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Thermal Decomposition of Furan Generates Propargyl Radicals
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The thermal decomposition of furan has been studied by a 1 mm x 2 cm tubular silicon carbide reactor,
C4H,O + A — products. Unlike previous studies, these experiments are able to identify the initial furan
decomposition products. Furan is entrained in either He or Ar carrier gas and is passed through a heated
(1600 K) SiC tubular reactor. Furan decomposes during transit through the tubular reactor (approximately 65
us) and exits to a vacuum chamber. Within one nozzle diameter of leaving the nozzle, the gases cool to less
than 50 K, and all reactions cease. The resultant molecular beam is interrogated by photoionization mass
spectroscopy as well as infrared spectroscopy. Earlier G2(MP2) electronic structure calculations predicted
that furan will thermally decompose to acetylene, ketene, carbon monoxide, and propyne at lower temperatures.
At higher temperatures, these calculations forecast that propargyl radical could result. We observe all of
these species (see Scheme 1). As the pressure in the tubular reactor is raised, the photoionization mass spectra
show clear evidence for the formation of aromatic hydrocarbons.

I. Introduction to Biomass Gasification

Biomass gasification is a mature technology that has been
empirically used for nearly a century. Thermochemical
processing' 3 is used to convert solid biomass into clean liquid
fuels and chemicals. Biomass is plant material such as agricul-
tural crops, trees, and grasses. Composed of the structural
polymers cellulose, hemicellulose, and lignin, along with a
variety of volatile compounds called extractives, biomass
provides a significant source of hydrocarbons. Thermochemical
processing involves heating of the feedstock under controlled
conditions. The three main approaches are direct combustion
for heat generation, gasification to generate syngas, and pyrolysis
used to produce liquids. (Here, the term pyrolysis is used as
the industrial meaning of the process that produces liquids. The
normal definition is heating in the absence of oxygen, and that
will be our use henceforth.)

One aspect that all thermal methods share is the use of heat
to break the chemical bonds of the large structural biopolymers
into smaller semivolatile or volatile units and char.*> Heating
first raises the feedstock to the boiling temperature of liquid
water, which must be completely vaporized before further
heating occurs. As the temperature rises above about 500 K,
thermal decomposition begins to occur. The gaseous decom-
position products are then driven to the surface and become
available to react in the gas phase. The physical problem of
heating, drying, and pyrolyzing is extremely complex. It involves
conduction and convection in porous media, decomposition
chemistry, and subsequent gas-phase chemistry. There are also
possible catalyst effects as the gaseous products flow through

*To whom correspondence should be addressed. E-mail: barney @
jila.colorado.edu (G.B.E.); mark_nimlos@nrel.gov (M.R.N.); john.daily @
colorado.edu (J.W.D.).

¥ Department of Chemistry and Biochemistry, University of Colorado.

# National Renewable Energy Laboratory.

$ Department of Mechanical Engineering, University of Colorado at
Boulder.

10.1021/jp903401h CCC: $40.75

already charred outer layers of the solid. Local heating rates
can vary by several orders of magnitude.

Biomass heating results in a mix of gaseous volatile com-
pounds and semivolatile compounds that liquefy into tars and
solid char. It has long been the goal of those studying
thermochemical processing to be able to predict both the primary
decomposition products and their subsequent reaction chemistry.
However, no experiments to date have been able to resolve the
chemistry on a time scale and with speciation accuracy that
would provide detailed kinetics information. As a result, workers
who have studied the decomposition kinetics have been forced
to settle for developing simple global mechanisms. An example
that is commonly cited in the literature is the Diebold mecha-
nism® for cellulose. This model and other similar mechanisms>’
constitute the current state of the art.

