8.66 ± 2.13
519 ± 1 9.61 ± 2.21
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FIGURE 3 Pseudo-first order plots at temperatures of (bullets) 405
K, (open squares) 322 K, and (triangles) 340 K at a nominal pressure of 2
bar. The best linear fits (solid lines) gave k(405 K, 2 bar) = (6.09 ± 0.23) ×
10−12 cm3/s, k(322 K, 2 bar) = (4.72 ± 0.16) × 10−12 cm3/s, and k(340 K, 2
bar) = (4.49 ± 0.17) × 10−12 cm3/s, respectively.

FIGURE 4 Arrhenius plots for the reactions of OH with (green)
OME-1, (blue) OME-2, and (red) OME-3; (symbols) experimental values
〈k〉 ± σ〈k〉 from Table 1 with (solid lines) least-squares fits, (dashed lines)
averaged rate coefficients 〈k〉T according to Table 2, and (shaded areas)
estimated uncertainty margins of ±30% for 〈k〉T.

[OME-2]0 variations (i.e., no hysteresis in the pseudo-first order
plots). We quantify the uncertainty of the data by the root mean
square deviation of the ln(ki) values with respect to the linearized
Arrhenius least-squares fit and obtain for OME-2+OH a value of
s = 0.253 (cf. Table 2).

The least-squares fit to the experimental data (obtained with the
subroutine FIT from Ref. [27]) is also shown in Figure 4, and
the corresponding Arrhenius parameters with their uncertainties
(±2σ) are given in Table 2. Due to the scatter of the data, the
slightly negative temperature dependence of kOME-2+OH formally
obtained from the fit is not substantial; the energy of activation

does not differ significantly from zero on a 2σ level. We therefore
also provide in Table 2 and Figure 4 the temperature-independent
mean value 〈kOME2+OH〉T = (4.78 ± 0.54) × 10−12 cm3/s obtained
as a (1/σi2)-weighted average of the 〈kOME-2+OH〉i values given in
Table 1.

We note that the statistical errors of the rate coefficients are
comparatively small, mostly well below 15%. However, we will
generally assign an estimated maximum uncertainty of ±30%
to also account for possible systematic errors, which may be
caused by several influencing factors that are probably minor but
are difficult to quantify such as varying flow rates at different
temperatures and pressures, possible adsorption effects, side
reactions, fluence fluctuations of the photolysis laser, and so on. A
value of ±30% has proven reasonable also in comparable earlier,
partly collaborative works with other laboratories [24, 26, 28].
A comparison and discussion of the total uncertainties and the
significance of the kinetic parameters for the different reactants
will be provided below.

3.2 The Reaction OME-3 + OH

The reaction OME-3 + OH → products was studied in the
temperature range 284–519 K at pressures between 0.2 and 10 bar.
The approach was the same as for OME-2 + OH. The results are
collected in Table 1 and displayed in Figure 4; the primary data
are listed in Table S3. No significant pressure dependence of the
rate coefficients was observed. From Figure 4, it is obvious that
the scatter, though somewhat less than for OME-2 + OH, is still
too large to discern a significant temperature dependence (for
the formal Arrhenius parameters see Table 2). The average rate
coefficient, 〈kOME-3+OH〉T, amounts to (7.08 ± 0.88) × 10−12 cm3/s,
which is about 50% higher than the value for OME-2 + OH.

3.3 The Reaction OME-1 + OH

The reaction OME-1 + OH → products was studied in the
temperature range 253–503 K at pressures of 0.2, 0.3, 0.6, and
0.9 bar. These experiments supplement recent investigations from
this laboratory [9] performed at higher pressures of 2, 5, and 10
bar. The results of the present work are listed in Table 1 and
displayed in Figure 4. The primary data are given in Table S1.
As in Ref. [9], also at the lower pressures of the present work, no
significant pressure dependence was observed.

3.4 The Reaction TRI + OH

The reaction TRI + OH→ products was studied in the tempera-
ture range 253–554 K at pressures from 0.2 to 0.9 bar. The results
are listed in Table 3 and displayed in Figure 5. The primary data
are given in Table S4. Again, no pressure dependence of the rate
coefficients could be discerned.

