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A B S T R A C T   

Rate coefficient expressions for the reactions of OH radicals with tetrahydrofuran (THF) (1), 2,2,5,5-tetradeu-
tero-tetrahydrofuran (THF–d4) (2) and perdeuterated-tetrahydrofuran (THF–d8) (3) were determined from 
relative kinetic experiments over the temperature range T = 260–360 K displaying a small negative T-depen-
dence. The following rate coefficients were determined at T = 298 K in 10–11 cm3 molecule–1 s− 1: k1 = (1.73 ±
0.23), k2 = (0.85 ± 0.11) and k3 = (0.81 ± 0.12). The experimental k (T) values agree reasonably well with the 
high-pressure limit rate coefficients obtained from conventional transition state theory using input data from 
CCSD(T)/cc-pV(T,Q)Z//MP2/aug-cc-pVDZ computations. Standard enthalpies of formation for THF and two 
product furanyl radicals were also computed and compared with literature.   

1. Introduction 

Tetrahydrofuran (THF) is a widely used industrial and laboratory 
solvent and feedstock for the manufacture of polyether polymers, its 
production amounts to ~ 200 000 tonnes annually [1]. THF has also 
become the focus of research interest owing to its potential use as a 
Cetane Improver [2] and it is considered as a prototype for cyclic bio-
fuels [3–7]. Due to the present industrial applications and a possible 
enhanced future use as a fuel component, an increasing amount of THF 
gets into the atmosphere inevitably, where it depletes almost exclusively 
by the reaction with OH radicals [8,9], therefore its atmospheric 
degradation must be understood. 

Several experimental studies have been reported in the literature on 
the reaction kinetics of OH with THF [10–14]. Ravishankara and Davies 
[10] and Wallington et al. [11] measured rate coefficients for the reac-
tion of OH with THF at room temperature using flash photolysis- 
resonance fluorescence (FP–RF) technique. Moriarty and co-workers 
[12] determined Arrhenius parameters by pulsed-laser photolysis ex-
periments coupled to laser-induced fluorescence detection of OH radi-
cals (PLP–LIF) over 263–372 K. They also conducted relative rate 
measurements using gas-chromatographic analysis (RR–GC). Winer 

et al. published a rate coefficient at 305 K using a similar relative rate 
technique [13]. The first combined direct experimental and theoretical 
kinetic study on the reaction of OH with THF was only disseminated 
very recently [14]. The CCSD(T)/cc-pV(D,T)Z//MP2/aug-cc-pVDZ- 
based kinetic results provided excellent agreement with those ob-
tained from shock tube experiments over the temperature range of T =
800–1350 K. The observed weak temperature-dependence of the overall 
rate coefficient was captured by the modified Arrhenius expression k (T) 
= (6.82 10–20) × (T/K)2.69 × e1316.8K / T cm3 molecule− 1 s− 1. The tem-
perature dependent branching fraction of the different H-abstraction 
channels was also calculated to determine the channel switching be-
tween the formation of the radical species tetrahydrofuran-2-yl (THF- 
R2) and tetrahydrofuran-3-yl (THF-R3). The most recent paper by 
Fenard et al. adopted these rate expressions proposing a detailed model 
for the combustion of THF evaluated by experimental information from 
the literature in the temperature range of T = 500–2200 K [7]. No 
experiment-based branching fraction of the OH + THF reaction is known 
from the literature and its direct measurement would be very difficult. 
On the other hand, kinetic measurement on deuterated THF iso-
topologues can provide indirect evidence for the site-specific H- 
abstraction. 
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Here we report low-temperature rate coefficients (T = 260–360 K) 
for the reactions of OH radicals with tetrahydrofuran (THF), 2,2,5,5-tet-
radeutero-tetrahydrofuran (THF-d4) and perdeutero-tetrahydrofuran 
(THF-d8) from relative rate kinetic experiments (RR) and quantum 
chemistry – reaction rate theory computations for the following 
reactions:  

OH + THF → products                                                                    (1)  

OH + THF-d4 → products                                                                (2)  

OH + THF-d8 → products                                                                (3)  

2. Methods 

2.1. Experimental method 

The relative-rate (RR) kinetic experiments [15,16] were performed 
by comparing the rates of losses of THF and its deuterium isotopologues 
with that of the reference reactant, diethyl ether (DEE) or cyclohexane 
(CHX). The reactor was a cylindrical quartz cell of 19.8 cm length and 
2.1 cm internal diameter which was equipped with Suprasil windows 
and temperature-regulated by means of a thermostat allowing the re-
action temperature to be kept constant within ± 1 K (errors designate 2σ 
statistical uncertainty throughout the paper). The photolysis cell was 
fitted with a gas chromatography (GC) sampling port, which included a 
septum joint and could be evacuated separately from the reactor. OH 
radicals were produced by the photo-oxidation of methyl nitrite 
(CH3ONO) in synthetic air at atmospheric pressure [15]. The light 
source was a Xe lamp, the light beam of which was made parallel and 
passed through an infrared (IR) filter and water filters before entering 
the reactor through an iris diaphragm [17]. 

