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The dissociation of 2% 1,4-dioxane dilute in krypton was studied in a shock tube, ST, using laser schlieren
densitometry, LS, at 1550-2100 K and 123+2 Torr. Products were identified by ST/time-of-flight mass
spectrometry. 1,4-dioxane was found to initially dissociate via C-O bond fission followed by a 2,6 H-atom
transfer to the O atom at the scission site. Simulations of the LS profiles with a 72 reaction mechanism gave
excellent agreement. Rate coefficients for the initial dissociation yielded Ky 1237orr(T) = (2.10 £ 0.30) x 10% x exp(-
15006/T) s™'. Optimization of the simulations yielded ka7 = (2.25 + 0.60) x 10 xT* x exp(860/T) cm’mol s for
H-abstraction from 1,4-dioxane by OH radicals.

1. Introduction

Fuels derived from tar sands and oil shales contain a higher proportion of cyclic species than those
derived from more conventional feedstocks and interest in the combustion mechanisms of these
species is growing. One class of compounds that is of particular interest is the cyclic ethers which
may be formed as intermediates in the combustion of non-traditional fuels. The literature concerning
the kinetics and mechanisms of the pyrolysis and oxidation of cyclic ethers is sparse and thus we
have started to investigate the pyrolysis of saturated cyclic ethers at high temperatures in a shock
tube. Cyclohexane (zero O-atoms) can be considered as the first species of the series of saturated
six-member rings that extends through pyran (one O-atom), 1,3- and 1,4- dioxane (two O-atoms) to
1,3,5-trioxane (three O-atoms). At the extremes of this series two distinct dissociation mechanisms
operate. 1,3,5-Trioxane dissociates via a concerted mechanism to give three formaldehyde molecules
[1] whereas a recent shock tube (ST) / laser schlieren densitometry (LS) study of cyclohexane
pyrolysis [2] demonstrated that cyclohexane dissociates via isomerization to 1-hexene followed by
dissociation of 1-hexene.

The current work focuses on the dissociation of 1,4-dioxane which has been previously studied at
low temperatures by Kuchler and Lambert [3] and Battin et al. [4]. Both studies concluded that the
dissociation of 1,4-dioxane occurred via a free radical mechanism. Battin et al. proposed the
following mechanism where the initial step is scission of a C-C bond followed by dissociation of the
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linear radical to formaldehyde and ethane, reaction (II). They suggested that homolysis of
formaldehyde via reaction (III) would then initiate the chain reaction. However, at the temperatures
and pressures of their study (33 Torr, 783 and 825 K) this later step seems unlikely to occur
homogeneously in the gas phase due to the thermal stability of formaldehyde [1,5].

C4H802 — CHzOCHzCHzOCHz (I)
CH,OCH,CH,OCH,— CH,0+ CH,0 + C,H4 (1)
CH,0 — H + HCO (I1)
H + C4Hz0O, — C4H,0, + Hy (Iv)
C4H702 — CHzO + HCO + C2H4 (V)

The mechanism and kinetics of the pyrolysis of 1,4-dioxane have thus been investigated at elevated
temperatures by ST/LS and ST/TOF-MS (time-of-flight mass spectrometry) experiments. These
studies yield direct measurements of the initial rate of dissociation of 1,4-dioxane and the identities
of products which guide development of a mechanism for the pyrolysis of 1,4-dioxane. In 1,4-
dioxane scission can potentially occur at both C-C and C-O bonds leading to a complex distribution
of products. Furthermore, if 1,4-dioxane were to dissociate via a concerted mechanism similar to
1,3,5-trioxane then this could lead directly to the products of reaction (II). To investigate the initial
dissociation of 1,4-dioxane a complementary theoretical investigation was conducted and the
theoretical results guided the development of a pyrolysis mechanism for 1,4-dioxane. The results of
the experimental and theoretical studies are presented in this paper along with the development of a
mechanism for pyrolysis of 1,4-dioxane.

2. Experimental

The LS and TOF-MS experiments were performed in a diaphragmless shock tube, DFST, which has
been fully described elsewhere [6]. The driver section of the DFST contains a fast acting valve
which replaces the more traditional diaphragm. When the valve is closed the driver and driven
sections can be filled to the desired loading pressures and the DFST is fired by rapidly opening the
valve. By varying both the driver section pressure, P4, and the driven section pressure, P;, the
pressure behind the incident and reflected shock waves, P, and Ps respectively, can be constrained
to very narrow ranges, typically < +3%, over a wide range of temperatures [6].