3.5 The Reactions THF + OH and THF-d8 + OH

The reaction THF (THF-d8) + OH → products were studied in
the temperature range 296–495 (297–493) K at pressures from
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TABLE 2 Temperature ranges, pressure ranges, and rate parameters of the R +OH reactions studied in the present work; k(T) = A exp [–EA/(RT)]
with gas constant R; N is the number of lumped rate coefficients ki (cf. Tables 1 and 3), s is the estimated root mean square deviation of the ln(ki) values
from the linearized Arrhenius fit (see footnotea), 〈k〉T is the (1/σi2)-weightedmean of the 〈k〉i(T) values (see text); all error margins in this table represent
two standard deviations.

R T/K p/bar A/10−12 cm3/s (EA/R)/K N sa 〈k〉T/10−12 cm3/s

OME-1 253–503 0.2–0.9 3.26 ± 0.72 −69.1 ± 76.2 13 0.111 3.86 ± 0.24
OME-2 261–514 0.2–5 3.79 ± 1.46 −116.0 ± 135.0 19 0.253 4.78 ± 0.54
OME-3 284–519 0.2–10 9.38 ± 5.66 80.0 ± 206.2 13 0.195 7.08 ± 0.88
TRI 253–554 0.2–0.9 2.22 ± 0.46 −229 ± 80 16 0.079 3.87 ± 0.32
THF 296–495 0.2–0.8 13.1 ± 3.0 −28.4 ± 82.4 10 0.059 14.11 ± 0.51
THF-d8 297–493 0.2–0.8 10.4 ± 1.4 107 ± 50 10 0.070 7.90 ± 0.36

as = [χ2/(N − 2)]1/2 with 𝜒2 =
∑𝑁

𝑖=1 [ln 𝑘𝑖 − ln𝐴 + 𝐸A∕(𝑅𝑇𝑖)]
2.

FIGURE 5 Arrhenius plots for the reactions of OH with (green)
THF, (blue) THF-d8, and (red) TRI; (symbols) experimental values 〈k〉 ±
σ〈k〉 from Table 3 with (solid lines) least-squares fits (for parameters see
Table 2) and (shaded areas) estimated uncertainty margins of ±30% (see
text).

0.2 to 0.8 bar. The results are listed in Table 3 and displayed in
Figure 5. The primary data are given in Table S5 (S6). It becomes
obvious that the temperature dependences in the investigated
temperature range, while generally very weak, are positive for
THF-d8, negative for TRI, and not significant for THF. No notable
influence of pressure was observed.

4 Discussion

4.1 The Reactions of OHWith OME-n (n = 1, 2, 3)

The results from the present work for OH + OME-1 are plotted
along with results from other works in Figure 6. Note that
for clarity, instead of individual experimental data points from
the literature, merely fitted curves are displayed when these
were provided in the original publications. It is obvious from

FIGURE 6 Arrhenius plots for the reaction OME-1 + OH with
(green symbols) experimental values 〈k〉 ± σ〈k〉 from Table 1 and (green
solid line) the associated least-squares fit (for the parameters see Table 2);
the literature data are elucidated in the text.

Figure 6 that the absolute values of the rate coefficients from
all studies are in reasonable agreement whereas the temperature
dependences, though generally weak, differ in part. While the
majority of the experimental values [5–7, 9] indicate a slightly
negative temperature dependence in the range 230 K < T < 570
K, a positive temperature dependence between 293 and 617 K
was obtained by Vovelle et al. [8] This difference was already
discussed in Ref. [9]. It was noted there that the experiments
by Vovelle et al. [8] were essentially conducted at a pressure of
133 mbar whereas the experimental values from Ref. [9] were
determined at much higher nominal pressures of 2, 5, and 10
bar. To approach conditions similar to those applied by Vovelle
et al. [8], the experiments of the present work were performed at
lower pressures from 200 to 900mbar. But a negative temperature
dependence in line with that of Ref. [9] was again obtained, and
the positive temperature dependence found in Ref. [8] could not
be confirmed.
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TABLE 3 Lumped and averaged (see text) rate coefficients of the
reactions of OH with TRI, THF, and THF-d8.