The reaction mixtures contained THF, THF-d4 or THF-d8 in the 
concentration range (0.65–3.96) × 1016 molecules cm− 3, DEE or CHX 
reference reactant, 2,2,2-trifluoro-ethanol (TFE) internal GC standard, 
~2 × 1016 molecules cm− 3 methyl nitrite and synthetic air close to 1 bar. 
The gas mixtures were prepared on a vacuum line in a large Pyrex bulb 
or directly in the cylindrical reactor and the homogeneous mixtures 
were obtained after at least three hours wait before use under conditions 
protected from light. All experiments were carried out in p = 1100 ±
100 mbar synthetic air. The accessible concentration range was limited 
by the vapour pressure of the reactants and reference compounds at the 
lowest temperatures of the investigations. 

The concentration of the reactants and the reference compound was 
monitored by temperature-programmed GC using a fused silica capillary 
column, the GC conditions are given as Supplementary Information (SI) 
in Table S1. After irradiation, samples for GC analysis were withdrawn 
by a gastight syringe. 250 µl sample was taken which caused no 
noticeable reduction of the pressure in the reaction cell. In a test 
experiment, the reaction mixture was allowed to stand for 48 h in the 
cylindrical cell in the dark: there was no detectable loss of the chemicals 
in the gas mixture (<2%) indicating the absence of dark reactions and 
heterogeneous wall loss. No change of the concentration of the irradi-
ated reaction mixture could be observed in the absence of CH3ONO. 

Synthetic air (≥99.99%, Messer Hungaria) was used as provided; 
tetrahydrofuran (>99%, Molar Chemicals), perdeutero-tetrahydrofuran 
(>99.5%, Sigma-Aldrich), 2,2,5,5-tetradeutero-tetrahydrofuran (98%, 
BOC Sciences), diethyl ether (≥99.8%, Sigma-Aldrich), cyclohexane 
(≥99%, Sigma-Aldrich) and 2,2,2-trifluoroethanol (97%, Fluka) were 
degassed by freeze–pump-thaw cycles prior to use. Methyl nitrite was 
prepared by dropwise addition of dilute sulphuric acid to a saturated 
solution of sodium nitrite in aqueous methanol [18] and purified by 
bulb-to-bulb distillations in vacuum. 

2.2. Computational method 

To extend our knowledge about the reaction mechanism of the H- 
abstraction reaction of OH radical with THF, the isotope effect was 
investigated using the zero-point corrected potential energy surface of 
OH with THF–d4 and THF–d8. As a starting point, we adopted our pre-
vious ab initio CCSD(T)/cc-pV(D,T)Z//MP2/aug-cc-pVDZ calculation 
protocol [14,19,20] which was already used for the reaction of non- 
deuterated THF and OH [14]. In this protocol, the geometries and har-
monic wavenumbers (scaled by a factor of 0.9615 [21]) were obtained 
at the MP2/aug-cc-pVDZ level of theory [22–24] using the ‘tight’ 
convergence criterion of the Gaussian09 program package [25]. Then, 
CCSD(T) complete basis set limit was approximated as a sum of Hartree 
Fock (HF) limits using cc-pVXZ basis sets (X = D, T and Q) [23] as 
recommended by Feller [26] and the extrapolated correlation energy as 
suggested by Helgaker and Klopper [27] using coupled-cluster CCSD(T)/ 
cc-pVDZ and CCSD(T)/cc-pVTZ single point calculations [28]. In this 
work the HF-extrapolated energies were refined using cc-pVQZ, cc-pV5Z 
and cc-pV6Z basis sets. It was found that the extrapolated HF energy 
using these extended basis sets did not differ from the absolute HF/cc- 
pV6Z energy by>0.3 kJ mol− 1. This observation demonstrates that the 
extrapolation can only slightly improve the HF energy beyond the cc- 
pV6Z basis set: the HF limit is practically achieved. Similarly, the 
CCSD(T) correlation energy limit was also updated using CCSD(T)/cc- 
pVTZ and CCSD(T)/cc-pVQZ single point energies (CCSD(T)/cc-pV(T, 
Q)Z//MP2/aug-cc-pVDZ). Furthermore, based on MP2/aug-cc-pVDZ 
geometries, the reaction energy profile was also computed using 
Weizmann-1 protocol [29] (W1U//MP2/aug-cc-pVDZ) to assess the 
importance of relativistic effect, core-valence, and empirical corrections 
. It has turned out that the relative energies from W1U//MP2/aug-cc- 
pVDZ and CCSD(T)/cc-pV(T,Q)Z//MP2/aug-cc-pVDZ levels of theory 
agree extremely well (within 1.4 kJ mol− 1), therefore only the CCSD(T)/ 
cc-pV(T,Q)Z//MP2/aug-cc-pVDZ results are discussed in detail. 

