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The collisionless photodissociation dynamics of isobutene (i-C4Hg) at 193 nm via photofragment
translational spectroscopy are reported. Two major photodissociation channels were identified:

H + C4H7; and CH3 + CH3;CCH,. Translational energy distributions indicate that both channels
result from statistical decay on the ground state surface. Although the CHj loss channel lies

13 keal mol™" higher in energy, the CH; : H branching ratio was found to be 1.7 (5), in

reasonable agreement with RRKM calculations.

I. Introduction

Isobutene, i-C4Hg, (2-methylpropene) is the smallest branched
alkene. It plays a key role in combustion chemistry as an
intermediate in the pyrolysis of iso-octane and in the oxidation
of fuel additives such as MTBE and ETBE (methyl and ethyl
t-butyl ether).! The chemistry of isobutene in the Earth’s
troposphere, notably its reactions with NO, and NO3,>? is of
interest, as are its reactions with free radicals in the atmosphere
of Titan in order to form larger hydrocarbons.* Isobutene has
been implicated as a product in the OCP)+ -C4Ho(r-butyl)
radical-radical reaction’ and from the photodissociation of
tert-C,Ho.%” However, the photodissociation of isobutene itself
has not been reported previously. In this paper, we investigate
the collisionless photodissociation of isobutene at 193 nm in
order to gain new insights into its unimolecular photochemistry
and dissociation dynamics.

The work presented here is motivated by numerous studies of
the bimolecular and unimolecular kinetics of isobutene in shock
tubes and flames.®'> These studies have focused on elucidating
the mechanisms for the oxidation and pyrolysis of isobutene. An
issue arising from this body of work is the identity of the products
arising from the unimolecular decay of isobutene. In some
kinetics studies, reaction mechanisms are proposed in which only
H atom loss is included,'®!'? whereas others also include the
somewhat higher energy CH; loss channel.®!*!* Photodissocia-
tion measurements provide unambiguous identification of the
primary products from photoexcitation to an excited electronic
state. In cases where dissociation proceeds via internal conversion
to the ground state followed by statistical decay, the results of
photodissociation experiments can have direct bearing on the
interpretation of kinetics experiments in which it is often very
difficult to identify product channels for specific reactions.
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Photodissociation of isobutene is also of interest in light
of previous work by Zierhut et al.® and our group’ on the
photodissociation of the ~-C4Hy radical near 248 nm. One
concern in those experiments was that some observed channels
were from the photodissociation of vibrationally hot isobutene
produced in the pyrolysis source used to generate t-butyl
radical rather than from r-butyl itself. An independent study
of isobutene photodissociation could thus corroborate the
interpretation of the previous experiments on ¢-butyl.

The UV absorption spectrum of the isobutene molecule
begins around 205 nm and comprises numerous closely spaced
bands;'>'¢ the band around 193 nm has been assigned to the
lowest-lying nn* transition.'”'® Excitation at 193 nm can lead
to photodissociation by two bond cleavage channels involving
loss of either an H atom or a CH; group:

(CH3),CCH, + hv — -CH,CH3CCH, + H
AH, = 88.3 kcal mol™',"’ 1)

(CH3)2CCH2 + hv > CH';CCHQ + CH3
AH, = 100.9 kcal mol™!, )

The 2-methylallyl radical from channel 1, can further dissociate
to form allene (C3H,) via the loss of a methyl group.?® The
barrier to this dissociation process has been calculated by
Li e al*!' to be 55.5 kcal mol™!. Furthermore, the 2-propenyl
radical from channel 2 can undergo a 1,2-hydrogen shift over
an isomerization barrier of 45.4 kcal mol™' to form the allyl
radical.® Fig. 1 shows the primary energetics for channels 1 and 2
as well as the barrier heights and energies for subsequent dissocia-
tion and isomerization.

In this work, we investigate the collisionless photodissociation
of isobutene at 193 nm using molecular beam photofragment
translational spectroscopy. This experiment yields the kinetic
energy and angular distribution for each photofragmentation
channel, enabling the direct identification of the primary photo-
fragments and providing insight into the dissociation mechanism.
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Fig. 1 Potential energy surface of isobutene based on ref. 21 and 22.

We find here that both channels 1 and 2 occur with kinetic energy
distributions consistent with statistical decay on the ground state
surface. The branching ratio is about 1.7 (5) in favor of the higher
energy channel 2. These results are interpreted based on simple
RRKM considerations.