Diebold's Cellulose Decomposition Scheme
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Cellulose (40—50% by mass of biomass) is a linear polymer®
of cellobiose (the 1,4” dimer of glucopyranose). The sugars form
long chains that then cross-link via weaker hydrogen bonding.”!°
The cross-links break readily upon heating. In the literature,
the term “activated cellulose” has been used to describe the state
where most of these bonds have broken. Upon further heating,
the 5-1,4"-glycosidic linkages between D-glucose begin to break,
as do other bonds, producing a broad spectrum of compounds.
The Diebold mechanism (or others like it) can be used to
estimate overall decomposition rates. In Figure 1, the mass
fraction versus time for the “species” identified by Diebold are
shown. In this result, the initial stock is converted to active
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Figure 1. A simulation of the kinetics of eq 1.
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Figure 2. The structures of several biomass monomers.

cellulose in about 10 us. The rate-limiting steps are then the
conversions from the active form into stable gases, semivolatiles
that subsequently condense to tars, and char.

Furanyl compounds are important intermediates in the ther-
mochemical decomposition of biomass (the “volatiles” in Figure
1). For instance, furan, 1, furfural, 2, and 5-hydroxymethylfur-
fural, 3, have been detected during the pyrolysis of plant
material''~'* (see Figure 2). These species are largely thought
to evolve from the thermal decomposition of the polysaccharides
that are the principal components of plant cell walls. Separate
pyrolysis experiments with these polysaccharides,>~!7 cellulose
and hemicellulose, appear to bear this out. The structures of
glucose, 4, and xylose, 5, are also shown.

Although these molecules have been measured during biomass
pyrolysis, which is typically conducted at 700—900 K, their
contribution to high-temperature conversion processes is not clear.
Consider biomass gasification, which can be followed by catalytic
synthesis to produce a variety of transportation fuels. During
gasification for fuel synthesis, the biomass is typically heated to
between 1000 and 1250 K using H,O (steam) as a carrier gas.'®

co
H,
gasification H,0

biomass ——————> €O,
CH,
poylcyclic aromatic hydrocarbons
tars
char

03]

Clean syngas (CO and Hy) is the desired product from this process,
though in reality, CO,, CH,, polycyclic aromatic (PAH) hydro-
carbons, tars, and char are also produced (eq 2). As an example of
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fuel synthesis, the CO and H, can be catalytically combined to
produce ethanol, as depicted in eq 3.

catalyst
2C0 + 4H,—— CH,CH,OH + H,0 (3

This approach for renewable fuel synthesis is nearly economi-
cally competitive for a variety of fuel feedstocks.'

In order to minimize tar formation during biomass gasifica-
tion, a better understanding of formation reaction mechanisms
is needed. Specifically, it is desirable to understand the
mechanism for the formation of PAHs. Since the polysaccha-
rides comprise up to 70% of plant cell walls, it is necessary to
understand how their decomposition leads to the formation of
PAHs.

It is likely that furans play an important role in PAH formation
from sugars since these aromatic species appear to result from
dehydration reactions of carbohydrates. Experimental measure-
ments (vide infra) of the thermal decomposition of furan show
that small hydrocarbon molecules,'*~2* such as acetylene, ketene,
and propyne, are formed. In addition, some shock tube studies
show that benzene can be produced.> This earlier work on the
thermal decomposition of furan used techniques that were not
effective for detecting radicals, which will likely play an
important role in the formation of aromatic compounds.

We surmise that there is a link between carbohydrates and
the formation of aromatic hydrocarbons. When heated, (1)
carbohydrates dehydrate to a mixture of furanyl compounds,
(2) furanyl species further decompose into smaller molecular
fragments, which (3) ultimately recombine in less than 1 msec
to form aromatic molecules. In this paper, the connection
between the simplest furanyl species, furan (1 in Figure 2) and
aromatic compounds will be investigated. Results will be
presented for pyrolysis of furan, 1, in a heated, supersonic
nozzle,” 2% C,H,O (furan) + A — products. The resulting
products are measured using vacuum-ultraviolet photoionization
mass spectrometry (PIMS) and matrix isolation infrared spec-
troscopy (IR). The combination of these approaches has been
successfully used in the past’***73! to detect radicals and
measure their infrared spectra. In this paper it will be shown
that, along with the closed-shell molecules measured earlier,
furan decomposes to produce propargyl (CH,CCH) radicals. We
have also observed the formation of benzene and other aromatic
species from the thermal cracking products of furan.