For the transition states, the CCSD(T)/cc-pV(T,Q)Z//MP2/aug-cc- 
pVDZ zero-point corrected relative energies are within 1.1 kJ mol− 1 

compared to the previously published CCSD(T)/cc-pV(D,T)Z//MP2/ 
aug-cc-pVDZ values [14] demonstrating high method independency of 
the results. However, the post-reaction complexes (PC-x) and the THF- 
R3 radical showed larger method dependency (~3.9 kJ mol− 1). 

The resulting CCSD(T)/cc-pV(T,Q)Z//MP2/aug-cc-pVDZ energies 
for the three isotopologues were compiled in Table S4 in the SI and used 
without any adjustment in the Conventional Transition State Theory 
(CTST) [30] calculations of the absolute rate coefficients in the tem-
perature range of T = 260–360 K. Similarly to the work of Bänsch et al. 
[31], the overall rate coefficients were simply calculated as a sum of all 
the channel specific rate coefficients by assuming equilibrium between 
the bimolecular reactants and the pre-reaction complexes (either 
hydrogen bonded, RC(HB) or van der Waals, RC(vdW) complexes). 

3. Results and discussion 

3.1. Experimental rate coefficients 

Rate coefficient ratios were determined in the kinetic experiments 
relative to the reference reactions, (4) or (5):  

OH + diethyl ether (DEE) → products                                                (4)  

OH + cyclohexane (CHX) → products                                                (5) 

The main advantage of selecting these reactions as references is that 
their rate coefficients are well established [8,32] and are of comparable 
magnitude with those of the targeted reactions (1)–(3). 

In case of the reaction OH + THF (1), the following standard relative 
rate expressions, Eqs. (I) and (II), can be derived:  

ln ([THF]0 / [THF]t) = (k1 / k4) × ln ([DEE]0 / [DEE]t)                          (I) 

Á. Illés et al.                                                                                                                                                                                                                                     
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ln ([THF]0 / [THF]t) = (k1 / k5) × ln ([CHX]0 / [CHX]t)                        (II) 

where [THF], [DEE] and [CHX] stand for the concentrations of 
tetrahydrofuran, diethyl ether and cyclohexane, respectively, and 
subscript 0 and subscript t designate concentrations at zero reaction time 
and subsequent reaction time, respectively. Temperature dependent 
experiments were performed by using both the OH + DEE (4) and OH +
CHX (5) reference reactions. 

The RR plots for the reaction of OH with THF according to Eq. (I) are 
presented at the reaction temperatures T = 260, 276, 285, 298, 320, 340 
and 360 K in Fig. 1. Linear least-squares analysis of the data of ln 
([THF]0 / [THF]t) against ln ([DEE]0 / [DEE]t) have returned k1 / k4 
ratios at the 7 reaction temperatures studied. Similar RR straight lines 
could be obtained for the OH reactions of THF isotopologues (reactions 
(2) and (3)), from which the rate coefficient ratios (k2 / k4) and (k3 / k4) 
were derived, the corresponding plots are shown in Figures S1 and S2 in 
the SI. 

The RR plots obtained with the OH + CHX (5) reference reaction at 
the same reaction temperatures as above are presented in Figures S3, S4 
and S5 in the SI. The well obeyed straight lines have supplied the rate 
coefficient ratios k1 / k5, k2 / k5 and k3 / k5. 

All the rate coefficient ratios determined with the OH + DEE (4) and 
OH + CHX (5) reference reactions are given in Table 1. The ratios were 
transformed into absolute rate coefficients ki (i = 1, 2, 3) (Table 1) using 
the kinetic parameters of the reference reactions OH + DEE (4) and OH 
+ CHX (5) critically evaluated by Calvert et al.[8] and Atkinson [32], 
respectively; errors were propagated in the calculations. 

The rate coefficients determined in the T = 260–360 K temperature 
range with two different reference reactions agree reasonably well, their 
average absolute deviations are 11%, 10% and 9% for the reactions OH 
+ THF (1), OH + THF-d4 (2) and OH + THF-d8 (3), respectively. 
Therefore, in the absence of other information, their averages are pro-
posed as the final rate coefficient values (Table S2). The following rate 
coefficients are proposed at room temperature: 

k1 (OH + THF, 298 K) = (17.3 ± 2.3) × 10–12 cm3 molecule–1 s− 1 

k2 (OH + THF-d4, 298 K) = (8.50 ± 1.1) × 10–12 cm3 molecule–1 s− 1 

k3 (OH + THF-d8, 298 K) = (8.10 ± 1.2) × 10–12 cm3 molecule–1 s− 1 

The recommended k1 (298 K) is in excellent agreement with the 
average of the literature determinations, which is (17.2 ± 1.5) × 10–12 

cm3 molecule–1 s− 1 [10–12]. The k1 value we propose agrees also within 
experimental uncertainty with the rate coefficient of the reaction of OD 
radical with THF, k (OD + THF, 298 K) = (18.1 ± 2.7) × 10–12 cm3 

Fig. 1. Relative rate plots used to determine the rate coefficient ratio k1 / k4 at 
different reaction temperatures using the OH + DEE (4) reaction as reference. 
The experimental data were fitted by Eq. (I), but the ln ([THF]0 / [THF]t) data 
are shifted for each temperature (at T < 360 K) by + 0.3 unit for a better 
visualization. 