DFST/LS: The laser schlieren technique utilizes deflection of a narrow beam from a He/Ne laser to
measure density gradients behind the incident shock wave. The technique has been fully described
previously, [7,8] and a schematic of the laser schlieren apparatus is shown in Fig. 1(a). The driven
section of the shock tube has an internal diameter of 7.01 cm and the quartz windows, through which
the laser beam passes are located sufficiently far downstream to allow the shock wave to be fully
developed after firing the DFST. A set of six pressure transducers evenly spaced along the side of
the driven section are centered around the LS windows, and incident shock wave velocities were
obtained by interpolation of time intervals taken for the shock wave to pass between successive
transducers. From these velocities and the loading conditions the temperature and pressure behind
the incident shock wave are calculated assuming frozen conditions. The uncertainty in velocity is
estimated as 0.2%, corresponding to a temperature error of less than 0.5%, here amounting to the
order of 10-15K. The molar refractivity of Kr = 6.367 [9], while that of 1,4-dioxane, 21.65, was
calculated from its refractive index and molar density. The normal assumption was made that the
mixture molar refractivity does not vary with extent of reaction.



Examples of the raw signal from two LS experiments are shown in Fig. 2. In both Figs. 2a and b the
large positive spike and preceding negative signal are due to passage of the shock front through the
laser beam [8]. The flat signal prior to arrival of the incident shock wave in the observation zone is
used to establish a baseline in each experiment. The sharp excursion in the signal on the right hand
side of the positive spike represents signal due to chemical reaction, Fig. 2a. While for the higher
temperature and pressure experiments, the dissociation is so rapid that the break in the signal is
much harder to identify, Fig. 2b. However, it is usually easier to identify the break on a semi-log plot
of density gradients that are derived from the raw data such as those shown in Figs. 3a and b which
correspond to Figs. 2a and b respectively. Figs. 2b and 3b show a minimum that dips below the
baseline before recovering Such minima are characteristic of net exothermic processes. The shape of
the profile and location of the transition from net positive to negative density gradients are valuable
targets for model development.
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Figure 1: (a) Schematic of the LS apparatus. The rotating mirror is used to sweep the laser beam across the
detector at a known rate permitting the detector response to be calibrated before each experiment. (b)
Schematic of the TOF-MS interface. The inset shows the end of the shock tube and the nozzle/skimmer
arrangement in detail.
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Figure 2: Laser schlieren profiles showing dissociation in 2% C4HglO, / Kr mixtures. The positive spike
and preceding valley are due to shock front/laser beam interaction
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Figure 3: Plots of density gradients derived from laser schlieren experiments. a) and b) correspond to
the raw signals shown in Fig. 2a and b respectively. Points represent experimental data and absolute
values are plotted. Open symbols represent positive values while closed symbols represent negative

values. The solid black lines in both figures are simulation results obtained with the model in Table II. The
effects of varying k; and ks; are shown in panels a) and b) respectively: a) Red line: k;*1.5; Blue line
k;*0.5. b) Red line ks;*2; Blue line k37*0.5

DFST/TOF-MS: The interface between the DFST and TOF-MS is shown in Fig. 1(b) and has been
described in detail elsewhere [10]. In contrast to the DFST/LS technique where measurements are
made behind the incident shock wave, the ST/TOF-MS method is used to study reactions behind the
reflected shock wave. Gases continually flow through an orifice centered in the endwall of the driven
section of the shock tube. This orifice forms the first stage of a differentially pumped molecular
beam sampling system that quenches the gases eluting from the shock tube and introduces them into
the ion source of the TOF-MS [10].

Ions are created by electron impact ionization, 30eV, and ion packets are injected into the flight tube
of the TOF-MS at 25 ps intervals, 40 kHz. This sampling frequency is really too low to provide
accurate kinetic data but it does yield clean, well defined mass spectra from which species can be
identified. Examples of the pre-shock and post shock mass spectra from one experiment are shown
in Fig. 4. The pre-shock mass spectrum, Fig. 3a, is consistent with the 70 eV literature mass
spectrum of 1,4-dioxane [11] although the lower ionization energies used here create somewhat less
fragmentation and the very minor peaks in the literature MS at m/z=17 and 18 are not seen at all in
Fig. 4a. This could either be because they are not generated at 30 eV or that they are below the
detection limit.