R + OH (T ± ΔT)/K (〈k〉 ± σ〈k〉)/10−12 cm3/s

TRI + OH 253 ± 7 4.96 ± 0.93
267 ± 4 4.55 ± 0.82
276 ± 4 4.54 ± 0.69
285 ± 2 4.36 ± 0.44
295 ± 1 4.87 ± 0.36
327 ± 2 4.78 ± 0.69
339 ± 2 4.41 ± 0.54
359 ± 1 4.00 ± 0.81
373 ± 1 4.43 ± 0.52
388 ± 1 4.33 ± 0.17
422 ± 1 3.81 ± 0.44
440 ± 1 4.26 ± 0.59
470 ± 1 3.43 ± 0.46
490 ± 1 3.24 ± 0.20
500 ± 1 3.38 ± 0.32
554 ± 1 3.19 ± 0.22

THF + OH 296 ± 1 14.2 ± 1.00
327 ± 1 14.7 ± 0.56
335 ± 1 14.5 ± 0.29
355 ± 1 12.6 ± 0.99
368 ± 2 13.9 ± 0.78
384 ± 2 13.6 ± 0.74
408 ± 1 13.7 ± 0.33
432 ± 2 14.8 ± 1.33
468 ± 2 14.1 ± 1.02
495 ± 1 15.6 ± 1.09

THF-d8 + OH 297 ± 1 7.83 ± 0.38
328 ± 1 7.94 ± 0.22
336 ± 1 7.43 ± 0.43
353 ± 2 7.69 ± 0.30
368 ± 2 7.73 ± 0.33
386 ± 1 7.79 ± 0.16
409 ± 1 6.99 ± 0.19
428 ± 1 7.49 ± 0.31
468 ± 1 8.42 ± 0.19
493 ± 1 9.10 ± 0.22

Also plotted in Figure 6 are two calculated curves from Ref. [10],
where slightly different statistical rate theory approaches were
used to predict kOME-1+OH(T). In general, these data were obtained
from canonical transition state theory (TST) by assuming an
equilibrium between the bimolecular reactants, OME-1 and
OH, and a prereactive complex that decomposes in two rate-
limiting steps toward the product pairs H3COCHOCH3 + H2O
and H3COCH2OCH2 + H2O. The molecular and transition state

geometries for the different conformers were optimizedwith den-
sity functional theory (DFT) up to M06-2X/def2-TZVPP, and the
barrier heights were calculated at CCSD(T)-F12a/aug-cc-pVTZ
level of theory. To account for the effects of multiple conformers,
two different approaches were used, a multistructural local
harmonic (MS-LH) approximation and a multistructural method
for torsional anharmonicity (MS-T) [10, 29, 30].

For comparison, Ref. [10] also reports a calculation within the
rigid rotor/harmonic oscillator (RRHO) approximation, includ-
ing hindered rotor corrections; however, the agreement with
the experimental data is significantly worse. Accordingly, these
results are not included in Figure 6. Regarding the other two
methods, the authors of Ref. [10] emphasize that MS-T can be
expected to perform better than MS-LH. They note, however, the
larger deviation of the MS-T results from the experimental rate
coefficients of Vovelle et al. [8]. As can be seen from Figure 6,
the MS-T results are more in line with the negative temperature
dependence observed in both Ref. [9] and the present work.
Unfortunately, we were unable to extend the temperature range
of the present work significantly above 500 K to experimentally
confirm and/or localize more precisely the position of the pre-
dicted minimum in the Arrhenius plot. Such shallowminima are
not uncommon for this type of reaction proceeding via prereactive
complexes (see, e.g., [31]).

In Figure 7, the rate coefficients for OME-2 + OH and OME-3 +
OHexperimentally determined in the present work are compared
with calculated and estimated values from the literature. As was
already mentioned in the introduction section, there appear to be
no other experimental kinetic data on these reactions published
so far. Based on theoretical rate coefficients for the OME-1 + OH
reaction, which mainly involves H abstractions, He et al. [10]
estimated rate coefficients for the reactions of OHwith the higher
homologs OME-2 and OME-3 by multiplying the temperature-
independent A-factors of the extended Arrhenius expressions
for H abstraction from CH2 by the number of CH2 groups (see
Supplementary data of Ref. [10]). The contributions from the
two CH3 groups were kept unaltered. The results are plotted in
Figure 7. Also plotted are estimated values from Dinelli et al.
[12], which were obtained by a reaction class/lumping approach
based on the rate coefficients for H abstraction from OME-1
[32]. Both estimations show for OME-2 as well as for OME-3 a
very good agreement with the experimental data of the present
work. For both reactants, they predict a very weak temperature
dependence of the rate coefficients over the studied temperature
range with somewhat higher absolute values for OME-3 + OH
than for OME-2 + OH (approximately a factor of 1.3 at 300 K),
which is in line with the experimental findings of the present
work.