Table 1 
Kinetic results of the reactions OH + THF (1), OH + THF-d4 (2) and OH + THF- 
d8 (3) determined from RR experiments using OH + DEE (4) and OH + CHX (5) 
as reference reactions. The rate coefficients k1–k5 are given in 10–11 cm3 mole-
cule–1 s− 1.  

Reaction 
(i) 

T 
(K) 

Reference reaction: OH +
DEE (4) 

Reference reaction: OH +
CHX (5) 

(ki/k4) 
± 2σ 

(k4 ±

2σ)a 
(ki ±

2σ) 
(ki/k5) 
± 2σ 

(k5 ±

2σ)b 
(ki ±

2σ) 

OH + THF  
(1) 

260 1.67 ±
0.12 
{10}c 

1.35 
±

0.27 

2.26 
±

0.48 

4.15 ±
0.56 
{7}c 

0.60 
±

0.12 

2.51 
±

0.60 
276 1.47 ±

0.12{8} 
1.29 
±

0.26 

1.90 
±

0.41 

3.59 ±
0.56 
{7} 

0.64 
±

0.13 

2.31 
±

0.58 
285 1.40 ±

0.06{9} 
1.27 
±

0.25 

1.77 
±

0.36 

2.83 ±
0.12 
{7} 

0.66 
±

0.13 

1.88 
±

0.39 
298 1.29 ±

0.07{8} 
1.22 
±

0.18 

1.58 
±

0.25 

2.70 ±
0.08 
{7} 

0.70 
±

0.14 

1.88 
±

0.39 
320 1.27 ±

0.02{6} 
1.20 
±

0.24 

1.53 
±

0.31 

2.24 ±
0.05 
{7} 

0.76 
±

0.15 

1.69 
±

0.34 
340 1.30 ±

0.04{8} 
1.18 
±

0.24 

1.54 
±

0.31 

2.04 ±
0.11 
{7} 

0.81 
±

0.16 

1.66 
±

0.35 
360 1.32 ±

0.02{8} 
1.17 
±

0.26 

1.55 
±

0.31 

1.83 ±
0.11 
{7} 

0.88 
±

0.18 

1.60 
±

0.34 
OH + THF- 

d4 (2) 
260 0.74 ±

0.07 
{11} 

1.35 
±

0.27 

1.01 
±

0.22 

2.19 ±
0.14 
{7} 

0.60 
±

0.12 

1.32 
±

0.28 
276 0.73 ±

0.07{7} 
1.29 
±

0.26 

0.94 
±

0.12 

1.47 ±
0.03 
{7} 

0.64 
±

0.13 

0.95 
±

0.19 
285 0.72 ±

0.01{7} 
1.27 
±

0.25 

0.90 
±

0.18 

1.39 ±
0.02 
{7} 

0.66 
±

0.13 

0.92 
±

0.19 
298 0.66 ±

0.01{9} 
1.22 
±

0.18 

0.80 
±

0.12 

1.28 ±
0.03 
{7} 

0.70 
±

0.14 

0.89 
±

0.18 
320 0.67 ±

0.01{8} 
1.20 
±

0.24 

0.81 
±

0.16 

1.16 ±
0.02 
{7} 

0.76 
±

0.15 

0.88 
±

0.18 
340 0.67 ±

0.01{8} 
1.18 
±

0.24 

0.79 
±

0.16 

1.06 ±
0.01 
{7} 

0.81 
±

0.16 

0.86 
±

0.17 
360 0.66 ±

0.01{8} 
1.17 
±

0.26 

0.77 
±

0.16 

0.98 ±
0.02 
{7} 

0.88 
±

0.18 

0.86 
±

0.17 
OH + THF- 

d8 (3) 
260 0.76 ±

0.08{5} 
1.35 
±

0.27 

1.03 
±

0.23 

1.66 ±
0.14 
{7} 

0.60 
±

0.12 

1.00 
±

0.22 
276 0.68 ±

0.09{6} 
1.29 
±

0.26 

0.88 
±

0.21 

1.47 ±
0.02 
{7} 

0.64 
±

0.13 

0.94 
±

0.19 
285 0.63 ±

0.01{8} 
1.27 
±

0.25 

0.79 
±

0.16 

1.39 ±
0.02 
{7} 

0.66 
±

0.13 

0.92 
±

0.19 
298 0.62 ±

0.08 
{10} 

1.22 
±

0.18 

0.75 
±

0.14 

1.24 ±
0.02 
{7} 

0.70 
±

0.14 

0.87 
±

0.18 
320 0.61 ±

0.03{8} 
1.20 
±

0.24 

0.73 
±

0.15 

1.07 ±
0.01 
{7} 

0.76 
±

0.15 

0.81 
±

0.16 
340 0.61 ±

0.02 
{7)} 

1.18 
±

0.24 

0.72 
±

0.15 

0.97 ±
0.01 
{7} 

0.81 
±

0.16 

0.79 
±

0.16 
360 0.65 ±

0.01{7} 
1.17 
±

0.26 

0.76 
±

0.15 

0.91 ±
0.01 
{7} 

0.88 
±

0.18 

0.80 
±

0.16  

a Rate coefficient of the reference reaction taken from [8]. bRate coefficient of 
the reference reaction taken from [32].c The number of RR data points are given 
in curly brackets. 
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molecule–1 s− 1 [9], as anticipated by the very similar reactivity of OH 
and OD [33]. 

The rate coefficient of the reaction of OH radical with THF is a high 
value compared with those of OH + cyclobutane and OH + cyclopentane 
