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Following the initial report of the detection of fundamental transitions of all nine vibrational modes of the
vinyl radical [Letendre, L.; Liu, D.-K.; Pibel, C. D.; Halpern, J. B.; Dai, H.-L. J. Chem. Phys. 2000, 112,
9209] by time-resolved IR emission spectroscopy, we have re-examined the assignments of the vibrational
modes through isotope substitution. Precursor molecules vinyl chloride-ds, vinyl bromide-d;, and 1,3-butadiene-
de are used for generating vibrationally excited vinyl-d; through 193 nm photolysis. The nondeuterated versions
of these molecules along with vinyl iodide and methyl vinyl ketone are used as precursors for the production
of vinyl-Z;. IR emission following the 193 nm photolysis laser pulse is recorded with nanosecond time and
~8 cm ! frequency resolution. A room-temperature acetylene gas cell is used as a filter to remove the
fundamental transitions of acetylene, a photolysis product, in order to reduce the complexity of the emission
spectra. Two-dimensional cross-spectra correlation analysis is used to identify the emission bands from the
same emitting species and improve the S/N of the emission spectra. Isotope substitution allows the identification
of several low-frequency vibrational modes. For C,H;, the assigned modes are the v, (CC stretch) at 1595,
v5 (CH, symmetric bend) at 1401, v (CH, asymmetric + o-CH bend) at 1074, vg (CH, + o-CH symmetric
out-of-plane (oop) bend) at 944, and vy (CH, + a-CH asymmetric oop bend) at 897 cm™!. For C,Ds, the
modes are the vs (CD, symmetric bend) at 1060, v¢ (CD, asymmetric + o-CD bend) at 820, and vg (CD, +

a-CD symmetric oop bend) at 728 cm™!.

I. Introduction

Vinyl radicals in both the condensed and gas phases have
been of critical importance in reaction pathways as intermediates
in reactions involving small organic molecules.? Such small
olefinic molecules have also recently garnered much interest
as models for larger, more complex systems of reactions.* On
the other hand, radical species such as vinyl are often hard to
characterize and identify due to their transient, short-lived nature
as well as their low abundance. This is particularly true for the
observation of these radicals through vibrational spectroscopy
in the infrared (IR) region due to their small transition dipole
moments for vibrational motions.

In contrast to the wealth of information on the excited
electronic states® !> as well as the production of the vinyl
radical,'®=3? there have been relatively fewer reports on the
vibrational modes of the ground state of the vinyl radical.**~33
Kanamori et al.3® first detected one pure c-type band, the vy
mode, at 895 cm™! by IR diode laser kinetic spectroscopy and
determined the barrier height of the double minimum potential
of the a-C—H in-plane oscillation. There has also been work
done on ground-state vinyl in noble gas matrixes.** * Shepherd
et al.’® used carbon-13 and deuterium-substituted ethylene to
generate vinyl radicals and reported an out-of-plane (oop)
bending mode at 900 cm™!, labeled the v, band,* for C,H; and
the corresponding frequencies from six other isotopomers.
Forney et al. also reported the observation of this band in
matrixes.* A more recent work by Tanskanen et al.*” identified
the vs and v; bending modes* for six isotopomers, including
C,Hj and C,Ds, of the vinyl radical in noble gas matrixes. The
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vinyl produced was generated from the photolysis of acetylene
and annealing of the matrix to mobilize hydrogen atoms. In
these prior matrix works, the observed mode was incorrectly
assigned to v7, which is the lowest-energy in-plane (ip) bending
mode. It is now correctly labeled as vy, the lowest-energy oop
bending mode. The most recent work on the IR signature of
the vinyl radical was done by using a synchrotron to irradiate
ethylene in solid Ne at 3 K.*! Wu and co-workers found seven
of the nine modes of the '2C,H; and '*C,H; radicals and six of
the nine modes of the C,D5 radical.

Time-resolved Fourier transform IR emission spectroscopy
(TR-FTIRES) has been applied for the spectroscopic identifica-
tion of the vibrational modes of several transient radicals,
including vinyl,' cyanovinyl,*® HCCO,* and OCCN.*%*3 In its
first application, which resulted in the initial report' of all nine
vibrational modes of the vinyl radical, four different precursor
molecules were utilized to generate vibrationally hot vinyl
radicals through UV laser photolysis. Vibrationally excited vinyl
generated through precursor photolysis would emit IR photons
through the IR-active modes which can be detected with time
and frequency resolution in TR-FTIRES. The experiments were
conducted with low-pressure (~10—100 mTorr) precursor gas
mixed in with >4 Torr of Ar buffer gas. Collision with the buffer
gas renders less vibrational energy in vinyl. Eventually, the IR
emission at longer time (10—100 us) represents the fundamental
transitions of the IR-active modes. Assignment of the IR
emission bands detected in the experiments to the vinyl radical
was accomplished through comparison with theoretical calcula-
tions and prior studies and comparison among observations
made with the different precursors.

4245

Of the four precursor molecules used in the initial report on
the vinyl radical,! vinyl bromide and vinyl chloride photolysis
yielded significant amounts of vibrationally hot acetylene and
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other fragments such as HBr/HCl, in addition to vinyl. The 1,3-
butadiene precursor also generated some hot acetylene and other
unidentifiable fragments in the photolysis reaction. Methyl vinyl
ketone was previously determined to yield vinyl, methyl, and
CO with unity quantum yield'® and no other byproducts. In each
of the four cases, a strong band at 1277 cm™! was detected.
This band was assigned to the vs CH, symmetric bend mode.
This assignment caused notable problems in comparison with
previous theoretical calculations,*™33 which otherwise have
produced both frequencies and intensities in good agreement
with experiments for all other modes.

Most recently, Sattelmeyer and Schaefer,** using the equation-
of-motion coupled cluster theory for ionized states from the
anion, calculated the intensity and harmonic frequency of the
vinyl vibrational modes with the best theoretical precision. It
was found that the vs mode is calculated to be at 1419 cm™ !,
still much to the blue of the reported 1277 cm™!, with a
significantly smaller intensity than that in the previous experi-
mental report.! This comparison with theoretical calculations
called for further examination of the original assignment of the
experimentally detected IR emission bands, in particular, the
one for the vs mode.