Incident shock velocities are measured close to the sampling orifice by a set of miniature
piezoelectric pressure transducers (identified as PT1 to PT4 in Fig. 2(b). The pressure transducers
are spaced 76.2 mm apart with PT4 located 27 mm from the end wall of the shock tube. The
temperature and pressure behind the reflected shock wave are obtained in a similar manner to the
incident shock conditions in the DFST/LS experiments with similar estimated errors in the post
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Figure 4: Example TOF mass spectra, 30 eV, from the pre- and post shock regions of a DFST/TOF-MS
experiments with 4% 1,4-dioxane dilute in neon. Argon was added to the reagent mixture as an internal
standard. Ts = 1699 K and Ps = 629 Torr. a) Pre-shock. b) Post-shock, 120 pus after reflection of the
incident shock wave. ¢) expansion of the m/z < 35 region of panel (b).
shock temperature. PT1 is also used to generate a trigger signal for the data acquisition system and

initiate generation of ion packets in the TOF-MS.

Reagent Mixtures: For the LS experiments mixtures containing 2% 1,4-dioxane dilute in krypton
were prepared. While for the DFST/TOF-MS experiments the reagent mixtures contained 4% 1.,4-
dioxane and 3% argon dilute in neon. All mixtures were prepared manometrically in a 50 L glass
vessel that had been evacuated to <10 Torr. Krypton (AGA 99.999%), was used as supplied. 1,4-
Dioxane (Aldrich Chemical Co., 99%) was degassed by repeated freeze—pump—thaw cycles with
liquid nitrogen. Reagent mixtures were allowed to homogenize for several hours before use.

3. Theory

The potential energy surface associated with the ring opening of 1,4-dioxane was explored using
dual level quantum chemistry. Dual level calculations are described using the notation E//G, where E
and G denote the methods used to compute the high-level energies and the low-level geometries and
frequencies, respectively. We considered both single reference dual level calculations



QCISD(T)/CBS//B3LYP/6-311++G(d,p) = and  multireference  dual level calculations
MRCI+Q/CBS//CASPT2/aug-cc-pVDZ. The complete basis set (CBS) limit was estimated using a
two point formula [12] and the aug-cc-pVDZ and aug-cc-pVTZ basis sets. In the multireference
calculations, the (6€,60) active space (six electrons in six orbitals) is most appropriate for the multi-
bond processes considered here. However, this active space is computationally demanding and the
smaller (2e,20) active space was used in the initial explorations of the potential energy surface
presented in this paper. The quantum chemistry calculations were performed using Gaussian [13]
and Molpro [14].

Table I. Zero point inclusive stationary point energies (kcal/mol)

Stationary point Q2 SR® MR® Product

1,4-dioxane (Cy,) 0.012 0.0 0.0

1,4-dioxane (D,) 0.011 6.1 6.0

1,4-dioxane [Cy, ¢ D, 0.011 10.7 d

SP1-C,p 0.022 78.5 87.2 (C1) HOCH,CH,OCHCH;,
SP1-D, 0.033 83.9 91.8 (C1) HOCH,CH,0OCHCH,
SP2-Cyp 0.103 e 85.9 (C2) CH;CH,OCH,CHO
SP2-D, 0.092 e 85.0 (C2) CH;CH,OCH,CHO
SP3 0.017 86.5 90.3 (C3) CH;0CH,CH,OCH:
SP4 0.015 92.9 d CH,O + C,H4+ CH,O

Q1 diagnostic from the QCISD/aug-cc-pVTZ calculation

bSingle reference quantum chemistry, QCISD(T)/CBS//B3LYP/6-311++G(d,p)
‘Multireference quantum chemistry, MRCI+Q/CBS//CASPT2/aug-cc-pVDZ, with the
minimal active space (2e,20)

“The (2e,20) active space is too small to correctly describe this saddle point.