reactions [32] indicating a rate enhancing effect of the ether group in the 
THF molecule. This effect is somewhat less significant, however, than 
that observed for aliphatic ethers which may be taken as an indication 
for that the ring structure reduces the range of action of the activating 
effect [34]. 

To the best of our knowledge, no kinetic information is available for 
the reactions of OH with deuterated tetrahydrofurans. The rate co-
efficients determined and presented in Table 1 reveal a normal kinetic 
isotope effect (KIE) for both the OH + THF-d4 (2) and OH + THF-d8 (3) 
reactions; the KIE ratios are k1 / k2 = 2.04 ± 0.38 and k1 / k3 = 2.14 ±
0.43 at room temperature. These values are similar to the KIEs of the 
abstraction of secondary C–H/D-atoms by OH radicals both from acyclic 
and cyclic hydrocarbons (kH / kD ≈ 2) [33]. 

A two-parameter Arrhenius expression was used to describe the 
temperature dependences of the experimental rate coefficients in the 
temperature range T = 260–360 K. Non-linear least-squares fits resulted 
in the following rate coefficient expressions (the respective ln ki vs. 1/T 
linearized plots are presented in Fig. 2, where i = 1, 2 or 3): 

k1 = (5.7 ± 3.2) × 10–12 exp [(2.9 ± 1.4 kJ mol− 1) / RT] cm3 mol-
ecule–1 s− 1 

k2 = (3.8 ± 1.9) × 10–12 exp [(2.2 ± 1.2 kJ mol− 1) / RT] cm3 mol-
ecule–1 s− 1 

k3 = (3.7 ± 1.3) × 10–12 exp [(2.1 ± 0.9 kJ mol− 1) / RT] cm3 mol-
ecule–1 s− 1 

The overall rate coefficients of the two different deuterated THF 
isotopologues agree within a few percent which can be interpreted as the 
H-abstraction from β-position has no kinetic relevance in the tempera-
ture range studied. 

Rate coefficients published in the literature for the reaction OH +
THF (1) [10–13] together with our own determinations are presented in 
Arrhenius representation in Fig. 3. As seen, the negative temperature 
dependence reported by Moriarty et al. [12] has been confirmed by our 
study, although the effect is very small and the kinetic data are burdened 
with substantial uncertainty. On the other hand, however, the rate co-
efficients we report at the respective temperatures agree within 10% of 
the published data. 

3.2. Theoretical results 

The OH + THF reaction system had been discussed in detail by Giri 
et al. [14]. Here we report quantum chemical results and computed rate 
coefficients for the reactions of OH radical with THF, THF-d4 and THF-d8 
for the first time concerning the deuterated tetrahydrofuran reactions. 
The reaction mechanisms and molecular structures, including those of 
the deuterated species, have been found very similar to those reported in 
[14]. Therefore, energetics of the transition states (TSs) and molecular 
complexes (RCs and PCs) formed on along the reaction pathways are 
discussed in more detail in the present paper. 

The quantum chemical computations were performed at the CCSD 
(T)/cc–pV(T,Q)Z//MP2/aug-cc-pVDZ level of theory, a potential energy 
diagram is shown in Fig. 4. Cartesian coordinates and molecular struc-
tures for the reaction system OH + THF have been presented in Table S3 
and Figure S6 in the SI; all the computed relative energies are sum-
marised in Table S4. 