It should be mentioned that even though the originally
assigned higher-frequency CH stretching modes are in much
better agreement with theoretical calculations, a recent experi-
mental®> work by Nesbitt and co-workers using high-resolution
IR laser absorption of a slit-jet cooled sample following
photolysis has found the strongest CH, symmetric stretching
band at 2901 cm™!, much to the red of the originally reported
value! and the best theoretical harmonic calculation.>*

In this work, in order to verify the assignment of the
previously detected IR emission bands of vinyl, isotopic
substitution of three precursors of the vinyl radical and an
additional precursor molecule are used. A total of five molecules,
vinyl bromide (VBr), vinyl chloride (VCI), vinyl iodide (VI),
1,3-butadiene (13BD), and methyl vinyl ketone (MVK), and
three of their completely deuterated analogues, VBr-d;, VCl-d;,
and 13BD-d; are used as precursors for generating vinyl or
deuterated vinyl through photolysis at 193 nm.

Two-dimensional cross-spectral correlation (2DCSC) has been
developed for deciphering spectral features from different spectra
but belonging to the same species.® Correlations between
spectral features are made based on their frequency and intensity
temporal dependence in the time-resolved spectra. The set of
emission spectral bands from the same species should share a
similar time dependence and show positive correlation. Through
the application of this method, we should be able to identify
the emission features from vinyl and enhance their signal to
noise (S/N) ratio in the spectra obtained from the five precursor
molecules.

In order to ensure that the assignment of the emission features
to the vinyl radical are not affected by the appearance of
emission bands from vibrationally hot acetylene which may be
in overlap with the vinyl bands, an IR filter containing room-
temperature acetylene gas is used to remove fundamental
emission from acetylene though absorption. The filter will
selectively eliminate emission within the acetylene rovibrational
absorption ¥ = 1 == v = 0 transitions. This filter is not effective
for emission from highly vibrationally excited acetylene.
However, as collisions render all excited species to lower
energies and emission closer to the fundamental transitions, the
acetylene filter can then more effectively remove the acetylene
fundamental emission features from the latter-time emission
spectra.
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The cold chemical filtering experiment reveals that vibra-
tionally hot acetylene is a major product in the photolysis
reactions performed. Several emission features can be attributed
to vibrationally hot acetylene. Modeling of these features®’ and
extraction of the dynamics of highly vibrationally excited
acetylene can be used as a starting point to study other acetylenic
systems of interest including structural changes, energy transfer,
and chemical reaction.’ !

In this report, we confirm, with better determined frequency,
the assignment of four of the five bending modes and one
stretching mode of the vinyl (C,H;) radical and three bending
modes of the deuterated vinyl (C,Ds) radical. The bending mode,
Vs, is assigned to a band much weaker than the originally
assigned, strong band. The new results agree well with recent
experimental results and theoretical calculations.

II. Experimental Section

The experimental setup has been previously described*>#343
and is briefly outlined here. The 193 nm pulses from an excimer
laser (Lambda Physik, LPX200, 20 Hz, 10—50 mJ/pulse) were
lightly focused into a gas cell with flowing precursor gas mixed
in with a noble gas colliding partner. The precursors were vinyl
bromide (Aldrich, >98%), vinyl chloride (Aldrich, 99.5%), 1,3-
butadiene (Aldrich, >99%), vinyl iodide (Oakwood Products,
90%), or methyl vinyl ketone (Alfa Aesar, 90%). Deuterated
precursor molecules included vinyl bromide-d; (CDN Isotopes,
99%), vinyl chloride-d; (Cambridge Isotopes, 98%), and 1,3-
butadiene-ds (Cambridge Isotopes, 98%). All precursors were
processed with at least one freeze—pump—thaw cycle to
improve the purity and were examined through IR absorption
spectroscopy analysis to ensure that no other detectable com-
ponent was present. The colliding gas was typically Ar (Airgas,
99.999%) or He (Airgas, 99.999%). The precursor pressures
were kept low (5—20 mTorr) as compared to the noble gas
collider (2—8 Torr) to limit secondary reactions and allow
quenching of the vibrationally excited molecules before exiting
the IR collection area. A cold acetylene gas filter was constructed
using a 15 cm long gas cell with KBr windows. The acetylene
pressure inside of the cell was held between 1 and 10 Torr to
provide substantial filtering of the acetylene bands. At a 4 Torr
acetylene pressure, >90% filtering can be achieved for the
moderately strong v3 CH stretch mode.

The emitted infrared radiation was collected by a set of 2 in.
curved gold mirrors in a Welsh cell design. The IR emission
from the Welsh cell was collected and collimated by a set of
KCl lenses, with the focal length, f74, of the last lens matched
to the optics in the FTIR (Bruker IFS/66) housing a Michelson
interferometer and detector (Judson, J15D14, MCT). A 4000
cm™! low-pass filter was used to block high-frequency emission
from folding into the spectra. The signal was amplified by an
impedance-matched preamplifier (Judson, PA-101, DC) coupled
to a wide bandwidth amplifier (Stanford Research, SR-445, 350
MHz, 500 Q). The amplified signal was sent to a transient
digitizer (Spectrum GMBH, PADS2a, 200 MHz, 8 bit) linked
to the Opus (Bruker, v4.2) FTIR sampling program. Time-
resolved step-scan slices were optically triggered and typically
taken at 50 or 100 ns intervals with 4—12 cm™! resolution.

III. Results

A. IR Emission Spectra Containing Vinyl-k; Features.
The products and their energy content from the 193 nm
photolysis of each of the five precursor molecules have been
characterized via photofragment translational spectroscopy.'®18-22
All five molecules with the exception of 1,3-butadiene generate
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Figure 1. IR emission spectra recorded in between 2 and 3 us
following the photolysis of the five precursor molecules. Spectra are
shown without correcting for the detector spectral response. No
acetylene filter was used.

a significant quantity of the vinyl radical with acetylene as the
other common product. Photolysis of 13BD yields a significant
number of possible reaction channels, both molecular and
radical, especially evident during the first several us after
photolysis.

The IR emission spectra following the photolysis of the five
precursors, obtained without the use of the acetylene gas
emission filter, are shown in Figure 1. Spectral features assigned
to the vinyl radical are given in Table 1. The basis for the
assignments will be given in the following sections. It should
be noted that the relative intensities of the transitions shown in
Figure 1 as well as subsequent spectra shown are emission
intensities which have not been corrected for the experimental
response function, and those reported in Table 1 are absorption
intensities converted from emission intensities that have been
corrected for the response function. In the following, the
emission spectrum from each precursor is described separately
first.