*The QCISD(T) calculation failed due to significant multireference character

4. Theory Results

The results of the single reference and multireference dual level calculations on the 1,4-dioxane
surface are summarized in Table I where the reported stationary point energies include zero point
corrections. 1,4-dioxane has two stable conformers: the “chair” (C2h) conformer is lower in energy
than the “twist” conformer (D2) by 6 kcal/mol, and the two conformers are separated by a 11
kcal/mol barrier relative to the chair conformer.

Several saddle points associated with the ring opening of both conformers of 1,4-dioxane were
identified and are listed in Table I as SPx. Clearly, the energies of all the saddle points are quite
similar and with the likely uncertainties in the calculations, discussed below, all of the dissociation
pathways are potentially accessible. The saddle points on the 1,4-dioxane potential are analogous to
those identified previously in similar multireference calculations for the pyrolysis of cyclohexane [2]
where the exclusive decay pathway was determined to be ring opening accompanied by an H atom
transfer from the [} carbon to the distant C atom involved in the breaking bond to give 1-hexene.

For 1,4-dioxane, the presence of the O heteroatoms results in two distinct processes for scission of a
C-O bond that result in different immediate products. Whereas, for cyclohexane the scission of a C-



C bond leads to only one immediate product. The saddle points associated with C-O scission in 1,4-
dioxane are identified as SP1 and SP2, where the acceptor atoms in the cross-ring H atom transfer
are O and C, respectively. Additionally, saddle points connected to the chair (Cy,) and twist (D3)
forms of 1,4-dioxane are distinct, resulting in four saddle points associated with scission of a C-O
bond and these are labeled SP1-C,,, SP1-D,, SP2-Cs;, and SP2-D,, in Table I. The multireference
energies of SP1-C,, and SP1-D,, Table I, show a difference of about 4 kcal/mol but both saddle
points yield the same immediate product, HOCH,CH,OCHCH,; (C1). The difference in MR energies
for SP2-C,;, and SP2-D; is < 1 kcal/mol and both saddle points yield CH;CH,OCH,CHO (C2).

SP3 is a ring opening at a C—C bond accompanied by an H-transfer across the opening bond to give
CH3;0CH,CH,OCH (C3). SP4 is a saddle point for the concerted breaking of 3 bonds, two C-O
bonds and one C—C bond, to give 2 CH,O and C,H4. SP3 and SP4 are associated only with the chair
(Cypn) form of dioxane, and no distinct saddle points associated with the D, form of 1,4-dioxane were
found for these processes.

As shown in Table I, the QCISD(T) calculations for several of the species discussed above suffer
from significant multireference contamination (indicated by Q; diagnostics greater than ~0.02). In
fact, the QCISD(T) single reference method fails entirely for SP2 due to multiference effects.

The multireference dual level approach is in principle more accurate than the single reference
approach when Q; is large, but unfortunately with respect to the 1,4-dioxane potential energy surface
the size of the system limits the active space that can be affordably used to compute optimized
geometries. However, the MRCI+Q/CBS//B3LYP/6-311++G(d,p) method was tested for a series of
active spaces, (2e,20), (4e,40), and (6e,60), for several of the species shown in Table 1. The
maximum energetic effect due to the active space in these calculations was 4 kcal/mol, with an
average effect of less than 1 kcal/mol. The error in the dual level multireference calculations
associated with the use of the minimal active space in the geometry optimizations is unknown. For
the 1,4-dioxane interconversion saddle point and for SP4, the minimal active space is not able to
qualitatively describe the important reference states, and the multiference calculations with the
(2e,20) active space do not provide meaningful results.

Based on the above discussion, it is not clear whether the single reference or multireference
approach is more accurate, in general, for the present system. When both methods may be reliably
applied to the same species, the difference in their predictions (up to 9 kcal/mol) may be taken as an
indication of the uncertainty in either calculation. The range of ring opening saddle point energies
reported in Table I is 14 kcal/mol, which is likely close to the uncertainty in the present calculations.

We conclude from these calculations that 1,4-dioxane decomposition may proceed via any of the
processes discussed above. Furthermore, the immediate products (C1, C2 and C3) of decomposition
via SP1, SP2 and SP3 will undoubtedly lead to a rich secondary chemistry, due to isomerization and
decomposition of C1, C2 and C3.