As presented in Fig. 4, the zero-point corrected relative energies for 
the transition states (TSs) increased by 3.3–4.3 kJ mol− 1 upon per-
deuteration, although no significant isotope effect was found in the 
relative energy of both pre-reaction complexes (RCs) of the OH + THF 
reaction (RC(vdW) stands for van der Waals complex of THF and OH 
radical, while RC(HB) is its hydrogen bonded counterpart). The relative 
energies of the post–reaction complexes (noted as PCs) increased only 
slightly (0.9–2.3 kJ mol− 1). Similarly to the perdeuteration, tetradeut-
eration (reaction OH + THF-d4) has also increased the relative energies 
of the transition states, TS-2A and TS-2B by 3.4–3.5 kJ mol− 1, but those 
of TS-3A, TS-3B and TS-3C are not affected. 

As reported previously [14], the hydrogen abstraction of THF at the 
β-position by OH is the major reaction channel above 1200 K, but it is of 
minor significance at temperatures of the current experiments, and 
therefore the H-abstraction from various α-sites of THF leading to the 
formation of tetrahydrofuran-2-yl radical (THF–R2) is dominant over 
the entire temperature range studied here. This is also in line with the 
present CTST calculations: the reaction channels leading to the forma-
tion of the product radical tetrahydrofuran-3-yl (THF-R3) through TS- 
3A, TS-3B and TS-3C contribute negligibly to the overall rate (<0.1%) 
in the temperature range studied. It is also worth noting that the energy 
profile of the relevant reaction channels has similar characteristics to 
that of the OH + dimethyl ether reaction [31]: a submerged TS (with 
–3.35 kJ mol− 1 – see Figure 6 of Bänsch et al. [31]) correlates with a pre- 
reaction complex which lies ~ 20 kJ mol− 1 below reactants. For such a 
case it was shown that CTST rate coefficients can reproduce 

Fig. 2. ln ki vs. 1/T Arrhenius plots (i = 1, 2, 3) of the experimentally deter-
mined rate coefficients of the reactions OH + THF (1), OH + THF-d4 (2) and 
OH + THF-d8 (3) and the best fit results obtained by non-linear least 
squares analysis. 

Fig. 3. Arrhenius plot for the temperature dependence of the rate coefficient 
for the reaction OH + THF (1) determined in current experiments and reported 
in the literature over the temperature range T = 260–372 K. 
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experimental ones remarkably well [31,35]. The temperature de-
pendences of the computed rate coefficients can be described by the 
following three-parameter Arrhenius expression:  

k (T) = A × (T / 298.15 K)n × e –E / (R T) cm3 molecule–1 s− 1               (III) 

The calculated data were fitted to Eq. (III) by using a non-linear least 
squares procedure to obtain the generalized Arrhenius parameters 
which are tabulated in Table 2. It is a common practice in CTST to 
correct the calculated rate coefficients by the Wigner tunnelling factor 
[30]. No such correction in our present study has been made, however, 
because of the recognized tendency of overcorrection of tunnelling. 

3.3. Evaluation of standard enthalpies of formation 

Results of our quantum chemical computations performed at the 
high theoretical levels of W1U//MP2/aug-cc-pVDZ and CCSD(T)/cc-pV 
(T,Q)Z//MP2/aug-cc-pVDZ allowed the determination of new gas-phase 
standard enthalpies of formation at 0 K (ΔfH◦

0) and 298.15 K (ΔfH◦
298) 

for the THF molecule, THF-R2 and THF-R3 radicals using atomization 
scheme (AS) and isodesmic reaction (IR) protocols. (The corresponding 
set of IR reactions are presented in Figure S7 in the SI.) We have applied 
the coupled cluster theory by taking into account also the effect of 
perturbative triples at calculating the electronic energies and the basis 
set we used included diffuse functions as well (see also [36;37]). The 
derived enthalpies of formation are presented in Table 3 along with data 
from the literature. 

As Table 3 shows, the experimental value of the standard enthalpy of 
formation of THF derived from flame calorimetry measurements by Pell 

and Pilcher [38] is more exothermic by 5.6 kJ mol− 1 than our AS result, 
while the IR scheme has provided excellent agreement with the calori-
metric data (within 2.1 kJ mol− 1 for CCSD(T) and 0.3 kJ mol− 1 for W1U 
computation). The observed inferior performance of AS when applying 
even high level quantum chemical methods is surprising in view of 
recent benchmarking studies of enthalpies of formation derived by the 
atomization approach (see e.g. [39]) and may be due to fortuitous 
accumulation of small computational errors. 

Concerning THF radicals, the literature data are less consistent, our 
IR results are in line with more exothermic values reported by Simmie 
et al. [37] for both the THF-R2 and THF-R3 radicals (the deviation is <3 
kJ mol− 1). Most of the computational results reported in the literature 
were obtained by using variants of composite quantum chemical 
methods (Table 3) which apply empirically adjusted parameters such as 
the Complete Basis Set (CBS) family of methods developed by Petersson 

Table 2 
Arrhenius parameters for the high-pressure limiting values of the total rate co-
efficients calculated from CTST for T = 260–360 K.  