I1. Experimental Methods

A high-temperature miniature flow reactor (hyperthermal
nozzle)®® (Figures 3 and 4) can be used to decompose simple
biomass molecules such as furan (1 in Figure 2). Thermal
cracking products are produced by pulsing C4H4O (furan) seeded
in an inert gas (roughly 1—2 atm) through a resistively heated
silicon carbide tube (1 mm ID, about 2 cm long) at high
temperature (up to 1700 K) into a vacuum chamber (about 1073
Torr). The valve fires at a nominal rate of 10—50 Hz and is
open for roughly 250 us. The gas is injected into the tube
through a small orifice, where the flow is choked, controlling
the mass flow rate. The residence time in the heated section of
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Figure 3. Schematic view of the hyperthermal nozzle for thermal
cracking of biomass samples with PIMS detection.
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Figure 4. Schematic view of the hyperthermal nozzle for thermal
cracking of biomass samples with IR detection.

the tube is roughly 65 us, which, combined with low sample
density, avoids radical—radical reactions following thermal
decomposition. The tube flow chokes at the exit and expands
supersonically in an underexpanded jet to a vacuum at 1073
Torr. This free jet expansion rapidly cools the radicals down to
about 40 K (rotationally)*? within approximately a tube diameter
and eliminates any further reactions. We have used two
independent spectroscopic techniques to monitor the output of
the hyperthermal nozzle. The nozzle in Figure 3 uses a fixed
frequency (49 = 118.2 nm) photoionization mass spectrometer
to detect the species emerging from the nozzle. Figure 4 shows
the high-temperature nozzle configured in a different way, in
which the beam impinges onto a 20 K CsI window, forming a
matrix for IR detection. The combination of high nozzle wall
temperature (up to 1700 K) and short residence time allows for
high yield of radicals (approximately 10" radicals pulse™).
The photoionization TOF mass spectrometer that was used
in these experiments has been described in more detail else-
where,* and we will only provide a brief description here. The
output of our hyperthermal nozzle is pulsed into a vacuum
chamber (107 Torr) and then directed through a skimmer (3
mm ID) into a ionization vacuum chamber (107 Torr), where
radicals are ionized using vacuum-ultraviolet photons (118.2
nm or 10.487 eV with 0.5 uJ/pulse at 10—30 Hz). The mass
spectra are collected using a reflectron TOF mass spectrometer
(Jordan). The positive ions are detected by a channeltron, and
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the spectra are collected with a digital oscilloscope (Tektronix
500 MHz) interfaced to a computer. Typically, averaging of
100—1000 pulses is needed to obtain mass spectra with
reasonable signal-to-noise, and because the laser is pulsed at
10 Hz, scans are collected in 1—2 min. As a result, mass spectra
at several temperatures can be obtained in 20—30 min. These
experiments are much faster than the matrix isolation experi-
ments, which require about 4—6 h for an experiment at a single
temperature.

The photoionization mass spectrometer was calibrated prior
to all experiments discussed in this work. Using NO,
CH;CH=CH,, or C¢HsCHj3; as the calibrant with well-character-
ized cracking patterns, flights times ranging from 10 to 100 us
were used to construct a calibration curve. The calibration
process was repeated during and at the end of each experiment
to ensure that significant drift did not occur in the TOF
electronics or PIMS instrument. All peaks in the resulting mass
spectra were accurate to within +0.2 amu.

In Figure 4, the hyperthermal nozzle was mounted to the
vacuum shroud of an APD two-stage closed-cycle helium
cryostat, approximately 2.5 cm away from the cryogenic Csl
window. Gas mixtures were created by seeding a precursor in
argon. The precursor vapor was collected by degassing the
precursor liquid at room temperature. The hyperthermal nozzle
was operated with approximately a 1.3 ms pulse width and a
stagnation pressure of 1.2 atm, with a 1.2 L stagnation reservoir.
The pressure drop in the stagnation reservoir was measured
using a capacitance monometer to determine the gas throughput.
Radicals were deposited on a CsI salt window cryogenically
cooled to 20 K. The infrared spectrum of the sample was
measured using a Nicolet Magna 550 Fourier transform infrared
spectrometer with a mercury/cadmium/telluride (MCT-A or B)
detector. The APD cryostat was equipped with a pair of Csl
side windows, through which the IR beam from the instrument
passes.