At this stage, the uncertainties in the energetics are too large to warrant conducting a Master
Equation analysis to obtain pressure dependant rate coefficients for the different reaction channels.
However, the ab-initio calculations do provide a description of potential dissociation paths for 1,4-
dioxane. These channels are considered below in the discussion of the simulation of the laser
schlieren experimental data, which generally provide a sold test of mechanism. In future work more
extensive, computationally intensive, theoretical calculations will be performed guided by the results
of the experimental and modeling studies.



5. Experimental Results and Discussion

TOF-MS: Ten DFST/TOF-MS experiments on the pyrolyis of 1,4-Dioxane dilute in neon were
carried out over the temperature range 1400-1800 K and 610 + 20 Torr. For the example experiment
shown in Fig. 4 it is clear that almost all of the 1,4-dioxane has been consumed in the first 120 pus of
reaction and the peaks in the post-shock mass spectrum consequently, represent products and not
fragments of the parent molecule. In Fig. 4c the product peaks are assigned to H,, CHs, CH4, OH,
H,0, C;H,, C;Hs, C;Hy4, CO, HCO and H,CO. Of these species, there are five that are of particular
value with respect to understanding the dissociation mechanism of 1,4-dioxane: CH3, CHy4, H,, OH
and H>O. The m/z for these species cannot be generated by fragmentation of any of the higher mass
products (C,H,, C;Hs, C;H4, CO, HCO and H,CO), in the ion source and almost all of the 1,4-
dioxane has been consumed, thus they can be considered unique products from 1,4-dioxane
pyrolysis. The CHj; peak could be a fragment of CH4 and similarly the OH could be a fragment from
H,O however the relative intensities of CH3/CH4 and OH/H,O are too large for the lower mass
species to be exclusively fragments of the heavier ones.

CHy4, H,O and H, are likely formed by reactions involving abstraction of H-atoms from other
molecules by H, OH and CHj; radicals. Consequently, a mechanism for 1,4-dioxane pyrolysis must
generate these species. A potential source of these radicals is CH,CHOCH,CH,OH (C1), the
immediate product formed from dissociation of 1,4-dioxane by SP1. C1 can decompose to a vinoxy
radical, CH,CHO, and etheneol, CH,CH,OH. This is followed by dissociation of the vinoxy radical
by two routes: H + CH,CO and CH; + CO [15]. Etheneol, CH,CH,OH, dissociates predominantly to
OH + C,H4 [16]. Thus from dissociation of 1,4-dioxane via SP1 a pool of radicals can be developed
that are consistent with the TOF-MS results and which will propagate a chain reaction without
relying on the thermal dissociation of formaldehyde. This does not preclude dissociation via SP2 or
SP3 because the subsequent decomposition of C1 or C3 would generate CH; and H. However, SP1
is the only direct rout to OH formation indicating it plays some, if not a major role, in dissociation of
1,4-dioxane.

LS: Thirty five LS experiments with 1,4-dioxane dilute in krypton were performed at P, = 12343
Torr, over the range 1550 < T, <2100 K. The first few points of each semi-log density gradient plot
in Fig. 3 are due to the end portion of the shock front / laser beam interaction described above.
Unfortunately, this masks the location of to, the time origin at the onset of reaction. Consequently, to
is located by a well established method [17]. Typically, the time origin is located to an accuracy of
0.1 — 0.2 ps. The initial dissociation rate constant of 1,4-dioxane, ki, is obtained by extrapolation of
the density gradient profile back to ty. For the lower temperature and pressure experiments, Fig. 3a,
this extrapolation is initially quite accurate, and subsequent refinement of the initial estimate through
simulation of the complete density gradient profile typically results in <10% change in k;. The
effect on the simulations of varying k; is demonstratce din Fig. 3a. For the higher temperature
experiments determining the density gradient at t is more difficult due to the steep slope of the early
part of the data and the initial rate coefficients are best determined through simulation of the
complete LS profile. However, even in these cases the initial estimates rarely change by more than
10-15%. The initial dissociation rate coefficients for 1,4-dioxane dissociation, reaction (1) in Table
I, are shown in Fig. 5 and are represented by the following Arrhenius expression.