Reaction A (cm3 molecule–1 s− 1) n E / R (K) 

OH + THF (1) 8.2 × 10–16 9.1 3212 
OH + THF-d4 (2) 5.8 × 10–14 2.9 1412 
OH + THF-d8 (3) 3.3 × 10–15 6.8 2306  

Table 3 
Standard gas-phase enthalpies of formation obtained from CCSD(T)/cc-pV(T,Q) 
Z//MP2/aug-cc-pVDZ and W1U//MP2/aug-cc-pVDZ computations and com-
parison with literature.  

Name ΔfH◦
0 (kJ 

mol− 1) 
ΔfH◦

298 (kJ 
mol− 1) 

Notes 

Tetrahydrofuran (THF) –153.9 –178.6 This work (CCSD(T)/cc-pV 
(T,Q)Z//MP2/aug-cc- 
pVDZ) a 

–159.4 ±
1.6 

–186.3 ±
1.0 

This work (CCSD(T)/cc-pV 
(T,Q)Z//MP2/aug-cc- 
pVDZ) b 

–157.7 ±
0.8 

–184.5 ±
0.8 

This work (W1U//MP2/ 
aug-cc-pVDZ) b  

–184.2 ±
0.7 

Pell & Pilcher (flame 
calorimetry) [38] 

–155.5 ±
8 

–182.5 ±
8.0 

Goos et al. (G3B3) a [44] 

–157.3 ±
2.9 

–184.1 ±
2.1 

Feller & Franz (CBS(FC)/ 
DTQ) a [36]  

–184.0 ±
3.6 

Auzmendi-Murua & 
Bozzelli (CBS-QB3, 
G3MP2B3) b [45]  

–158.6 ±
0.9 

–185.4 ±
0.6 

This work (average of IR 
determinations) 

Tetrahydrofuran-2-yl 
radical (THF-R2) 

18.0 –2.9 This work (CCSD(T)/cc-pV 
(T,Q)Z//MP2/aug-cc- 
pVDZ) a 

8.4 ± 1.1 –14.3 ±
1.2 

This work (CCSD(T)/cc-pV 
(T,Q)Z) b 

9.5 ± 1.9 –13.2 ±
2.0 

This work (W1U//MP2/ 
aug-cc-pVDZ) b 

21.3 ±
4.2 

–2.1 ± 4.2 Feller & Franz (CBS(FC)/ 
DTQ) a [36]  

–11.3 ±
1.2 

Simmie(CBS-QB3, G3,CBS- 
APNO)b [37]  

–8.5 ± 3.6 Auzmendi-Murua & 
Bozzelli (CBS-QB3, 
G3MP2B3) b [45]  

9.0 ± 1.1 –13.8 ±
1.2 

This work (average of IR 
determinations) 

Tetrahydrofuran-3-yl 
radical (THF-R3) 

35.3 15.5 This work (CCSD(T)/cc-pV 
(T,Q)Z) a 

25.7 ±
1.1 

4.2 ± 1.2 This work (CCSD(T)/cc-pV 
(T,Q)Z) b 

27.3 ±
1.9 

5.7 ± 2.0 This work (W1U//MP2/ 
aug-cc-pVDZ) b 

37.2 ±
4.2 

15.1 ± 4.2 Feller & Franz (CBS(FC)/ 
DTQ) a [36]  

7.9 ± 1.5 Simmie(CBS-QB3, G3,CBS- 
APNO)b [37]  

10.5 ± 3.6 Auzmendi-Murua & 
Bozzelli (CBS-QB3, 
G3MP2B3) b [45]  

26.5 ±
1.1 

5.0 ± 1.2 This work (average of IR 
determinations)  

a Obtained by atomization approach (AS). bUsing isodesmic work reactions 
(IR). 

Fig. 4. Zero-point corrected CCSD(T)/cc-pV(T,Q)Z//MP2/aug-cc-pVDZ poten-
tial energies (ΔE0) for the reactions OH + THF (1), OH + THF-d4 (2) and OH +
THF-d8 (3); energies are relative to reactant energies. 
RC(vdW): pre-reaction van der Waals complex; RC(HB): pre-reaction hydrogen 
bonded complex; TS-2A and TS-2B: transition states leading to the formation of 
the tetrahydrofuran-2-yl (THF-R2) radical, TS-3A, TS-3B and TS-3C: transition 
states leading to the formation of the tetrahydrofuran-3-yl (THF-R3) radical; 
PC-R2A and PC-R2B: post-reaction complexes of THF-R2 with H2O, formed 
through TS-2A and TS-2B, respectively; PC-R3A, PC-R3B and PC-R3C: post-re-
action complexes of THF-R3 with H2O, formed through TS-3A, TS-3B and TS- 
3C, respectively. 
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and co-workers ([40,41]) and the Gaussian-3 (G3) methods ([42,43]). 
Beside these, Feller and Franz computed the THF radicals by using their 
non-parametrized composite coupled cluster method [36] with appli-
cation of the atomization approach. They have reported ΔfH◦ values 
which agree well with our AS data, but differ substantially from those 
obtained by the application of parametrized quantum chemical methods 
and our determinations applying isodesmic reaction scheme (Table 3). It 
appears therefore that the computed enthalpy of formation is more 
sensitive to the derivation method rather than the level of quantum 
chemical theory used. 

