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Five Dissociation Channels of

Tetrahydrofuran

Tetrahydrofuran (1,4-tetramethylene oxide, c-CsHsO)
is a cyclic ether with a five-membered ring and has
a permanent electric dipole moment that makes
it useful as a polar solvent in organic chemistry.
Skin cancer due to mutation of deoxyribonucleic
acid (DNA) on irradiation with ultraviolet light is a
major human concern. As tetrahydrofuran has a
molecular structure similar to that of ribose that is a
unit of DNA, an understanding of the fundamental
photochemistry of tetrahydrofuran is pertinent to
the mechanism according to which DNA mutates
with ultraviolet or vacuum-ultraviolet radiation.
The vacuum-ultraviolet absorption spectrum of
tetrahydrofuran contains sharp features attributed
to transitions of an electron from a nonbonding
orbital of the oxygen atom to Rydberg states. The
first absorption feature spanning from 200 nm to
180 nm with a maximum at 190 nm was assigned
to the 3s « n transition. In the present work, we
excited tetrahydrofuran to the first excited singlet
state S1 (n-3s) using laser radiation at 193.3 nm to
investigate the mechanisms of fragmentation under
collision-free conditions. We measured distributions
of kinetic-energy release, branching ratios, and
angular anisotropy parameters 3 of products that
demonstrate five significant channels of dissociation.
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We measured time-of-flight (TOF) spectra of prod-
ucts from photolysis of tetrahydrofuran (c-C,HzO) in a
molecular-beam apparatus using synchrotron radiation
as an ionization source.' A solenoid valve located in a
source chamber served to expand neat tetrahydrofuran
into the reaction chamber with backing pressure 120
Torr. The source-chamber assembly is readily rotatable
from -20° to 110° with respect to the ion detector. An
ArF excimer laser produced unpolarized radiation of
wavelength 193.3 nm for photolysis. The photolysis
beam was focused into the reaction chamber with a
cylindrical lens (CaF,) and intercepted the molecular
beam perpendicularly with a photon flux 10 - 15 mJ cm™
pulse” in the reaction region. For the purpose of veloc-
ity dispersion of photoproducts, only products in a small
solid angle flew along a path of length 100.5 mm to the
ionization region in which synchrotron radiation ion-
ized photoproducts. lon optics extracted and focused
ions into a quadrupole mass filter to select species at a
particular ratio of mass to charge (m/z). Product cations
were counted with a Daly detector and ion signals were
displayed on a computer associated with a multichan-
nel scaler (MCS). TOF spectra of neutral products were
obtained after subtracting the flight interval of ions from
the total flight duration.

Upon photolysis of tetrahydrofuran at 193.3 nm, we
measured TOF spectra of species at m/z=43 -39, 31 - 26,
15, 14, and 1 u using appropriate photoionization ener-
gies. We assigned signals with m/z = 43, 42, 41, 31, 30,
29,28, 15, and 1 u to species C,H,0*, C,H,0"/CH,", CH.",
CH,0", CH,0", HCO", C,H,", CH,", and H, respectively;
signals observed at other m/z ratios are attributed to dis-
sociative ionization of photoproducts. Figure 1 depicts
some paths for the dissociation of tetrahydrofuran on
the ground potential-energy surface. Five dissociation
channels leading to CH,CH,CH, + H,CO (Rx. 1), CH,CHCH,
+ CH,OH (Rx. 2), H + CH,CH, + CH,CHO (Rx. 3), CH,CH, +
CH; + HCO (Rx. 4) and CH,CH, + CH,CO + H, (Rx. 5) were
identified. For brevity, however, only pertinent TOF spec-
tra of products from dissociation channels (1) CH,CH,CH,
+ H,CO and (2) CH,CHCH, + CH,OH are presented in this
article. TOF distributions of products were simulated us-
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ing a computer program based on forward convolution.
After iterative convolution, a distribution P(E,) of kinetic
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hyde) + CH,CH,CH, (trimethylene). The slow feature with
m/z = 42 u is assigned to product CH,CO (ketene) from
secondary dissociation of nascent product CH,CH,0
to CH,CO + H,. The upper panel of Fig. 3 shows the
corresponding kinetic-energy distribution; P(E,) has a
maximum at 13 kcal mol” and extends to 65 kcal mol”,
giving average kinetic energy <E> = 18.3 kcal mol”
and a translational fraction f, = 28.6 %. Figure 1 in-
dicates that dissociation to H,CO + CH,CH,CH, has
a reaction enthalpy 83.9 kcal mol™” and a small exit
barrier of height 3.3 kcal mol”'. The maximal ki-
netic energy 65 kcal mol” agrees satisfactorily
with the computed available energy 64 (= 147.9 -
83.9) kcal mol™ for direct dissociation to H,CO +
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CH,CH,CH,. With the experimental enthalpies of
formation of tetrahydrofuran, -37.37 kcal mol™,
and formaldehyde, -25.06 kcal mol™, at 0 K* and maxi-
mal kinetic-energy release 65 kcal mol™”, an upper
bound of the enthalpy of formation of trimethylene
diradical CH,CH,CH, is determined to be 71 kcal mol”
on assuming no internal excitation of either product.
Direct dissociation to propene and cyclopropane with
formaldehyde are less likely, but following decom-
position of tetrahydrofuran the trimethylene diradi-
cal might isomerize to propene and cyclopropane via
hydrogen transfer and ring closure, respectively. Tri-
methylene lies 68.6 (61.6) kcal mol™ above propene
(cyclopropane) and has a forward barrier of height 7.4
(0.4) kcal mol™ for isomerization to propene (cyclopro-
pane). Figure 1 indicates that the CH,CH,CH, product
might dissociate to CH,CCH,/CH,CCH + H,, CH,CHCH, +
H, and CH; + CHCH, following isomerization to inter-
nally highly excited propene when trimethylene has an
internal energy greater than the isomerization barrier of
height 7.4 kcal mol ™.