K1.12370rr(T) = (2.10 £ 0.30) x 10® x exp(-15006/T) s™"



Given the complexity of the potential energy surface described in theory section and the
uncertainties in the calculated energies of the saddle points and species it is not clear whether the
measured k; represent a single channel or a composite from multiple pathways and more detailed
theoretical work is required too resolve this point.
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10000K/T

Figure 5: First order rate coefficients for the pyrolysis of 1,4-dioxane. Points are the experimental data.
The line represents an Arrhenius fit, see text.

Modeling of LS Experiments: Simulations of the LS experiments were performed using a computer
code designed for reactive flows behind shock waves similar to that outlined in reference [ 18] which
also accounts for temperature changes due to reaction through solution of the energy equation.
Reverse reactions were included for all reactions in the mechanism via detailed balance using
thermodynamic data from the publication of Burcat and Ruscic [19]. Examples of the simulation
results using the mechanism presented in Table II are shown in Fig. 3 and similarly good fits
between the simulations and experiments were found over the whole range of experiments. The
mechanism in Table II consists of two parts: Reactions (2) — (28) represent a sub-mechanism for the
reactions of methyl radicals and was taken from recent LS studies on the dissociation of methyl
iodide, and dicaetyl [20,21] over a similar range of temperature and pressure. The remaining
reactions, (1) and (29)-(72), are associated with the pyrolysis of 1,4-dioxane, radical attack on the
parent and product species, and dissociation of product species. The initial dissociation of 1,4-
dioxane and radical attack on 1,4-dioxane are discussed briefly below.

The theoretical studies indicate four potential channels for the dissociation of 1,4-dioxane.

C4H802 — HOCHZCHZOCHCHz SP1
— CH3;CH,;OCH,CHO SP2
— CH30CH,CH,OCH SP3
— CH,0 + CH,0O + C,H4 SP4



The products of the concerted dissociation of 1,4-dioxane (SP4), C,H4 and HCHO, are thermally
very stable and will not dissociate at the conditions of the current experiments on the time scale of a
LS experiment [1]. Consequently, the concerted mechanism cannot promote a chain reaction that
would generate CHs, CH4, Hy, OH or H,O which are observed in the post shock mass spectra.
Furthermore, SP4 is endothermic by ~36 kcal/mol and cannot, by itself, generate the negative
density gradients, characteristic of exothermic reactions, that are found in many of the 1,4-dioxane
LS experiments. Thus, it is unlikely that dissociation via SP4 will be a major pathway for pyrolysis
of 1,4-dioxane and that the mechanism will be more analogous to that for cyclohexane, bond
scission, than for 1,3,5-trioxane which occurs solely by a concerted mechanism. The immediate
products, C2 and C3, from dissociation of 1,4-dioxane via SP2 and SP3 could decompose to
secondary products that would generate CHj radicals and H-atoms, as shown above. Previous, LS
studies [20,21] have shown that subsequent reactions of CHj3 produce strong, negative density
gradeints. However, it is not clear that reaction via SP2 or SP3 would lead to the formation of OH
radicals and the TOF-MS results clearly indicate the presence of OH and H,O. SP3 is probably not a
significant channel due to the diradical character of C3. Reaction via SP2 however is likely
competitive with dissociation via SP1 which through the subsequent decomposition of vinoxy and
etheneol gives CH3, H and OH. Consequently, either reaction via SP1 alone or more likely some
combination of SP1 and SP2 can satisfy the requirements imposed by both the TOF-MS and LS
experimental data. A simplified potential energy surface for dissociation by SP1 and SP2 and the
initial dissociation of their products is given in Fig. 6.
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Figure 6: Simplified potential energy surface for the decomposition of C4HgO, . Energies are in kcal/mol
and were computed at the G3B3 level with the exception of SP1 and SP2 which are MR energies from

Table I. The red line represents reaction (1) in Table (11).