The time evolution of the reaction products of VBr is shown
in Figure 2. Here, no acetylene filter was used to remove IR
emission from the spectra. There are several low-energy features
that decay rapidly after photolysis with little frequency shift.
This is in marked contrast to the two main features at
1100—1400 and 3000—3300 cm™'. These two features show a
slow decay component as well as a large shift in frequency at
early times. In the spectra detected following VBr and VCl
photolysis, emissions from HBr and HCI appear, respectively,
in each case between 2000 and 3000 cm™!. Emission from the
v = 6 HBr and the v = 7 HCI have been identified previously
in the IR emission observed shortly after photolysis of VBr and
VCL.196263 Accompanying this emission are two main features
assignable to acetylene at 1300 and 3000—3300 cm™'. Some
additional low-energy emission bands also appear between 1000

cm™! and the detector cutoff at around 700 cm™".

The photolysis of vinyl iodide has been well studied in the
condensed phase®% and in the gas phase.!”%% At very low
precursor pressures of a few mTorr, atomic iodine emission
dominates the spectra. At higher pressures, the electronic
transitions of iodine are quenched through collisions. Though
some iodine emission bands are still apparent at 2500 cm™’,
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under such experimental conditions, vinyl emission could also
be detected. Emission assignable to acetylene is apparent in the
spectra. HI, however, is not detected.

The dissociation of methyl vinyl ketone'® leads primarily to
methyl and vinyl radicals and CO in a sequential bond breaking
mechanism. Emission from hot CO molecules is observed at
around 2150 cm™!. There may be some emission from methyl
radicals, the deformation mode at 1400 cm™' and the CH
stretching modes at 3160 cm™!, though these emission bands
are masked by the unexpectedly strong emission features of
acetylene following the MVK photolysis result as well.

IR emission following 1,3-butadiene photolysis can be
complex as there are numerous available reaction channels
available for generating molecular and radical products.?' In
addition to the main features attributed to acetylene, there is
emission detected as a shoulder on the 1300 cm ™! feature. This
shoulder may arise from a vibrationally excited radical other
than vinyl as none of the other precursor photolysis results in
emission in this region. There is also extra intensity found on
the red side of the CH stretching feature that may also arise
from vinyl or other radical products.

The strong feature at 1300 cm ™! and a part of the 3000—3300
cm™! bands appearing in all spectra can be assigned to acetylene.
The 1300 cm™! feature was previously assigned to vinyl and
has been an assignment of contention. This feature is now
assigned to the unexpectedly strong v, + v5 combination band.
The basis of the assignment which involves substantial modeling
of IR emission from vibrationally excited acetylene will appear
elsewhere.”” The same modeling also allows the assignment of
part of the group of bands at 3000—3300 cm ™' to the acetylene
3 mode.

The time dependence of the emission features provides
another consideration for their assignment. In general, primary
photolysis reaction products peak within the first several us,
while secondary products and molecules excited though collision
energy transfer appear later in the time-resolved spectra. The
vinyl features are expected to peak at around 1 us and decay
with a much faster time constant due to reactions (with the
exception in the 13BD case, where reactions lead to additional
vinyl generation). In contrast, the acetylene emission features
should show large anharmonic shifts due to high internal energy
content. Its fundamental transitions may occur later (between 2
and 3 us) and decay with a longer time constant.

Emission from secondary reaction products may become more
prominent when the precursor pressure is increased since the
amount of these reaction products increases nonlinearly with
the pressure. Secondary product emission features also show a
characteristic slower rise in time. It has been found that precursor
pressures needed to generate secondary reactions are typically
more than 10 times the pressures of the experiments reported
here; thus, this type of emission has very limited appearance in
the spectra. The most apparent secondary product feature found
in all five precursor spectra is the 1600 cm™~! C=C stretch of
vibrationally excited 1,3-butadiene, which appears most likely
through secondary reactions of vinyl with the parent molecules
(rather than vinyl—vinyl recombination due to the low vinyl
concentration). At even higher pressures, ~100 times the
pressures of the experiments shown here, there is collision-
induced vibrational energy transfer between the excited pho-
toproducts and the parent molecule generating its own molecular
IR emission signature of the precursor molecule.

The remaining features common to all five precursors are
attributed to the vinyl radical. There are a large number of weak
transitions which appear below 2000 cm™'. Assignment can be
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TABLE 1: Frequencies (in cm™! with uncertainty) and Intensities (in [ ] brackets relative to the strongest, which is set as 100)
of the Fundamental Transitions of the Vibrational Modes of Vinyl-k; and Vinyl-d;*

vinyl-h;

vinyl-d;

other experimental work

other matrix calc.
normal modes previous report” this work in gas in matrix calc. results® this work results results’
vy (@) o-CH stretch 3235 £ 12/[7] 31417 3298/[1.4] 2348 2480
v, (@) CH, a-stretch 3164 £ 20/[11] 2953.6/ 3222/[6.1] 2192.5 2387
v3 (@) CH, s-stretch 3103 + 11/[0.5] 2901¢ 2911.5 3118/[6.0] 2124.1 2259
vy (@) CC stretch 1700 £ 35/[0.1] 1595 4 10/[3.3] 1689/[1.4] 1593
vs (a") CH, s-bend 1277 £ 20/[100] 1401 £ 5/[4.2] 1357.471356.7,6  1419/[10.6] 1060 £ 15/[7.2] 1000.4;996.5." 1028
1353.2," 1248.9 993.8
v (@) CH, a-bend + 1099 + 16/[43] 1074 £ 8/[6.9] 1077/[12.5] 820 % 6/[9.4] 835
o-CH bend
v7 (@) CH, + a-CH 758 £ 5/[93] 674 677.17 730/[29.8] 570
a-bend
vg (@”) CH, + a-CH 955 + 7/[32] 944 £ 6/[100] 895.3 965/[100] 728 £ 9/[100] 704.8 704/ 760
s-oop bend 701.7," 698.9'
v9 (@”) CH, + a-CH 895 £ 9/[11] 897 £ 6/[65] 895¢ 857/900.8,¢ 850/[13.7] 654.5 659
a-oop bend 896.6," 891, 900/

“ Previous work, this work, other gas and matrix phase results, as well as calculations are included for vinyl-/;. Results from this work and
matrix results are presented for vinyl-ds;. The calculated results for vinyl-d; are generated by utilizing the theoretical frequencies from ref 54
and a DFT calculation to provide the isotopic frequency ratio. ® Data from ref 1. ¢ Data from ref 81. ¢ Data from ref 13. ¢ Data from ref 33.
/Vinyl in Ne data from ref 41. ¢ Vinyl in Ar data from ref 37. " Vinyl in Kr data from ref 37. / Vinyl in Xe data from ref 37./ Vinyl in Ar data
from ref 36. ¥ Data from ref 54. ! Calculated using results from ref 54 and DFT isotopic ratios.
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Figure 2. Selected time slices, 1, 2, 5, 10, 15, and 20 us, of IR emission spectra following photodissociation of vinyl bromide. No acetylene filter

was used.

made based on emission frequency overlap between the different
precursor photolysis experiments. Common features exist at
~775, 900, 950, 1050, 1400, and 1600 cm™'. The assignment
of these features can be further ascertained utilizing the 2DCSC
analysis method discussed below.