III. Results: Thermal Decomposition of Furan

The high-temperature supersonic nozzle in Figure 3 is an
appealing device to study the thermal decomposition of isolated
biomass targets in rare gases. Because the nominal residence
time of the entrained furan in the hot nozzle is roughly 65 us,
we are able to monitor the early fragmentation products.
Classical gravimetric analysis of biomass decomposition leads
to the kinetic picture sketched in Figure 1. The nascent cellulose
has completely decomposed in 10 us, and the reactive volatiles
(shown in red) begin to appear in approximately 1 msec. The
hot nozzle in Figures 3 and 4 with PIMS and matrix IR detection
permits us to examine the early thermal cracking products.

The thermal decomposition of furan has been studied in flow
tubes, %23 shock tubes,?'**?* and by IR homogeneous pyrolysis.?
A summary of these results is collected in Table 1. These studies
have been conducted over a wide range of pressures (1
mTorr—20 atm) and temperatures (500—3000 K), and it is
commonly agreed that there are two major decomposition
channels.

0
e’ cH a) CO + CH,C=CH
\ [/ —
HC—CH b) CH,=C=0 + HC=CH

@

The thermochemistry of these two pathways is well-known.3*3
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TABLE 1: Previous Measurements of the Thermal Decomposition of Furan

+A — products

Y
3]
=

notes

conditions

apparatus

N

1050—1270 K at 1 mTorr; EI mass spectrometry

1050—1460 K; GC/FID

very low pressure pyrolysis (VLPP)

shock tube

24

=CH,,

C4He, C:Hy, CHy, C4Hy, C4Ho, and Ce¢Hg

major channels: CO + CH;CCH, HCCH + CH,CO CH,=C
CO + Cs;H,

23

960—1085 K at 1 Torr

flow tube

22
21

CO + C3;H4, HCCH + CH,CO

1100—1700 K at 20 atm; UV, FTIR
500—3000 K at 600 Torr; laser-schlieren densitometry; TOF-MS

shock tube

CH + CH,CO, C;H4 + CO; below 1700 K,

C3;H4 + CO channel dominates

major channels: HC

major channels: HC

shock tube

20

CH + CH,CO, C;H, + CO

GC-MS/FID, FTIR, EPR; CO, 10.6 um irradiation of 7 Torr of SFq

IR homogeneous pyrolysis

followed by heating via rapid inter- and intramolecular

relaxation. Hot SF¢ heats furan.
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A, Hos(C,H,0, furan — CO + CH,C=CH) =

26.1 = 0.3 kcal mol™ ' (5a)
A H,04(C,H,O, furan — CH,=C=0 + HC=CH) =
51.3 + 0.5kcal mol™! (5b)

In Figure 5 are shown the PIMS spectra of the decomposition
products of furan in a high-temperature supersonic nozzle. At
lower nozzle temperatures, we observe decomposition products
which are consistent with the shock tube temperatures reported
by Fulle et al.?! (900—1500 K) and others in Table 1. The
bottom trace in Figure 5 is the mass spectrum that results when
furan (1 Torr of C4H4O entrained in 2 atm of He) transits the
nozzle at room temperature (300 K). Photoionization with 118.2
nm VUV light produces the parent ion, m/z 68 C4H,0%, and its
isotope peak, m/z 69. The (69/68) isotope ratio is measured to
be 5%. The IE(furan) was measured>° to be 8.887 + 0.001 eV;
even though C4H,O is ionized by 10.487 eV photons, no
fragmentation of the parent ion C4H,O" is observed. When the
wall temperature of the SiC nozzle is raised to 1500 + 100 K,
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Figure 5. PIMS spectra of the decomposition products of furan in a
high-temperature supersonic nozzle. The bottom trace is the mass
spectrum that results when furan (1 Torr of C4H4O entrained in 2 atm
of He) transits the nozzle at room temperature (300 K).
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Figure 6. PIMS spectra for appearance