For OME-3, another calculated curve, from Zhu et al. [11], is
shown in Figure 7. These results were obtained from transi-
tion state theory with molecular data from DFT at M062X/6-
311++G(d,p) level of theory and single-point energies from
complete basis set extrapolations of QCISD(T) results (for details
see Ref. [11]). The agreement of these calculated values with
the experimental results of the present work is slightly worse
compared to the estimations from He et al. [10] The calcula-
tions in particular seem to underestimate the rate coefficients
for temperatures above ca. 300 K and also predict a too
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FIGURE 7 Arrhenius plots for the reactions of OH with (blue) OME-2 and (red) OME-3; (symbols) experimental values 〈k〉 ± σ〈k〉 from Table 1,
(solid lines) least-squares fits (for parameters see Table 2), estimations from (dashed lines) He et al. [10] and (dotted lines) Dinelli et al. [12], calculations
from (dash-dotted line) Zhu et al. [11].

FIGURE 8 Arrhenius plots for the reactions of OH with (green)
THF, (blue) THF-d8, and (red) TRI; (symbols) experimental values 〈k〉 ±
σ〈k〉 from Table 3 with (solid lines) least-squares fits (for parameters see
Table 2); the literature data are elucidated in the text.

strong negative temperature dependence in the range below
500 K.

4.2 The Reactions of OHWith THF, THF-d8, and
TRI

The experimentally determined rate coefficients for the reactions
of OH with the three cyclic ethers are displayed and compared
with literature data in Figure 8. Again, for the sake of clarity,
no single experimental data points for the literature values
are plotted but only fits as given in the original works are
shown [13, 14, 16]. In general, the absolute values of the rate
coefficients are on the same order of magnitude than those
for OME-n + OH with kTHF+OH being a factor of 3 to 4 larger
than kTRI+OH, and the latter value lying closer to kOME-n+OH. A
normal primary isotope effect is observed between THF andTHF-

d8 with kTHF+OH/kTHF-d8+OH ∼ 2. The temperature dependences
for all three reactions are, in general, very weak, with a small
negative temperature dependence discernible for the TRI + OH
experimental values from the present work.

Figure 8 shows that the experimental data for THF and THF-
d8 from the present study are in very good agreement with the
literature values. The experiments by both Illés et al. [16] and
Moriarty et al. [13] indicate a weakly negative temperature depen-
dence atT< 300K,which turns through a shallowminimumnear
300 K into a slightly positive temperature dependence at higher
temperatures. This general trend is confirmed by the data of the
present work for temperatures up to 500 K.

The situation for TRI + OH is somewhat less satisfactory. The
absolute values of the rate coefficients from all three experimental
studies are again in very good agreement for temperatures below
ca. 300 K. But while the works of Moriarty et al. [13] and Zabar-
nick et al. [14] report a slight positive temperature dependence, a
slight negative temperature dependence is obtained in the present
work. This different behavior leads to a factor of three discrepancy
in the rate coefficients at temperatures near 500 K (cf. Figure 8).

A curve calculated by Saheb and Bahadori [15] for the TRI +
OH reaction is also shown in Figure 8. These authors performed
canonical variational transition state theory calculations with
a two-transition-state model, using the VariFlex code [33]. The
necessary molecular and transition state data were obtained
from quantum chemical calculations at several different levels
of theory (M05-2X, M06-2X, MPWB1K, and CBS-QB3) [15].
Unfortunately, there is some inconsistency in the numerical and
graphical presentation of the results in Ref. [15]. For Figure 8, we
adopted the CBS-QB3-based curve digitized from Figure 6 of Ref.
[15]. TheCBS-QB3 results were chosen because they represent the
highest level of theory applied there. It becomes obvious that the
calculations predict aU-shapedArrhenius curve (as also do all the
other methods applied in Ref. [15]) with a shallowminimumnear
400 K. The calculated curve, while being in very good agreement
with the absolute values of the measured rate coefficients, does
not allow, however, to resolve the discrepancy between the
different temperature dependences found in the experiments.
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4.3 Structural Effects