B. IR Emission Spectra Containing Features from Vinyl-
d;. The reaction energetics and dissociation pathways of the
deuterated precursor species should be similar to the nondeu-
terated ones. The emission spectra recorded, without the
acetylene gas filter, for the photolysis of VBr-d;, VCl-ds, and
13BD-ds are shown in Figure 3. These time-resolved IR
emission spectra are dominated by two common features at 1000
and 2300 cm™!. As in the nondeuterated systems, the only
common reaction product other than vinyl that appears to emit
in the IR is acetylene-d, with its v, + vs combination band at
1042 ¢cm™! and the v3; CD stretch at 2439 cm™!. At longer
detection times, typically 10 us and longer, rotational structure
can be seen in both emission features.

Partially resolved rotational lines are observed for DBr and DC1
between 1500 and 2100 cm™! for the photolysis of VBr-d; and

Vinyl Bromide-d3

Vinyl Chloride-d3

Intensity (Arb. Units)

1,3-Butadiene-d6

LI L N B B B I B B L L O B B N B N N BN B N N

1000 1500 2000 25010 3000 3500
Energy (cm ')

Figure 3. IR emission spectra recorded in between 2 and 3 us
following the photolysis of vinyl bromide-ds, vinyl chloride-d;, and
1,3-butadiene-ds. No acetylene-d, filter was used.

VCl-d;, respectively. Intensities for the DBr and DCI bands are
less than those seen for HBr and HCI, as expected due to the
increase in mass. No other strong emission features are observed.
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Figure 4. IR emission spectra, obtained with the acetylene IR filter for times following the photolysis of vinyl bromide. Seven time slices are
shown corresponding to 1, 2, 5, 10, 15, 20, and 25 us following photolysis. The absorption spectrum of room-temperature acetylene is shown in
the lower graph. The emission curves are normalized to the total emission signal. The absorption spectrum is normalized independently.

The temporal behavior of the isotopically substituted mol-
ecules behaves analogously to the nondeuterated molecules.
Longer peaking times and decay constants are observed for the
acetylene-d, emission when compared with the vinyl-d; bands.
There is again an extra feature in the 1000 cm™! band in the
13BD-d; spectra that peaks and decays faster than the rest of
the intensity, which can thus be attributed to arising from another
emitter. This emission shares a similar fast time decay when
compared to the same vibrational modes, accounting for isotopic
shift, in the nonisotopically substituted 1,3-butadiene.

The remaining features, three weak bands at ~725, 825, and
1050 cm™!, which are common to all three spectra, seen in
Figure 3, can be attributed to vinyl-ds. There are fewer emission
bands present in the isotopically substituted spectra than in the
vinyl-h; case because some of the bands which involve
deuterium atoms shift to lower frequency and out of the
detection range. Once again, 2DCSC described below will aid
in determining the exact frequency more accurately.

C. The Effect of Filtering IR Emission by Room-Tem-
perature Acetylene. The room-temperature acetylene cell
placed in between the photolysis region and the FTIR should
filter out the emission in resonance from the absorption
transitions of room-temperature acetylene. The filtered out
transitions include the fundamental transition of v; and vs as
well as the v4 + vs combination band in all of the spectra.

The filtering of the IR emission is achievable within the
bandwidth of the fundamental rovibrational lines. There are two
main contributions to the bandwidth. At the low filter pressures
of ~10 Torr, collisional broadening contributes approximately
0.003 cm™!. At higher pressures up to 100 Torr, used in some
of the filtering experiments with strong IR emission from the
photolysis, the pressure broadening becomes comparable to the
Doppler width of 0.007 cm™!. Higher vibrational transitions that
do not overlap with the fundamental transitions are not filtered
by the room-temperature cell. Rotational bands generated by
acetylene molecules with a high rotational temperature will also
pass through the cell unaltered.

The IR filtering result is shown in Figure 4. The series of
spectra shown here represent several time slices, 1, 2, 5, 10,
15, 20, and 25 us following the photolysis pulse. Also shown
is the cold acetylene absorption spectrum at the bottom.
Absorption and emission spectra are scaled independently. The
effect of the acetylene gas filter is clear for the vs mode at 730
cm™!, the v4, + vs mode at 1328 cm™!, and the 3 mode at 3289

cm™!. At later time, the two main features (v3 and v4 + vs) in
the emission spectra are almost completely filtered out. The
effect of acetylene absorption of emission is also clear when
the filtered spectra in Figure 4 are compared to the unfiltered
spectra in Figure 2. At early time, the filter removes emission
intensity from the blue side of the anharmonically shifted v, +
vs and v3 modes. Artificial peaks are generated at 1325 and
3300 cm ™!, which lie between the rotational bands of the v, +
vs and v3 modes, respectively. This is due to the acetylene gas
filter acting as a band-pass filter and selectively filtering the
emission signal within the room-temperature rotational band.

IV. 2D Cross-Spectral Correlation Analysis

The emission bands assigned to vinyl-A; and vinyl-d; are weak
and fast decaying, thus making definitive assignments difficult,
even with the aid of multiple precursors. They can, in principle,
be identified to arise from a common source through a
correlation analysis. A common transient source of emission
will show similar temporal behavior in intensity and frequency
even when generated through different reaction pathways or
from different precursors entirely. These emission features from
a common source, displaying similar time dependence, can be
expressed with similar phase functions in a Fourier analysis. A
correlation analysis can then be employed to identify these
phase-matched features and enhance the S/N ratio in the spectra.