A large number of simulations have been performed to test various hypotheses regarding the
dissociation of 1,4-dioxane. The simulations presented here are based on a mechanism, Table II, that
incorporates SP1 as the only dissociation pathway for 1,4-dioxane and these simulations give very
good predictions of the experimental density gradients, Fig. 3. Reaction (1) also assumes immediate
dissociation of C1 to vinoxy and etheneol. It is recognized that is probably an oversimplification and
it maybe that C1 is in fact stabilized and then subsequently reacts. Additional experimental studies
are being conducted to study the dissociation of C1 directly by LS to address this point. Furthermore,

10



it is most likely that SP2 plays some role in the dissociation of 1,4-dioxane and even higher level
theoretical investigations of SP1 and SP2 are being conducted to assess their relative contributions.
The dissociation of vinoxy, reactions (29) and (30) and ethenol, reaction (35), generates H, OH and
CHj; which can abstract an H-atom from 1,4-dioxane by reactions (36), (37) and (70) respectively, to
form the radical C4H;0,. Reaction (37), OH + 1,4-dioxane, has been studied by Moriarty et al. [22],
Maurer et al[23] and Porter et al. [24] at 298 K. Their results are in good agreement and provided an
initial estimate for Ks;. Rate coefficients for reactions (36), H + C4HgO,, and (70), CH; +C4H;30,,
were estimated from H + oxirane [25] and CH; + oxirane [26] respectively. Both of these reactions
are nearly thermoneutral, AH;29s ~ -0.8 kcal/mol, and therefore contribute little to the density
gradient. Thus they were not adjusted beyond the values given in Table II. The simulations of the
density gradient profiles were quite sensitive to the value of k37, Fig. 3b, and this parameter was
optimized for each experiment. The bimolecular rate coefficients determined for k37 were fitted by a
non-Arrhenius expression, given below, which is valid over the range 1500 — 2100 K, and is in
reasonable agreement with the low temperature determination of k37 by Moriarty et al.

ka7 = (2.25 £ 0.60) x 10* xT* x exp(860/T) cm’mol's™

With the mechanism in Table II the primary sources of negative density gradients at all reaction
temperatures are reactions (37), (40, H+ HCO — H, +CO), (45, CH3 + HCO — CH4+ CO) and (50,
OH + HCO — H,0 + CO) all of which are roughly 90 kcal/mol exothermic. The self reaction of
methyl radicals makes almost no contribution to the calculated density gradient as the methyl
radicals are primarily consumed by reaction (45).

The chain reaction in the dissociation of 1,4-dioxane is initiated by the formation of C4H;0, and the
subsequent decomposition of this radical via reaction (38). There are no literature data concerning
the dissociation of C4H;0,. Consequently, the decomposition pathways have been explored,
preliminarily, by ab-initio calculations using the G3B3 method and the potential energy surface is
shown in Fig. 7. The lowest energy pathway generates C,Hs, HCHO and HCO. The subsequent fast
decomposition of HCO to H + CO [28] propagates the chain reaction.

Kcal/mol
607

507
40

30

207 CH, +

147 OCH,+CHO

CH\CHOCH,CH,0+

13
+«CH,CH,0CH,CHO

CH,CHOCH,CHO

-10 CH,CHO+CH,CHO

b)

Figure 7: Schematic potential energy surface for the decomposition of C4H;0O, . Energies are in kcal/mol
and were computed at the G3B3 level. The red line indicates the lowest energy path.
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Concluding Remarks

A detailed, although still somewhat preliminary, investigation of the pyrolysis of 1,4-dioxane has
been conducted using complementary experimental and theoretical methods. It has been
demonstrated that the dissociation does not occur via a concerted reaction but rather by ring opening
and dissociation of the resulting linear species generates H, OH and CHj3 radicals that propagate a
chain mechanism. The initial modeling results indicate that the LS profiles can be satisfactorily
simulated with the mechanism in Table II that assumes dissociation of 1,4-dioxane by only SP1.
However, this is likely an oversimplification and neglects the potential contribution from SP2.
Additional, experimental and theoretical work is being conducted to try and assess the contributions
from alternative dissociation channels for the initial dissociation of 1,4-dioxane.
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Table Il: Reaction mechanism and Arrhenius parameters for 1,4-Dioxane pyrolysis at 123 Torr.