By now, it is well accepted that the molecular mechanism
of OH + ether reactions is H abstraction from CHn to form
H2O and the complementary carbon-centered radical. The rate
coefficients of these reactions are usually larger than those of
the corresponding OH + alkane reactions [34]. The increased
reactivity is attributed to the presence of oxygen atoms in the
carbon backbone, which lowers the C–H bond dissociation
energies (BDE) by 20–25 kJ/mol (see, e.g., [35]) and enables the
formation of hydrogen-bonded prereactive complexes [5, 13, 34,
36, 37]. This activation effect is more pronounced in diethers
than in monoethers and does not seem to be confined to CHn
groups in α-position to the oxygen atoms but extends to β- and
γ-positions and possibly beyond [34]. In general, branching ratios
between abstractions from different CHn groups are not readily
accessible in conventional kinetic experiments, where usually
overall rate coefficients are determined. Typically, results from
theoretical calculations must be additionally employed (see, e.g.,
[38]). Nonetheless, from suitable combinations of overall rate
coefficients for different OH+ ether reactions, site-specific group
rate coefficients have been estimated [34]. It turned out that
for unbranched alkyl ethers, H abstraction from α-CHn via a
five-membered ring transition state seems to predominate, and
contributions from other CHn groups decrease with increas-
ing separation from the O atom [34]. This predominance was
confirmed by theoretical calculations in Ref. [38] (for higher
temperatures between 900 and 1300 K).

In the following, we compare the experimental results of the
present work with data available in the literature and discuss
possible structural influences on the ether + OH kinetics. Since,
under the conditions of this study, the rate coefficients of the
investigated reactions show only little temperature dependence,
we initially neglect the dependence on temperature and use the
average values 〈k〉T from Table 2 as a convenient measure for
comparison.

For THF, the only cyclic monoether of this study, 〈k〉T = (14.11
± 0.51) × 10−12 cm3/s in the temperature range 296–495 K. For
diethyl ether (DEE), which may be considered as an open-chain
analog of THF, rate coefficients of its reaction with OH between
16.8 × 10−12 cm3/s at 240 K and 11.6 × 10−12 cm3/s at 442 K
were recommended in an earlier review [39] on the basis of
several experimental studies. It is obvious that the 〈k〉T value
of THF is within this range. Also the measured isotope effects,
k(OH+THF)/k(OH+THF-d8) ranging from 1.99 to 1.66 for T =
297 to 493 K (cf. Table 2) and k(OH+DEE)/k(OH+DEE-d10)
ranging from 2.0 to 1.7 for T = 296 to 441 K [40] virtually agree
with each other. Obviously, the reactivity of OH toward THF
and DEE is very similar in the studied temperature range. The
reduced reactivity toward cyclic ethers relative to their open-
chain analogs discussed inRefs. [13, 34] is, at least for this reactant
pair, not discernible within the given uncertainty ranges. We
also note that calculated bond dissociation energies in THF and
DEE, in particular for the α-CH2 groups, are close to each other:
BDE(THF, α-CH2) = 389.6 kJ/mol, BDE(THF, β-CH2) = 408.4
kJ/mol (CCSD(T) and W1U calculations, isodesmic reactions)
[16]; BDE(DEE, CH2)= 392.5 kJ/mol and BDE(DEE, CH3)= 423.3
kJ/mol (G4 calculations) [41]. Despite the different quantum

chemical methods used, the similarity of the calculated BDEs
for THF and DEE supports the similarity of the rate coefficients
for OH + THF and OH + DEE. Furthermore, in both ethers, H
abstraction from α-position is possibly preferred over abstraction
from β-position. It is well known (see, e.g., [42]) that for a series
of abstraction reactions by a particular attacking radical, often a
rough correlation exists between the energies of activation (and
hence, to a first approximation, the rate coefficients) and the bond
dissociation energies of the breaking bonds.