II. Experimental

The molecular beam photodissociation apparatus has been
described in previous papers>> 2 and is shown in Fig. 2. A fixed
molecular beam is intersected by a pulsed laser and a rotatable
detector is used to analyze the photodissociation products via
electron impact ionization mass spectroscopy. Photofragment
time-of-flight measurements for ion masses of interest are taken
at a variety of laboratory scattering angles ®),y,.

In more detail, a pulsed molecular beam of isobutene was
formed using a piezo-activated valve (Physik Intrumente, PI)
at a repetition rate of 200 Hz. The gas mixture was 1%
isobutene (purity greater than 99%, SynQuest Labs Inc, FL)
in helium or neon with a backing pressure of 25 psig. The
molecular beam was collimated with two skimmers, one of
which separated the source chamber from the main chamber
where dissociation and detection occurs. In the main chamber,
the molecular beam was crossed at a 90° by a focused photo-
dissociation beam (2 x 4 mm) produced by an ArF (193 nm)
excimer laser (Lambda-Physik) operating at a repetition rate
of 100 Hz with a typical pulse energy of 40 mJ. The scattered
photofragments were detected in the plane defined by the
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Fig. 2 Schematic representation of the apparatus, showing the mole-

cular beam source, the photodissociation laser and the rotating mass
spectrometer detector.

molecular and laser beams as a function of the laboratory
angle, Oy, measured with respect to the molecular beam.
After reaching the triply differentially pumped detection
region, the neutral photofragments were ionized by electron
impact ionization (77 eV), mass-selected using a quadrupole
mass spectrometer, and observed with a Daly style ion detector.
Photofragment time of flight (TOF) spectra with respect to the
laser pulse were obtained by measuring ion signal as a function
of time and were digitally recorded by the use of a multichannel
scaler connected to a PC-computer. Spectra in which helium
was the carrier gas were accumulated over 50000 laser shots;
the data acquisition time was increased to 2-300 000 laser shots
when Ne was used as the carrier gas. Background subtraction
was performed in order to only observe signal relevant to the
photodissociation of isobutene.

The molecular beam was characterized using a slotted
chopper spinning at a 200 Hz. Characteristic beam velocities
of about 1700 m s~ were obtained in the present experiment
using He as a seed gas. The corresponding speed ratio (beam
flow velocity over velocity spread) was consistently in the range
of 35-40. When using Ne as a carrier gas, typical beam
velocities were 800 m s™' with a speed ratio of 20.

III. Results

Fig. 3 shows representative TOF data at m/z = 55 (C4H; ),
the parent ion for the C4H; fragment that would be formed by
H atom loss via channel 1. Three of these spectra were taken
using He as the seeding gas, while the fourth, at ® = 9°, was
taken with Ne as the carrier gas. Fig. 4 shows spectra at
m/z = 41 (C3Hs") and m/z = 15 (CH3 "), corresponding to
the parent ions for channel 2. These spectra were taken with
He as the carrier gas. In all TOF spectra, open circles represent
the data and the solid lines represent the simulated fit to the
data obtained using forward convolution of assumed center-
of-mass translational energy distributions (see Section I1V).
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Fig. 3 TOF spectra for m/z = 55 (C4H; ") fragments collected at
Onp = 4° 11° and 13° using He as a seeding gas and 9° using Ne
obtained from 193 nm photodissociation of C4Hg. The fits to these
TOF spectra are generated from the P(E7) distribution in Fig. 6.
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Fig. 4 TOF spectra for m/z = 41 (C3Hs") and m/z = 15 (CH3")
fragments collected at @p,, = 7°, 13° and @y,, = 157, 30° respectively
obtained from 193 nm photodissociation of isobutene(C4Hg). A single
P(E7) distribution, shown in Fig. 7, was used to fit these spectra.

Many more TOF spectra were taken at various ion masses and
angles. For example, Fig. 5 shows several TOF spectra taken
at m/z = 39 (CsH; ™) using Ne as the carrier gas; these spectra
are particularly useful for determining the product branching
ratio as discussed in Section IV.