The 2DCSC analysis was developed,> based on the general
two-dimensional correlation analysis, for deciphering correla-
tions among spectral features from two different spectra. Briefly,
the time-dependent intensity at each frequency in each spectrum
is subjected to Fourier analysis and represented by a set of phase-
coded sinusoidal functions. The phase correlation among the
two spectra generates a pair of two-dimensional maps, the
synchronous and asynchronous maps. The synchronous map is
generated by the positive overlap of the phase information for
common features. The diagonal of the synchronous correlation
map can be extracted to display an enhanced S/N ratio for the
correlated features in the spectra. The asynchronous map
represents features with different phase information anticorre-
lated on the off-diagonal points. Features from a common source
will show a correlated behavior on these off-diagonal points.

The cross correlation takes advantage of different precursor
molecules producing the same radical of interest. Uncorrelated
features including random and nonrandom noise are subse-
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Figure 5. 2DCSC synchronous map for the VBr—13BD correlation
pair. The color scheme for the relative magnitude is shown on the right.

quently reduced. A 5—10 times enhancement of the S/N ratio
has been found by utilizing the 2DCSC analysis.’®%” The
correlation diagonals from different possible pairs are extracted
from their synchronous maps to display the common emission
features with enhanced S/N; the correlated spectral peaks appear
with enhanced intensity, while the noise as uncorrelated intensity
is suppressed. We can further enhance the S/N by combining
the different correlation diagonals from different pairs of
precursors, producing a spectra that is representative of common
emission features from five different sources.

A. Analysis of Spectra Containing Vinyl-/#3; Emission. The
main source of spectral information is found in the synchronous
map generated from the 2DCSC analysis. A sample map for
the VBr and 13BD unfiltered emission experiments is shown
in Figure 5. Strong correlations involving the two main features
at 1100—1400 and 3000—3300 cm™!, corresponding to emission
from the v, + vs and v; modes of acetylene, respectively, are
evident. In addition, there are less intense correlation features
near 1900 and 2500 cm™'. The 2500 cm™! feature may arise
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from HBr emission and possibly weak overtones of acetylene,
2v, + 2vs at 2260 and v, + vs at 2703 cm™'. The 1900 cm™!
emission may arise from the combination 2v, + vs acetylene
mode at 1941 cm™!'. The two main emission features at
1100—1400 and 3000—3300 cm™' are so strong that they
generate off-diagonal correlation features with all other observed
emission. In the low-frequency bending region from 700 to 1700
cm™!, there are off-diagonal components at 765, 855, 895, 945,
1000, 1040, 1065, 1410, 1475, 1540, and 1590 cm™", in addition
to the main feature that stretches from 1100 to 1400 cm™!. Only
some of these features correspond to vinyl emission.

One way to utilize the correlation diagram to efficiently
view the positive correlation between the two correlated
spectra is the diagonal of the synchronous map.’® The
diagonal displays the peaks that commonly exist in both
spectra, and its magnitude corresponds to the strength of the
correlation. The vinyl radical’s 5 precursor molecules allow a
total of 10 independent 2DCSC diagonals to be generated. All
10 synchronous diagonal spectra are shown in Figure 6. The
correlation diagonals are generated from unfiltered emission
spectra. The correlation diagonals are obtained using all (~500)
of the observable emission spectra in the typical time span from
0 to 50 us. Emission features with varying intensity are identified
in five distinct regions in the correlations, as labeled in the figure.
In region 1, there is some low-intensity bending mode emission
that is detectable down to the detector cutoff at ~700 cm™'.
The most prominent peak at around 1275 cm™! in the spectra
occurs in region 2 with several weak, close-lying but visibly
independent emission bands to the red and blue of this main
feature. These other bands show a faster decay rate when
compared with the main feature. There are some small features
that lie just to the blue of region 2, one of which is common to
all of the spectra but most just being noise. Region 3 contains
a feature that can be attributed to the very intense CO stretching
mode at 2145 cm™! produced in the photodissociation of methyl
vinyl ketone. Even though the other precursors do not produce
CO, the intensity of the CO emission in the MVK spectra, being
several orders of magnitude higher than any other emission in
all precursor spectra, spills over into the correlation diagonal.

1 3 4 5
| IV | BN VI-VCl
| | o VI-MVK
| VI-13BD
VI-VBr
NN YN | VCH13BD

MVK-VCI

;>>>L>>>>>

i | w7 VBrVCI
. N L~~~ VBr-MVK
| "\ vBr-138D
1OIOO 15I00 o 20l00 25I00 30I00 I 35|00 o

Energy (cm™)

Figure 6. 2DCSC synchronous diagonals of the 10 correlation pairs from the 5 precursors. The spectra are grouped into five regions, labeled 1—S5,
for discussion. Each curve is normalized independently and shown on the same scale. The correlation diagonals are generated from unfiltered
spectra. The complete emission signal, typically from O to 50 us, is included in the correlations.
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Figure 7. The geometric mean (GM) correlation of the square root of each of the 2DCSC diagonals in Figure 5 in the region from 700 to 3500
cm™!. The inset curve represents 10 times magnification in the region of 700—1700 cm™'. Labeled peaks (A—F) are discussed in the text. The *
represent rotational bands of the two oop bending modes of vinyl. The curve is generated from the correlation diagonals of unfiltered correlation

spectra from Figure 6.

This feature does not appear in the correlations without MVK.
Region 4 contains HBr and HCI emission, located between 2300
and 3100 cm ™!, generated from VBr and VCI photolysis. There
is also an unresolvable feature in the spectra from VI, MVK,
and 13BD where no HBr or HCl is generated. This weak feature
has no discernible structure nor any detectable anharmonic shift.
Though this feature lies close to the Av = 2 transition for the
combination 2v,4 + 2vs mode of acetylene and the strength of
the combination band suggests that this overtone band, though
weak, can be observed, the true origin of this feature remains
undetermined. All CH stretching is observed in region 5 as an
unresolved feature. The v3 CH stretch of acetylene at 3289 cm™!
appears at the blue side of the region. The large irresolvable
emission observed in region 5 prohibits further analysis even
with the aid of the 2DCSC technique. We expect the three
stretching modes of vinyl to be much weaker compared to the
bending modes assigned below.>* This feature can be assigned
to the v; emission from acetylene based on modeling of the
rotational contour, anharmonic shift, and intensity.>” There may
be a small amount of emission on the red end of the feature
assignable to vinyl. A lack of corresponding features found in
the deuterated results as well as the weak nature of these
features, however, prohibits a definitive assignment here.
Each of the 10 diagonals obtained from 2DCSC represents a
correlated spectrum between the two sets of time-resolved
emission spectra. Comparing the correlation pairs shown in
Figure 6, one notices that not all pairs have the same intensity
ratios between the spectral peaks. For example, the relative
intensity of the two vinyl emission features at 897 and 944 cm™!
varies between the different correlation pairs. This is due to
several reasons. Vinyl radicals are generated with different
amounts of internal energy depending on the precursor used.
Thus, vinyl emission may exhibit slightly different temporal
decay/frequency shift characteristics. In addition, there are other
factors influencing the correlation intensity, including emission
from other sources, systematic and random noise, and pressure
fluctuations (~5%) during the experiments. Because of these
experimental artifacts on the correlations, the correlation
diagonals are used only for frequency determination. The

correlation spectra are particularly useful for vinyl as the vinyl
radical is produced with low amounts of internal energy and
the vinyl peaks are not expected to display much shift with
time® (see the discussion on the energetics of the photolysis
reactions below). Spectral intensities reported are determined
directly from the experimentally observed spectra.