The situation for the oligoethers OME-1, OME-2, OME-3, and TRI
is different from the situation of the higher monoethers insofar as
only α-CHn groups occur in these species. In going fromOME-1 to
OME-3, the number of CH3 groups remains constant (two), and
the number of CH2 groups increases from one to three. Inspection
of Table 2 reveals a respective increase of 〈k〉T/10−12 cm3/s from
∼3.9 via ∼4.8 to ∼7.1 in line with the number of CHn groups.
The cyclic ether TRI, containing solely three CH2 groups, has a
value of 〈k〉T ∼ 3.9 × 10−12 cm3/s in virtual agreement with the
value for OME-1. Both ethers contain three CHn groups, which
obviously exhibit a very similar reactivity toward OH. It seems as
if inOMEs the reactivity of the internal CH2 and the terminal CH3
groups toward OH do not strongly differ if corrected for statistical
effects. This finding is again supported by very similar C–H bond
dissociation energies. Zhu et al. [11] performed combined CBS-
APNO/G3/G4 calculations for the entire series OME-1 to OME-5
and obtained values in the range 397.6–400.1 kJ/mol for CH3
and 397.1–404.9 kJ/mol for CH2 with the terminal CH3 groups
almost consistently exhibiting somewhat lower values than the
secondary CH2 groups, a result also obtained in Ref. [43].

In general, the investigations of the present work confirm for
OME-1, TRI, and THF/THF-d8 earlier experimental results and
the qualitative structure-reactivity discussions presented in Refs.
[13, 34]. The rate coefficients are larger than those of the corre-
sponding OH + alkane reactions but (except for THF) distinctly
lower than predicted by common structure-reactivity relation-
ships [44], a known discrepancy in particular for polyethers [45].
For OME-1 and TRI, which contain identical numbers of α-CHn
groups, the rate coefficients are very similar, indicating that α-
CH3 and α-CH2 groups have comparable reactivities toward OH
(see also [13]). There is, at least for these two compounds, no
significant difference between the reactivities of the ring and the
open-chain structure, in contrast to what is observed for ethers
containing –(CH2)n– moieties with n ≥ 2. In the latter cases, the
open-chain isomers are commonly more reactive [13, 34]. The
reactions of OH with the higher open-chain homologs OME-2
and OME-3, which were experimentally studied for the first time
in this work, fit nicely into this picture. The rate coefficients at
298 K (Arrhenius parameters from Table 2) increase for OME-
1 → OME-2 → OME-3 by increments of ∼1.5 × 10−12 cm3/s per
CH2 group. All rate coefficients determined in this work show
no discernible pressure dependence and at most a very weak
temperature dependence.

5 Summary

Rate coefficients of the reactions of OH radicals with OME-2
(T = 261–514 K, p = 0.2–5.0 bar, He) and OME-3 (T = 284–519 K,
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p = 0.2–10 bar, He) were experimentally determined for the first
time. No significant temperature and pressure dependences were
observed. The rate coefficients averaged over the experimental
temperature ranges are 〈k〉T(OH+OME-2)= (4.78± 0.54) × 10−12
cm3/s and 〈k〉T(OH + OME-3) = (7.08 ± 0.88) × 10−12 cm3/s.

Analogous experiments were performed for the reactions of OH
radicals with OME-1, TRI, THF, and THF-d8. Rate coefficients in
good agreement with values in the literature were obtained. The
detailed results of all studied reactions are collected in Table 2.

The measured rate coefficients were examined in terms of
structure-reactivity relationships. In earlier works [13, 34, 45], it
was found that simple estimations based on group contributions
usually overpredict the reactivity of CHn groups in oligoethers
toward OH. In the present work, it was shown that this is also
true for OH + OME-2 and OH + OME-3.

Detailed quantum chemical and statistical rate theory calcula-
tions would be necessary to gain further mechanistic insight
into these complex-forming bimolecular reactions. However, the
differences between the experimental rate coefficients obtained
in the present work are small, their temperature and pressure
dependences are weak. In view of the subtle effects to be expected
from close-lyingmolecular and transition state energies and from
multiple conformations of the oligoether backbones, rather high
levels of theory are required. Furthermore, the significance of
such calculations would be greatly enhanced by a comparison
with experimental results obtained over a wider temperature
range, where the temperature dependence may be more pro-
nounced. Such investigations, which would require alternative
experimental approaches, for example, shock tube studies, are
beyond the scope of the present work. Accordingly, the extensive
calculations necessary for an adequate description of the studied
OH + oligoether reactions over reasonable ranges of temperature
and pressure should also be reserved for future investigations.
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