The TOF spectra for m/z = 55 (Fig. 3, He and Ne carrier
gas) consist of a single peak whose intensity decreases with
increasing laboratory angle from 4° to 13°. No signal was
observed beyond 13°, the kinematic limit for H atom loss at
193 nm based on the appropriate Newton diagram. Hence,
since we are only observing a single peak for m/z = 55 that
disappears beyond 13°, we can attribute this feature to H atom
loss from the isobutene molecule at 193 nm. While the m/z = 41
and 15 spectra in Fig. 4 could, in principle, originate from
dissociative ionization of the C4H; fragment, these spectra
extend over a much larger angular range, indicating they
correspond to at least one additional photodissociation channel,
with channel 2 as the likely candidate. The definitive assignment
of these features is presented in Section IV.

IV. Analysis

The data were analyzed by constructing photofragment center-
of-mass translational energy and angular distributions P(E7, 0)
for all photodissociation channels and using these to simulate

400
m/z=39 400

0=11°

Counts
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Fig. 5 Representative TOF spectra of m/z = 39 (C3H; ™) at laboratory
angles of @y, = 11° and 13°. The doted and dashed lines show simulated
TOF spectra using the P(E7) distributions in Fig. 6 and 7 respectively. The
solid line shows the sum of dashed and dotted simulations.

the laboratory-frame TOF spectra. For each channel, the overall
distribution can be decoupled into a product of center-of-mass
translational energy P(E7) and angular distributions 1(0) as follows:

P(Er, 0) = P(Ep)I(0) A3)

The TOF spectra were fit by forward convolution of center-of-
mass energy and angular distributions using the PHOTRAN
software package.?® In our experimental geometry, an aniso-
tropic angular distribution in the plane of detection can occur
even with an unpolarized laser beam since the rotational axis
of the detector is orthogonal to the plane defined by the
molecular and the laser beam, but a satisfactory fit to all the
data was obtained assuming an isotropic distribution. The
entire set of TOF data could be fit using the P(E7) distributions
in Fig. 6 and 7 for channels 1 and 2, respectively; the simulated
spectra obtained from these distributions are shown as solid
lines in Fig. 3, 4, and 5.

From conservation of energy, the translational energy Er, is
given by:

ET = hv + EO - Eint — DO (4)

Here /w is the photon energy at 193 nm, D, the dissociation energy
of a given photodissociation channel (from eqn (1) and (2)),
E;, is the internal energy of the photofragment and E, is the
initial energy of the isobutene molecule. Hence, for a given
photodissociation channel of cold molecules (i.e., Ey = 0), the
maximum translational energy Ern.x 1S given by hv — D,
yielding values of 60 and 47 kcal mol™' for channels 1 and 2,
respectively, based on the energetics of Fig. 1. This constraint
was applied to the P(E7) distributions used to fit the data;
other than that, the point-wise distributions were adjusted
freely to obtain the best simulation of the full data set.

The P(E7) distribution for channel 1 in Fig. 6 fits the entire
set of TOF spectra at m/z = 55. The distribution peaks at
4 kcal mol™' with an average translational energy, (E;) =
11.1 keal mol™!, and extends up to Ermax = 60 kcal mol™".
The simulations are not particularly sensitive to products with
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Fig. 6 Center-of-mass P(E7) distribution from isobutene photo-
dissociation at 193 nm to H + C4H;. The maximum available transla-
tional energy is 60 kcal mol™". Products with E; < 4.5 kcal mol™' can
undergo secondary dissociation (see text).
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Fig. 7 Center-of-mass P(E7) distribution from isobutene photo-
dissociation at 193 nm to CH; + Cs;Hs. The maximum allowed
translational energy is 47 kcal mol™".

Er < 4kcalmol ™!, a point covered further in Section V, but
the tail extending out to Etp,. produces a better fit to our data
than distributions with a lower energy cutoff.

Forward convolution of the P(E7) distribution in Fig. 7
shows that the TOF spectra for m/z = 41 and m/z = 15 in
Fig. 4 correspond to momentum-matched C3;Hs and CHj
photofragments from mass channel 2. The P(E7) distribution
for this channel peaks at 4 kcal mol™' with an average
translational energy of 5.1 kcal mol~! and extends to up to
17 kcal mol™'. The P(E7) distribution could be extended to
Frmax (47 kcal mol ') without degrading the quality of the fit.
The analysis shows that contributions to the TOF spectra in
Fig. 4 from dissociative ionization (from m/z = 41 and 55) are
negligible. Fig. 1 shows that that the primary product of the
photodissociation of isobutene via a methyl loss can further
isomerize via a 1,2-hydrogen shift to form the allyl radical,”® a
process considered further in Section V.