The product of all correlation diagonals provides a presenta-
tion of the common spectral features in all correlated spectra
with much enhanced S/N for identifying where the spectral peaks
are located. The magnitude of the points along the diagonal of
each pair of spectra is numerically proportional to the product
of the spectral intensities. The apparent intensity ratios of the
features in the product of the 10 diagonals are approximately
proportional to the 20th power of the original values.’® The
features that appear in all of the spectra are greatly enhanced
in magnitude, whereas the noise, uncommon to all spectra, is
dramatically suppressed. While the “intensity” in the product
spectra is greatly altered from the actual strength, the spectral
frequency remains accurate throughout the analysis for peaks
that show little anharmonic shift with time.’” The overall
correlation of all emission spectra can be approximately
represented by the 20th root of the product of the 10 diagonals.
The resulting spectrum is referred to as the geometric mean
(GM) correlation, with its magnitude directly in proportion to
the relative spectral intensity. The GM correlation is shown in
Figure 7.

The result shown here is from the correlation diagonals of
unfiltered emission spectra. The two main features, 1100—1400
and 2900—3300 cm™!, correspond to hot bands of the v, + vs
and v; modes of acetylene. There are several features in the
low-energy region which will be discussed shortly. There is also
some intensity between 2000 and 2700 cm ™!, which may arise
from other emission products HBr, HCI, and CO. There is,
however, some emission from other combination bands of
acetylene, namely, v, + vs at 2703 cm™!, 2v, + 2v5 near 2660
cm™!, 3vs at 2170 cm™!, and 2v, + vs at 1941 cm™.
Assignments of these bands are difficult due to their low
intensity and overlap with other emission features.
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TABLE 2: Major Products and Exothermicities of 193 nm
Photolysis of the Five Precursor Molecules”

precursor molecule photolysis product AH (kcal/mol)

C,H;Cl1 C,H; + Cl —58
C,H, + HCl —123.7
C2H3BI' C2H3 + Br/Br* —69/—59
C,H, + HBr —123
CHsl CH; + I/1* —86/—79
CH, + HI —122
CH;COC,H; CH; + C,H; + CO —46.4
CH; + C,H, + H + CO —9.1
C4Hg CH; + CH; —31
CHy + CH, —108

“Only those channels generating vibrationally excited products
that are detectable through IR emission are listed. VCI, VBr, and VI
enthalpies are taken from ref 79, while MVK and 13BD are from
ref 1. The * indicates electronic excitation.

The inset in Figure 7 represents a 10x magnification of the
GM correlation spectrum at 700—1700 cm™!, which shows
several features in the low-energy bending region. Feature A
coincides with the unfiltered portion of the R-branch of the vs
mode of acetylene, though it decays faster than other acetylene
peaks. The remainder of this emission feature is cut off due to
the falloff of the detector. Features B and C are assigned to the
out-of plane-modes, vy and vg, respectively, of the vinyl radical.
Agreement with theoretical calculations and rotational band
contour fitting, discussed below, support this assignment. Peaks
D and E are assigned to vinyl even though they are in close
proximity to the most intense acetylene feature. These features
cannot be from acetylene; peak D lies too far to the red to be
from highly vibrationally excited acetylene, while peak E lies
over 70 cm™! to the blue of the acetylene v, + vs band. Peak
F can be assigned to the C=C stretch of vinyl. Its fast time
decay profile matches the other features attributed to vinyl. This
feature should not arise from the secondary reaction product
13BD because the low precursor pressure used in our experiment
greatly reduces secondary reactions. In addition, emission from
13BD has only been observed in higher-pressure experiments
and at a much later time."?

The band centers of the assigned features correlate well with
those harmonic frequencies reported by Sattelmeyer and
Schaefer.>* The accuracy of the harmonic frequencies generated
by EOMIP-CCSD/cc-pVQZ has been stated to be within 100
cm™! of experimental frequencies without anharmonic correc-
tions.®®® However, linear correlations between experimental
anharmonic results and harmonic calculations have yielded
corrections of ~0.95—0.96°>7°"72 depending on the molecule
and level of theory used. Nonetheless, we expect the frequency
correction to be small because of the low frequencies of modes
in the bending region. In addition, the low-frequency vibrations
do not exhibit a detectable shift in frequency as seen in Figure
2, even with 30—80 kcal/mol (see Table 2) of internal energy.

All assigned low-energy vibrational modes are listed in Table
1 together with the calculated vibrational frequencies for
comparison. All reported experimental frequencies were ob-
tained from band contour fitting. Rotational fits were used for
vg and vy, while Gaussian profiles were used for the remaining
features.

During the entire data collection time period following the
photolysis of the precursor molecule, many species emit IR
signal with different time behavior. These species include
primary photolysis and secondary reaction products. In the
overall 2DCSC, correlations appear for all pairs of emission
features and render the diagram complex for interpretation. This
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Figure 8. The GM pseudotime correlations of the 10 diagonal
psedotime correlation pairs during the first 8 us after the precursor
photolysis from 700 to 3500 cm™". Each time correlation encompasses
a 2 us duration. The four correlation spectra are presented with lighter
to darker shades as time progresses. The labeled peaks are the same
ones as identified in Figure 7 and discussed in the text. The * represent
rotational side bands for the two oop vibrations of the vinyl radical.
The correlations are generated from unfiltered emission spectra. The
inset is a 5x magnification of the 700—1700 cm™! region.

complexity may be reduced if the time period for correlation
examination is restricted to a shorter duration. For example, if
the correlation is restricted to the initial time period, the emission
features from the primary reaction products are dominant while
the contributions from the secondary products are reduced. This
practice of correlation with reduced time duration is hereafter
termed “pseudotime correlation”.