Scala et al.’ neglected the product channel
CH,CHCH, + CH,OH although the signals with m/z = 31
and 41 u were observable in their mass spectra. The lower
panels of Fig. 2 present the TOF spectra of species with
m/z =31 and 41 u. A species with m/z = 31 u that has
a TOF distribution insensitive to photoionization en-
ergy from 9.8 to 12.8 eV is assigned to product CH,OH
(hydroxymethyl) or CH;O (methoxy). The slow part of
m/z = 41 u correlating with the species with m/z =31 u
is attributed to dissociation to CH,CHCH, (allyl) with
CH,OH/CH,0 following migration of a hydrogen atom
from moiety -C;H; to -CH,0O. The CH,O0 radical is sub-
ject to dissociative ionization to daughter ions H,CO"
and HCO™ more than its isomer CH,OH. Methoxy ions
CH,0" decompose almost entirely to daughter ions
H,CO" and HCO" but hydroxymethyl ions CH,OH" re-
main observable using electron-impact ionization. Ac-
cordingly, the observation of ion signals at m/z =31 u
is evidence for the formation of CH,OH from reaction
(2) c-C,H;O — CH,CHCH, + CH,OH. The lower panel of
Fig. 3 shows the corresponding kinetic-energy distribu-
tion; P(E,) has a maximum at zero kinetic energy and
extends to 27 kcal mol™, giving <E> = 5.9 kcal mol
and f, = 8.4 %. Such a small release of kinetic en-
ergy indicates that this channel might have a neg-
ligible exit barrier; a radical + radical channel has
typically no exit barrier. The maximal kinetic-energy
release is much less than the calculated available en-
ergy 70.5 (61.5) kcal mol” of channel CH,CHCH, +
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CH,OH (CH;0). With the experimental enthalpies
of formation of tetrahydrofuran (-37.37 kcal mol™)
and hydroxymethyl (-2.75 kcal mol”) at 0 K* and the
maximal kinetic-energy release 27 kcal mol™, an upper
bound of the enthalpy of formation of the allyl radical is
determined to be 86 kcal mol™; the enthalpy of forma-
tion of allyl radicals at 298.15 K has been determined to
be 40.87 kcal mol”. The difference between the upper
bound from the present analysis and the literature value
suggests that the products of this particular fragmenta-
tion are formed with ~ 45 kcal mol” of internal excitation.

The branching ratios of dissociation channels of tetra-
hydrofuran are evaluated from product ratios in the center-
of-mass frame after calibration of the detection efficiency.
The ratio of yields of H,CO to CH,CH, was determined to
be 0.53 : 0.47 after calibration with momentum-matched
products H,CO and CH,CH, from photolysis of oxetane
(c-C3HO) at 193.3 nm.’ In the same manner, the yield ra-
tio of CH,CO to CH,CH, was determined to be 0.05 : 0.95
after calibration with momentum-matched products
CH,CO and CH,CH, from photolysis of cyclobutanone
(c-C,H40) at 193.3 nm. The branching ratio of reaction (1)
to reaction (2) was estimated to be 0.61 : 0.39 from the
yield ratio of CH,CH,CH, to CH,CHCH,. The branching
ratio of reaction (3) to reactions (4) + (5) was evaluated
to be 0.11 : 0.89 from the partitioning of TOF spectra of
CH,CH,. Based on these product ratios in the center-of-



mass frame, the total branching ratios of dissociation
channels CH,CH,CH, + H,CO, CH,CHCH, + CH,0OH, H +
CH,CH, + CH,CHO, CH,CH, + CH, + HCO, and CH,CH, +
CH,CO + H, were evaluated to be 0.40, 0.25, 0.04, 0.29,
and 0.02, respectively. The present branching ratios are
contrary to a prediction based on RRKM calculations;
the discrepancy elucidates that internal energy of tetra-
hydrofuran does not assume a statistical distribution in
such a dissociation process as rapid as 65 fs.>

In conclusion, the measurements of TOF spectra of
photoproducts using selective photoionization enable us
to identify five dissociation channels of tetrahydrofuran,
e.g., CH,CH,CH, + H,CO, CH,CHCH, + CH,0H, H + CH,CH,
+ CH,CHO, CH,CH, + CH, + HCO, and CH,CH, + CH,CO+
H,. Fragmentation of tetrahydrofuran is proposed to
occur mainly on the electronic ground state following
rapid internal conversions from the photo-excited state
to the ground state. Tetrahydrofuran breaks a C-O bond
to form an intermediate (CH,),0 diradical in the first step;
subsequent fissions of bonds C,~Cy, C;-C,, and C,—H of
the (CH,),0 diradical yield CH,CH,CH, + H,CO, CH,CH, +
CH,CH,0, and CH,CH,CH,CHO + H, respectively. A hy-
drogen transfer from the y to a carbon atom competes
with direct fragmentations and leads to the formation
of CH,CHCH, + CH,0OH. No CH,CH,CH,CHO (CH,CH,0)
was observed because of spontaneous decomposition
to CH,CH, + CH,CHO (CH; + HCO and CH,CO + H,). Tetra-
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hydrofuran is believed to dissociate rapidly but its frag-
ments all have nearly isotropic angular distributions. The
torsional motion or internal rotation along bonds C,-C,
and C;—C, of the intermediate (CH,),O diradical alters the
geometric structure thereof and thus smears the angular
anisotropies of products. Product branching ratios indi-
cate that the photodissociation of tetrahydrofuran is not
statistical in a brief dissociation duration.
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