of decomposition products

from furan as the wall temperature of the nozzle is increased.
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Figure 7. PIMS spectra of the decomposition products of higher
concentrations of furan (10 Torr of C4H4O entrained in 2 atm of He)
in a high-temperature supersonic nozzle.
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Figure 8. Infrared spectrum of the decomposition products of furan
at 1500 £ 100 K. The presence of the propargyl radical is revealed by
the intense v,(CH,CC—H) stretch® at 3309 cm™'.
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Figure 9. Infrared spectrum of the decomposition products of furan
at 1500 = 100 K. Both ketene and carbon monoxide (‘2CO and '*CO)
are clearly present.

product ions at m/z 40 and 42 are observed, which arise from
ionization®’™* of C3H,; and CH,CO. Increasing the wall tem-
perature to 1650 £ 100 K leads to an increase in the C;Hy"
and CH,CO™ signals, and new features at m/z 39 and 41 are
detected. The band at m/z 41 is consistent with the ketene isotope
peak. The (41/40) isotope ratio is calculated to be 3% for C;H, ™.
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Figure 10. Infrared spectrum of the decomposition products of furan
at 1500 = 100 K. Distinctive bands of CH,=C=0 and HC=CH can
be identified.
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Figure 11. The bottom trace in this figure compares the matrix IR
spectrum of CH3C=CH heated to 1500 K with a sample of meth-
ylacetylene that was deposited at room temperature. The spectra appear
identical.
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Figure 12. PIMS spectra of a 1:1 mixture of CD;CCH and C4H,O
passed through the SiC nozzle at temperatures of 300, 1300 £ 100,
and 1600 £+ 100 K.

We believe that the signal at m/z 39 is CH,CCH" and is a
diagnostic for the presence of the propargyl radical. The
IE(CH,CCH) has been measured by fixed frequency photoelec-
tron spectroscopy and by ZEKE spectroscopy® to be 69953 +
10 cm ™' (8.674 £ 0.001 eV). [Because*! the IE(HCC) = 11.645
4 0.0014 eV, it is unlikely that the VUV laser could ionize the
CH;CC radical.] As with the case of furan, photoionization of
CH,CCH by 118.2 nm photons does not induce fragmentation
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Figure 13. Potential energy surface for the decomposition of furan at 0 K. These are G2(MP2) calculations, and this figure is a composite adapted

from Sendt et al.>®

(even though the VUV laser is 1.8 eV above the threshold to
ionize the propargyl radical). Notice that some of the thermal
cracking products of furan in eq Sa cannot be photoionized by
the 10.487 eV VUV laser in Figure 3, H atom /E(H) = 13.5984
+ 0.0001 eV, acetylene*' IE(HC=CH) = 11.4006 % 0.0006
eV, and carbon monoxide** IE(CO) = 14.0141 + 0.0003 eV.

Figure 6 shows the PIMS spectra for the appearance of
decomposition products from furan as the temperature of the
nozzle is increased. At a wall temperature of 1350 £+ 100 K,
features for both C3Hy™ m/z 40 and CH,CO™ m/z 42 appear. At
1500 £ 100 K, faint signals for m/z 39 and 41 are observed.
The m/z 41 feature is 5% as intense as the C3H,t m/z 40 signal
and is likely the isotope peak. As the wall temperature of the
nozzle is steadily increased to 1650 + 100 K, the m/z 39 peak
(propargyl radical) steadily grows.

If the concentration of furan is raised (10 Torr of C;H,O
entrained in 2 atm of He), bimolecular reactions are observed;
see Figure 7. In addition to the parent C;H,O" feature at m/z
68, all of the peaks present in Figures 5 and 6 are present (39,
40, 41, and 42). New features at m/z 78 (C¢Hg 1), 94 (CsHsOH™),
and 104 (C¢HsCH=CH,") are now present.*>* The spectra in
Figure 7 were produced by a contaminated nozzle (see
background signals around m/z 39—43 in the 300 K trace).
However, it is clear that the features at m/z 78, 94, and 104 are
growing in as the nozzle gets hotter. These species [probably
benzene (78), phenol (94), and styrene (104)] certainly arise
from bimolecular reactions among decomposition products of
furan.