Figure 8 shows four GM pseudotime correlations taken 2 us
apart with 20 time slices included in each correlation. The first
four pseudotime correlations, corresponding to the observation
time of 0—8 us, are shown. The pseudotime correlations are
taken from unfiltered spectral data. The labeling of the peaks is
the same as that in Figure 7. The five vinyl features, peaks B—F,
reach maximum intensity at 1—2 us and decrease with little
vibrational shift, indicating low vibrational energy content after
photolysis. This is in marked contrast to the acetylene features
which show much larger anharmonic shift in the v3 CH stretch
at 3000—3300 cm™! and the v4 + vs combination band at
1100—1400 cm™'. In addition, the lifetimes of the acetylene
features are significantly longer than those of the vinyl features.
Emission near the fundamental transitions of acetylene has been
measured to be longer than the diffusion-limited 60 us.

Because of the reduced number of time slices included in
the pseudotime correlation, the spectra may contain unintended
effects such as an increase in noise, as seen in the congested
low-frequency region in Figure 8, and less accurate intensity
representation for the spectral peaks. As the time evolution of
the system is truncated and the integration windows are smaller
in the pseudotime correlations, the relative spectral intensity
may appear different in different sets of correlations using
different time windows. This is observed in the pseudotime
correlation in Figure 8, where peaks C, B, D, E, and F, which
are all assigned to vinyl, appear with decreasing intensity, C >
B > D > E > F. The overall correlation in Figure 7, however,
shows that the intensities of peaks B and C are approximately
equal, and the intensities of peaks D, E, and F are weaker with
the trend D > E > F. Because of these discrepancies, the
intensities are determined directly from experimentally mea-
sured, unprocessed spectra.
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Figure 9. Band contour fitting (in black) of the features in the 800—1000 cm™' region. The rotational fitting of the MVK—13BD pair is shown.
The two out-of-plane vibrations (vg, triangle points; vy, circle points) of the vinyl radical contribute to the emission features. The MVK—13BD

correlation pair is generated from unfiltered emission spectra.

One of the two out-of-plane bending modes has been pre-
viously determined at 897 cm™! by high-resolution techniques.*~*
Recent ab initio calculations have placed the two out-of-plane
modes at 850 and 965 cm™!.#*3*737* The rotational band contour
of the two C-type transitions is modeled here using an
asymmetric rotor calculation (XASYROT)” with rotational
constants either measured by Kanamori®* or calculated by
Gaussian 03.7%"7 The rotational band contour fits were performed
on the 2DCSC diagonal spectra. One such correlation diagonal
spectrum and its rotational contour fit for both the 897 and 944
cm™! bands are shown in Figure 9. The rotational contour fitting
of the correlation diagonal of MVK and 13BD is shown. The
correlation diagonal is generated from unfiltered emission
spectra. Note that in fitting the 2DCSC diagonal spectrum, the
intensity of the rovibrational transitions is squared. In the
rotational band contour calculation, a Watson asymmetric top
Hamiltonian with A-reduction’"® was used to generate rotational
states for the lower and upper vibrational levels independently.
Molecular constants, transition types, and nuclear spin statistics
for the vinyl modes have been previously established.*® To
diagonalize the Hamiltonian matrix for the near-prolate sym-
metric rotor (A > B ~ C), representation I' was utilized to define
the inertial axes. The emission transitions are from a rotational
population defined by a temperature. Only first-order transitions
with AK = 0, &1 are included. A least-squares fit was performed
to yield two band centers at 897 and 944 cm™! with a rotational
temperature of 350 K. This temperature is justifiable. Vinyl
molecules may be generated with a high degree of rotational
energy; however, several hundred collisions with the buffer gas
would have cooled the rotational temperature. The bandwidth
resolution of 12 cm™! was imposed in the calculation. It is found
that the temperature is weakly correlated with the resolution
width.

B. Analysis of Spectra Containing Vinyl-d; Emission.
Isotopic substitution of the three vinyl radical precursors, VBr-
ds, VCl-d;, and 13BD-dg, has the distinct advantage of producing
deuterated vinyl, C,Ds, which affords the opportunity to test
the C,H; assignments through the isotope effect. It is anticipated
that the frequency of the vibrational mode will change according
to the change of the normal mode mass while the intensity
remains relatively unchanged with respect to the unsubstituted
molecule. Through complete deuteration of the molecules, each

vibrational mode containing H/D motion in the vinyl molecule
will display a vibrational frequency shift of ~1.3 from the
deuterated to the hydrogenated molecule, Table 1. The only
exception to this is the v, C=C stretch, whose mass contains
very limited contribution from the H/D atoms and thus shows
a very small isotopic shift of 1.06. The isotopic ratios of the
vibrational frequencies in Table 1 were calculated through
Gaussian 037%7” DFT calculations utilizing the 6-3114+G(d,p)
basis set.

Spectra taken from deuterated precursor photolysis show
emission from vinyl-d; as well as acetylene-d,. Figure 10
displays the GM correlation spectrum of the three correlation
diagonals obtained from the three precursors. The result is based
on the unfiltered deuterated emission spectra. The lower quality
of the deuterated GM correlation is due to the decrease in the
number of possible correlation pairs as compared to the
nondeuterated result. Only three bending modes of vinyl-ds
could be identified primarily because of the detector cutoff at
~700 cm™!. Features C, at 728 c¢cm™', with some rotational
structure displayed on the blue side, and D, at 820 cm™!, are
clearly visible and correlate well with the corresponding vinyl-
hs peaks in both frequency and intensity. Feature C has a H/D
ratio of 1.30 compared to the calculated value of 1.27. Feature
D has a ratio of 1.31 compared to 1.29 determined from the
calculation. The combination band of acetylene once again
dominates the low-energy region; however, there is another
feature, E, that appears as a shoulder on the strong acetylene
band. Feature E is assigned to the vs bending mode of the vinyl-
d; radical based on pseudotime correlation analysis, presented
in Figure 11, which allows this shoulder to be separated from
the main peak. Feature E displays a 1.32 H/D frequency ratio
compared with the calculated value of 1.38. This slightly larger
difference between the experimental and theoretical values may
have been caused by the uncertainty in the determination of
the band centers because of the close proximity to the strong
acetylene band. The only other feature in the deuterated
correlation diagonal is the CD stretch of acetylene-d, between
2000 and 2400 cm ™.