Reaction logA n E(kcal/mol) AH; 508 Source

1 C,H;0, = CH,CH,0H + CH,CHO 8.344 0.00 30.000 71.03  This work
2-28 C,Hs+M=CH; +CH; + M 64.945  -12.78 111.67 90.16 a

29 CH,CHO+M=CH;+CO+M 32.804 -6.57 44.288 -5.59 20

30 CH,CHO + M =CH,CO +H+M 30.275 -5.86 46.120 3745 20

31 CH,CO +H=CH; + CO 8.890 1.45 2.840 -61.85 20

32 H + CH,CHO = CH; + HCO 13.300 0.00 0.000 -9.98 27

33 H + CH,CHO = CH,CO + H, 13.000 0.00 0.000 -66.76 27

34 CH; + CH,CHO = CH,4 + CH,CO 12.000 -0.00 0.000 67.60 estimated
35 C,H4 + OH = CH,CH,0H 14.700 0.00 2.470 -28.75  estimated
36 H + C4H0, = H, + C4H;0, 13.000 0.00 8.500 -5.95 estimated
37 OH + C4H;0, = C,H,0, + H,0 3.350 3.00 -1.710 -20.61 This work
38 C,H,0,=HCO + CH,0 + C,H, 14.000 -1.00 35.000 25.78  estimated
39 HCO+M=H+CO+M 13.600 0.00 15.530 15.58 28

40 H+HCO=H,+CO 14.000 0.00 0.000 -88.63 28

41 H + H,CO=H, +HCO 7.759 1.90 2.749 -16.08 28

42 HCO + HCO = CH,0 + CO 13.431 0.00 0.000 -72.59 28

43 CH,0 +M=H+HCO 36.100 -5.50 93.929 88.16 29

44 CH,0 +M=H,+ CO 38.640 -6.10 93.929 -0.46 29

45 CH; + HCO =CH4 + CO 13.423 0.00 0.000 -89.47 27

46 CH; + CH,O =HCO + CH,4 1.500 3.36 4.310 -16.88 30

47 OH + CH,CHO = CH,CO + H,0 13.100 0.00 0.000 -81.42 27

48 OH + CH,CO = CH,0H + CO 12.225 0.00 -1.010 -27.83 31

49 OH + CH,0 =HCO + H,0 7.893 1.63 -1.055 -30.70 32

50 OH + HCO =H,0 + CO 13.700 0.00 0.000 -103.29 31

51 OH+ CO=H+CO, 6.800 1.50 -0.500 -21.68 31

52 OH + CH, = CH; + H,O 13.757 0.00 8.215 -13.82 33

53 OH + C,H, = C,H; + H,O -0.880 4.20 -0.860 -7.88 34

54 OH + CH; = CHy(T) + H,O 4.620 2.57 4.000 -8.32 35

55 OH + CH; = CHx(S) + H,O 11.220 0.30 12.547 0.66 35

56 OH + CH; = CH,OH + H 9.782 1.00 3.191 4.02 35

57 OH + CH; = HCOH + H, -11.08 6.41 -2.483 -13.82 35

58 CH;0H = CH; + OH 15.748 0.00 61.600 92.05 36

59 OH+H+M=H,0+M 20.500 -1.53 0.370 -118.86 37

60 CH,OH+M=CH,0+H+M 43.100 -8.00 43.000 3021 38

61 HCOH = CH,0O 13.640 0.00 30.110 55.97 estimated
62 OH + C,H; = C2H, + H,0 12.700 0.00 0.000 -83.84 39

63 OH + C,H, =CH,CO + H 5.500 1.92 0.600 -22.57 40

64 OH + C,H, =CH; + CO 7.880 1.05 1.111 -54.67 40

65 OH+H,=H,0+H 8.320 1.52 3.430 -14.66 41

66 OH + C,Hg = C,Hs + H,O 13.820 0.00 5.040 -18.11 41

67 CH; + CH,CO = C,Hs + CO 11.000 0.00 0.000 -21.26 42

68 CH; + C,H; = C,H, + CH,4 11.500 0.00 0.000 -69.84 43

69 CH; + C,H, = C,H; + CH,4 12.617 0.00 11.128 594 31

70 CH; + C4H:0O, = C4H,0, + CH4 12.300 -0.00 12.000 -6.79  estimated
71 OH+OH=H,0+0 4.553 2.42 -2.110 -16.17 27

72 O + C,H80, = OH + C4H;0, 13.050 0.00 0.000 -4.44 estimated

Units: kcal/mol, mole, cm®, s. the values shown for reactions 1 and 37, highlighted in red, have been
optimized for 123 Torr. a) sub-mechanism for recombination of methyl radicals from references [19,25,26].
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