The channel 2:channel 1 branching ratio can be extracted
from TOF spectra at ion masses where both channels con-
tribute via dissociative ionization, such as the m/z = 39 spectra
shown in Fig. 5. The branching ratio is obtained from eqn (5).

CH3 loss channel

ocH, _ JouH,
H loss channel % % ()

JcuHs

OC3H;

Here, R describes the relative weight of the two P(E7) distri-
butions used to fit the experimental data for both channels in
order to reproduce the relative intensity of each contribution
of the H loss and CHj loss channel. The relative electron
impact ionization cross section, ¢;, has been determined using
the additivity method proposed by Fitch er al®’ Finally,

f represents the fraction of a given photodissociation channel

signal appearing at m/z = 39 via dissociative ionization. These
fractions, 30% for the H loss channel and 49% for CHj loss,
were determined by taking TOF spectra at @y, = 9° at all
values of m/z that yield to a measurable signal (m/z = 55, 54,
53, 52, 51, 50, 49, 41, 40, 39, 38, 37, 36, 27, 26 and 25). Fig. 5
shows two representative TOF spectra for m/z = 39 and
indicates the simulated contributions of dissociative ionization

from channels 1 and 2; the simulations are generated from the
P(E7) distributions in Fig. 6 and 7. By optimizing R to generate
the best agreement with the TOF spectra, we obtained a
branching ratio of 1.7 (5) in favor of CHj loss. The main source
of uncertainty for the branching ratio comes from the determi-
nation of R which may vary between 1.5 and 2.5 with best
agreement found at 2.1.

Finally, electronic structure calculations were carried out to
characterize the reaction coordinates for channels 1 and 2,
i,e. C-H and C-C bond cleavage. The calculations were
performed at the MP2/6-311+ g(d,p) level of theory and basis
set using the GAUSSIANO03® software package. The reaction
coordinates were mapped out optimizing the geometry as either
rcu or rec was varied. Calculations were carried out to bond
lengths as large as 3.8 A for both bonds. The optimized bond
lengths were found to be rcy = 1.093 A and rce = 1.506 A at
the equilibrium geometry. No exit barrier was found for either
channel, as expected for simple bond cleavage. Calculated
energies along the two reaction coordinates were scaled to
match AH, of eqn (1) and (2); these scaled energies were used
in the RRKM calculations described in Section V. Harmonic
vibrational frequencies were calculated for vibrational modes
perpendicular to both reaction coordinates for use in RRKM
rate constant calculations discussed in Section V.

V. Discussion

The preceding analysis shows that photodissociation of iso-
butene at 193 nm results in both H and CHj; loss as primary
photofragmentation channels. The P(E7) distributions for
both channels in Fig. 6 and 7 peak at low kinetic energy. This
result, in conjunction with our electronic structure calculations
that show no exit barrier for either channel, suggests that the
overall dissociation mechanism involves internal conversion to
the ground state followed by statistical unimolecular decay to
products. If this is the case, however, then we need to be able
to explain why the CHj loss channel is favored even though it
lies higher in energy by ~ 13 kcal mol™!, assuming that the
other fragment is the 2-propenyl radical. In the remainder of
this section, we consider various aspects of the two channels in
more detail and conclude by discussing calculations of the
branching ratio using RRKM theory.

The P(E7) distribution for channel 1 shown in Fig. 6 peaks
at 4 kcal mol™'. However, as indicated in Fig. 1, the 2-methyl-
allyl radical formed via H atom loss can undergo further
dissociation to CH; + C3Hy; the calculated barrier for this
process is 55.5 kcal mol™'.?! Any C4H; fragments from
channel 1 with internal energy exceeding this barrier height
can undergo secondary dissociation. Since the H atom has
no internal excitation, the C4H; internal energy is given by
Etmax — E7, so fragments with Ey < 4.5 kceal mol™! would
have enough internal energy to dissociate. We found that a
P(E7) distribution truncated below 4.5 kcal mol™" (shown as a
dotted line in Fig. 6) produced fits to our data at m/z = 55 that
are indistinguishable from those generated from the distri-
bution in Fig. 6, so we cannot claim to see clear evidence for
secondary dissociation. However, if this process is occurring, it
only affects a small part of the P(E7) distribution and will not
significantly alter the calculated branching ratio.
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Fig. 8 Evolution of the rate constant ratio calculated using RRKM
theory between the CH; loss channel and the H loss channel at
fragment separation of 3.4 A as a function of energy.