Considering all information available, we propose for the enthalpies 
of formation of THF and the THF radicals the average values from our 
current study that were determined by using isodesmic reaction 
schemes: these are listed also in Table 3. The proposed standard en-
thalpies of formation correspond to the bond dissociation enthalpies of 
DH◦

0(THF-R2–H) = 383.6 and DH◦
0(THF-R3–H) = 401.1 as well as to 

DH◦
298(THF-R2–H) = 389.6 and DH◦

298(THF-R3–H) = 408.4 kJ mol− 1. 

3.4. Comparison of experiment and theory 

The experimental and theoretical rate coefficients we have deter-
mined in our current work are compared in the form of Arrhenius plots 
in Fig. 5. 

As seen in Fig. 5, both experiment and theory predict small, but 
definite negative temperature dependences for the studied OH reactions 
over the temperature range of T = 260–360 K. CCSD(T)/cc-pV(T,Q)Z// 
MP2/aug-cc-pVDZ based estimations of the high-pressure limit rate 
coefficients by CTST are in excellent agreement for the reaction OH +
THF-d8 (3) (agree within 5%), agree reasonably well for OH + THF-d4 
(2) (within 35%), while such calculations overestimate the rate coeffi-
cient of the OH + THF (1) reaction by a factor of ~ 1.5. Deviation from 
experiment may be due to approximations used in CTST, such as the 
neglect of re-crossing of trajectories at the transition state that gives rise 
to overestimation of the theoretical rate coefficients and the harmonic 
approximation in treating molecular vibrations [46,47]. 

The small difference between the rate coefficients for OH + THF-d4 
(2) and OH + THF-d8 (3) indicates that H/D isotope substitution at the 
β-position has negligible kinetic effect, suggesting that H-abstraction 
from β-position must be a minor channel in the temperature range 
studied. This conclusion is in line with that the bond dissociation energy 
of the β-C–H bond is higher by ~ 19 kJ mol− 1 compared with that of the 
α-C–H bond in the THF molecule (Section 3.3.). 

The experimentally determined primary KIEs (k1 / k2 and k1 / k3) are 
close to 2, and vary little with temperature. Computations have returned 
significantly higher values: the average KIEs being k1 / k2 ≈ 6.2 and k1 / 
k3 ≈ 5.2 over the temperature range of T = 260–360 K. As presented in 
the previous paragraph, the computed k1 appears to be an overestimate 
which may explain the higher KIEs from theory compared with experi-
ment. It is noted also that the KIEs computed by CTST have been re-
ported substantially higher than the experimental values for several 
other reactions as well, see, e.g. [46,48,49] which point once again to 
problems associated with the approximations used in CTST including 
multidimensional quantum effects and the harmonic approximation in 
treating the vibrational modes [47,50]. 

4. Conclusion 

The relative rate kinetic method was used to determine rate co-
efficients (ki, i = 1, 2, 3) for the overall reactions of OH radicals with 
tetrahydrofuran (1), 2,2,5,5-tetradeutero-tetrahydrofuran (2) and per-
deuterated tetrahydrofuran (3) over the temperature range of T =
260–360 K at p = 1100 mbar pressure. k1 has been found ~ 2-times 
higher than both k2 and k3 displaying a normal primary kinetic isotope 
effect for a H/D abstraction. The rate coefficients k2 and k3 are close to 
each other indicating that H-atoms are abstracted predominantly from 
the alpha position of the THF molecule by OH at the relatively low 

temperature of the experiments. All three reactions show small negative 
temperature dependences in the temperature range studied character-
ized by an activation energy of ~ –2 kJ mol− 1. Quantum chemistry 
computations performed at the CCSD(T)/cc-pV(T,Q)Z//MP2/aug-cc- 
pVDZ level of theory have revealed the reactions to occur through 
pre- and postreaction complexes and transition states along the lowest 
energy reaction paths with maxima that lie below the energy level of the 
reactants. Kinetics of the reactions could be described reasonably well 
by conventional transition state theory with the assumption of an 
equilibrium between the reactants and the prereaction complex using 
the computed ab initio data as input parameters for the rate theory 
calculations. The high level quantum chemical results have been used 
for derivation of enthalpies of formation for THF and the THF radicals, 
THF-R2 and THF-R3. 
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