The PIMS spectra in Figures 5—7 are very informative, but
they only identify molecular products by m/z, the mass-to-charge
ratio. Isomers are always a problem, and some important
molecules (CO and HCCH) cannot be detected by the 118.2
nm VUV laser. In Figure 8 are shown the infrared spectra of
the decomposition products of furan at 1500 £ 100 K. This
scan reveals CH peaks for CH;CCH, HCCH, furan (C4H,0),
and CH,=C=0. The presence of the propargyl radical is
revealed by the intense v;(CH,CC—H) stretch? at 3309 cm™!.

In Figure 9 is the infrared spectrum of the decomposition
products of furan at 1500 £ 100 K in the mid-IR region. Carbon
monoxide (both isotopomers >CO and '*CO) and CH,=C=0
are clearly present. Figure 10 is the infrared spectrum of the
decomposition products of furan at 1500 £+ 100 K over the

fingerprint region. Distinctive bands of CH,=C=0 and HC=CH
can be identified as decomposition products.

One of the shock tube studies** reports CH,=C=CH, as a
cracking product of furan. It is possible that the PIMS signal at
m/z 40 could be evidence of allene rather than CH3;CCH. The
IR spectrum of allene is well-known, but the IR spectra in
Figures 8—10 show no bands of CH,=C=CH,. Both the PIMS
traces and IR spectra provide convincing evidence of both
CH;CCH (propyne) and CH,CCH (propargyl radical). One
might suspect that propyne is thermally cracked at higher
temperatures to produce propargyl, CH;CCH + A — CH,CCH
+ H. The bond energies of methylacetylene have been mea-
sured,*® and AH,ys(H—CH,CCH) is known to be 90 kcal mol ™.
Consequently, it is very unlikely that the hyperthermal nozzle
could induce propyne to dissociate to CH,CCH + H. The bottom
trace in Figure 11 compares the matrix IR spectrum of
CH;C=CH heated to 1500 K with a sample of methylacetylene
that was deposited at room temperature. The spectra are identi-
cal. The strong C—H stretching mode for CH;CCH is identified
at 3322.8 cm™!. The inset at the top of the spectrum is an
expanded scan of the region about v;(CH;CC—H). There is no
detectable signal for the intense v;(CH,CC—H) stretch? of the
propargyl radical at 3309 cm™!. A similar attempt to observe
thermal cracking at 1500 £ 100 K of ds;-methylacetylene,
CD;CCH + A — CD,CCH + D, with the PIMS in Figure 3
also failed. When d;-metylacetylene is passed through the nozzle
at 300 or 1500 K, the PIMS only detects the parent species,
(CD;CCH)* m/z 43, and no signals from d,-propargyl,
(CD,CCH)" m/z 41, are observed.

To further confirm that propargyl radical is a direct product
of furan decomposition, a 1:1 mixture of CD;CCH and C4H,O
was passed through the SiC nozzle at temperatures of 300, 1300
4 100, and 1600 £ 100 K. The resulting PIMS spectra are
shown in Figure 12; intense features at m/z 43 (CD;CCH)™" and
68 (C4H,0)™ are evident at room temperature. One expects the
isotope for CD;CCH and furan to be 3.2 and 4.4%. The
measured ratios are (44/43) = 3% and (69/68) = 5%.

As the nozzle temperature is raised to 1300 K, fragmentation
of the CD;CCH/furan mixture commences. At 1600 £+ 100 K,
the inset shows new bands at m/z 39 (CH,CCH)", 40
(CH;CCH)™, 41, and 42 (CH,=C=O0)" are observed. The
feature at m/z 41 could be CD,CCH™ or the isotope peak related
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to the CH3CCH cracking product of furan. The (41/40) ratio in
the 1600 K scan in Figure 12 is measured to be 4%. The
CH;CCH (41/40) isotope ratio is expected to be 3.2%. We
conclude that the peak at m/z 41 is the isotope peak belonging
to the CH;CCH, which results from cracking of furan.