For channel 2, the C—C bond fission products are CH; +
CH;CCH,, the 2-propenyl radical. As seen in Fig. 1, this
species lies 20.6 kcal mol™! above the allyl radical,”® and one
must then consider the possible role of allyl in the dissociation
dynamics. For example, it is possible for allyl to be formed
directly from the dissociation of isobutene through a multi-
center transition state, in which an H atom from the remaining
CHj; group transfers to the central C atom as the methyl
fragment departs. Such a transition state typically results in a
substantial exit barrier along the reaction coordinate which
would then lead to a translational energy distribution peaking
well away from Ey = 0, in contrast to the distribution in
Fig. 7. Hence concerted production of allyl seems unlikely.

It is also possible for 2-propenyl products formed with more
than 45.4 kcal mol™! internal energy to isomerize to allyl by a
1,2-hydrogen shift, according to the energetics in Fig. 1.
However, since Etmay for channel 2 is only 47 kcal mol~! at
193 nm, this means that isomerization can only occur for
dissociation events with E; < 1.6 kcal mol™', which corres-
ponds to a very small fraction of the P(E7) distribution in
Fig. 7. Moreover, this value of E7 assumes no internal excita-
tion of the CHj; fragment. Isomerization to allyl therefore
represents a very minor contribution to the overall dynamics
and may not occur at all.

It thus appears that our channel 2 : channel 1 branching ratio of
1.7 (5) favors the higher energy C—C bond fission channel over
C—H bond fission, a somewhat unexpected result at first glance.
However, as discussed in previous work on isobutene kinetics,'>!#
the A-factor for CHj loss is higher than for H loss because CH;
loss results in three more rotational degrees of freedom at the
transition state than H loss. As a result, CH; loss should become
faster than H loss at a sufficiently high temperature.

We have explored this effect from the perspective of our
experiment by calculating microcanonical rate constants kE)
for the two channels with RRKM theory,29

W*(E — Ey)

(6)

Here W* defines the total number of states of the critical
configuration, Ey is the energy of the transition state, and p(E)
denotes the density of states of the reactant at total energy E.
The density and sum of states were calculated by direct state-
count method using the Beyer-Swinehart algorithm,**3! using
vibrational frequencies obtained from the electronic structure
calculations described in Section IV. Vibrational frequencies
for all modes perpendicular to the reaction coordinate were
calculated for both bond fission channels. For rcc > 2.6 A,
we treated torsional motion of the methyl group as a one-
dimensional free rotor with a rotational constant of around
5em L

By looking at the evolution of the calculated rate constants
for both channels as a function of fragment separation, we found
minimum values of the rate constants for channels 1 and 2 at
rcy = 3.4 A and rec = 3.4 A, respectively. These values were
kep, = 1.55 x 108 s7! and kyy = 8.42 x 107 s7!, leading to a
theoretical branching ratio of CHj loss:H loss of 1.8, in
remarkably close agreement with experiment. We also calcu-
lated the branching ratio as a function of excitation energy
at these two transition state geometries as shown in Fig. 8. At
193 nm excitation (148 kcal mol™!), methyl loss dominates
over H loss. However, the H loss channel becomes more
important with decreasing photon energy (i.e. increasing wave-
length) to become the dominant channel at about 133 kcal mol ™!
(215 nm), which is below the 205 nm onset'? of the isobutene UV
absorption spectrum. In any case, our RRKM results are
certainly consistent with the arguments put forth in kinetics
papers regarding the A-factors for the two bond fission
channels and suggest that both channels should be considered
when constructing kinetic models for isobutene pyrolysis and
oxidation.

VI. Conclusions

We have investigated the photodissociation dynamics of the
isobutene molecule at 193 nm using photofragment transla-
tional spectroscopy. The translational energy distribution and
the product branching ratio between H and CHj3 loss were
obtained. The translational energy distributions indicated that
both channels take place via statistical dissociation on the
ground state potential energy surface. The branching ratio
between both channels was determined experimentally to be
1.7(5) in favor of the higher energy CHj loss channel. Electronic
structure calculations combined with RRKM theory showed
that such a result is consistent with statistical dissociation at the
excitation energy used in our experiment.
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