The IR spectra in Figure 11 and the PIMS spectra of Figure
12 are consistent. Heating CH;C=CH to 1500 K does not
produce the propargyl radical, CH,CCH. Consequently
CH,CCH, m/z 39, in Figure 5 is a direct decomposition product
of furan itself.

IV. Discussion and Conclusions

These experiments have enabled us to identify the initial
thermal cracking products of furan. Using a high-temperature
nozzle as a tubular reactor, we have demonstrated that furan
thermally cracks to produce (CO + CH3CCH) and (HCCH +
CH,CO). This is expected from eq 4 and the earlier studies in
Table 1. When the wall temperature reaches 1350 £ 100 K, all
of these species are detected by both the PIMS and IR
spectrometers of Figures 3 and 4. At a higher temperature of
1550 % 100 K, furan (C4H4O) begins to produce the propargyl
radical (CH,CCH) as well. Because the residence time of the
furan in the tubular reactor is roughly 65 us, we believe that
(CO + CH3CCH), (HCCH + CH,CO), and the CH,CCH radical
are the primary products from cracking of C;H4O. Increasing
the backing pressure of the carrier gas by an order of magnitude
leads to the formation of aromatic hydrocarbons such as benzene
and styrene (Figure 7). It is well established*’~>’ that propargyl
radicals dimerize to produce C¢Hs. In an earlier study with this
apparatus,”® CH,CCH radicals were observed to form C4Hg; both
PIMS and IR spectroscopy were used to confirm that the C¢Hg
was benzene.

The unimolecular dissociation pathways of furan have been
studied by ab initio electronic structure methods. Figure 13 is
a composite summary of the potential energy surface for the
decomposition of furan at 0 K. This figure is adapted from Sendt
et al.>® and results from G2(MP2) calculations. The energies
for C—H rupture (shown in blue) or C—C cleavage (shown in
red) are predicted to be 122 and 89 kcal mol~!. Both C—H bond
energies to produce the a-C4H;0 and -C4H;0 furyl radicals
(of 2A” symmetry) are much larger than the C—H bond energy
of benzene itself.”® Consequently, it is predicted that all of the
fragmentation processes of furan ensue following rearrangement
to either the o-carbene (which directly fragments to HCCH +
CH,=C=0) or the 3-carbene. The -carbene isomerizes to buta-
2,3-dienal, CH,=C=CH—CHO, which decomposes to CO +
CH;CCH.

0 0
uc” cu e’ cn
\ / — \ ] —
HC—CH C—CH
H
020 co
- ¥ <~ cuy—c=cn
;C=CZCH
H (6)

The propargyl radical (CH,CCH, B;) could result from the
intermediate aldehyde in eq 6. It is predicted®® that the C—C
bond energy of buta-2,3-dienal is about 3 eV, AH,y3(CH,=
C=CH—CHO — CH,CCH + CHO) = 74 kcal mol ™. Follow-
ing the 65 us thermal cracking of furan in the tubular reactors
in Figures 3 and 4, we observe all but one of the direct products
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predicted®® by the G2(MP2) calculations, HCCH + CH,CO +
CH;CCH + CO + CH,CCH + HCO. With the exception of
the formyl radical, all other species have been identified by mass
spectroscopy and infrared spectroscopy. One would not expect®*
the formyl radical to survive for very long in the hot tubular
reactor. The AH,o3(H—CO) is only 15.6 + 0.1 kcal mol™!;
therefore, HCO is easily dissociated. Consequently, it is expected
that CH,=C=CH—CHO — CH;C=CH + CO + H.

The experimental results of this paper demonstrate that the
first thermal dissociation products of furan (1 in Figure 2) are
(CO + CH3CCH) and (HCCH + CH,=C=O0). At higher
temperatures, furan also cracks to generate the propargyl radical.
At low pressures in the tubular reactor, these molecules are all
prompt products from furan and are formed in less than 100 us
(see Figure 1). At higher pressures in the tubular reactor, radicals
such as CH,CCH react further to produce complex aromatic
gasification products such as C¢Hg (benzene) and C¢HsCH=CH,
(styrene).
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