The GM pseudotime correlation spectra of the deuterated
molecules are shown in Figure 11 in the range of 700—3500
cm™!. The inset is a 2.5x magnification of the 700—1550 cm™!
region. These correlations are generated from unfiltered deu-
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The inset represents a 1.5x magnification of the 700—1200 cm ™! region. The labeled peaks have the same assignment as the vinyl-/; radical seen
in Figure 7. Some rotational bands appear near peak C, which are labeled with an *. The deuterated result shown here contains correlations of

unfiltered emission spectra.
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Figure 11. Three GM pseudotime correlations, each of 2 us duration,
for the first 8 us after the photolysis of the deuterated precursors in the
range of 700—3500 cm™'. The inset is a 2.5x magnification of the
700—1550 cm ™! region. They are presented with lighter to darker shades
as time progresses. Labeled peaks share the same assignment as in
Figure 7. Some rotational bands appear near peak C and are labeled
with an *. The correlations are generated from unfiltered emission
spectra.

terated emission spectra. Four GM pseudotime correlations are
shown. Each correlation contains 2 us of emission spectra (20
spectra). The acetylene-d, v4 + vs combination and v; CD
stretching bands at 985 and 2100—2400 cm™! show significant
anharmonic shifts, while the vinyl-d; bands, as expected, do
not, confirming the vinyl assignment. The three vinyl bands
assigned in Figure 10, peaks C, D, and E, are observed in the
pseudotime correlations in Figure 11. The deuterated precursor
pseudotime correlation seen in Figure 11 can also be compared
with the pseudotime correlation for vinyl-A; shown in Figure
8. Assignments for features C and D in Figure 10 are analogous
to assignments made from Figure 8. In comparison with the
overall correlation spectrum, feature E in the earliest time
pseudocorrelation appears as an isolated peak, as opposed to a
shoulder in Figure 10. Features C, D, and E decay immediately,
with time constants of 7 ~ 0.5 us™!, which are similar to the
time constants recorded for vinyl-h; features. In contrast,

acetylene-d, displays a later peak time, has a longer decay time,
and shows more anharmonic shift in frequency.

V. Discussion

A. Precursor Photolysis. The main products of vinyl halides
following 193 nm photolysis include vinyl + halogen radicals
from the atomic channel and acetylene + hydrogen halide from
the molecular channel. The atomic/molecular elimination chan-
nel ratio increases with the halide atom size (0.48, 0.56, >0.8
for VCI, VBr, and VI).” This trend can be understood from a
combination of their respective carbon—halogen bond energies
(95.0, 78.8, and 61.9 kcal/mol) and the relatively unchanged
molecular elimination channel heats of reactions (27.1, 26.6,
and 25.9 kcal/mol for VCI, VBr, and VI, respectively).!””
Subsequently, it is understandable that there is a lack of emission
from HI after photolysis of VI while there is a significant amount
of HCI and HBr emission from their respective precursors.

Molecular elimination channels producing HCI and HBr with
acetylene from vinyl bromide and vinyl chloride have been
extensively studied.'®%2% HCI emission up to v = 7 and HBr
emission up to v = 6 have been recorded as early as 1 us after
the 193 nm photolysis pulse. The HCI/C,H, emission channel
has been determined to have a bimodal rotational distribution
for HCI of 500 and 9500 K. The branching ratio between the
two matches the ratio of the reaction channels of 0.81:0.19 for
three-center, high-J to four-center, low-J rotational distribution.
Vinylidene is generated with an internal energy of 35 kcal/mol,
and its isomerization to acetylene produces a nascent energy of
76 kcal/mol.® The HBr/C,H, emission channel has been
determined to primarily arise from a three-center elimination
yielding HBr with vibrational and rotational temperatures of
8690 and 7000 K, respectively, and vinylidene with 24 kcal/
mol of internal energy.%® Fast isomerization from vinylidene to
acetylene leaves 64 kcal/mol of internal energy in the stable
product.

The lack of HI emission after the photolysis of VI is due to
the lower yield of the molecular elimination channel. However,
vibrationally hot acetylene is still observed. We attribute the
vibrationally excited acetylene to the secondary dissociation of
vibrationally excited vinyl. As has been previously determined,'?
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the energy required to dissociate the vinyl radical into acetylene
is 33 kcal/mol, leaving up to 53 kcal/mol available, after the
sequential bond breaking of VI, for acetylene and atomic
hydrogen and iodine.

The atomic elimination channel produces vinyl + halogen
radicals with 53.5, 69.7, and 86.6 kcal/mol of energy following
photolysis of VCI, VBr, and VI, respectively. Those photolysis
exothermicities are significantly less than their corresponding
molecular elimination channels (121.4, 121.9, and 122.6 kcal/
mol for VCI, VBr, and VI).” This offers a possible thermody-
namic explanation for why the emission signal obtained from
vinyl is not significantly anharmonically shifted as opposed to
what is observed with the features from highly vibrationally
excited acetylene.

The photodissociation of 13BD is dominated by emission
from acetylene. No emission from vibrationally hot ethylene,
the reaction coproduct, however, is detected. The acetylene
emission shows a strong anharmonic shift at early time,
indicating acetylene production with a large amount of vibra-
tional energy. The vinyl peaks, however, do not show a strong
red shift, indicating production with little vibrational excitation.
This observation is consistent with exothemicity values of —31
and —108 kcal/mol for vinyl and acetylene dissociation path-
ways, respectively.

Sequential dissociation of methyl vinyl ketone allows for a
sufficient amount of internal energy to be partitioned into the
vibrational modes of vinyl; however, production of vibrationally
hot acetylene has not been detected prior to this work. On the
basis of the dissociation of acetone, the methyl radical exits
the reaction with 8.4 kcal/mol of internal energy, leaving 37.8
kcal/mol of internal energy in the vinyl and CO coproducts.
Vinyl radicals therefore have a small amount of internal energy
available and thus do not exhibit a large shift in frequency
observed for highly energetic molecules such as acetylene. Vinyl
dissociation to ground-state acetylene requires 33 kcal/mol. It
is therefore unlikely that there is any acetylene emission
produced from this channel. Another mechanism must exist for
the production of hot acetylene. One possibility for the produc-
tion of the acetylene emission features observed in the photolysis
of MVK is a concerted three-center elimination, with the
products being vinylidene and acetaldehyde. This concerted
channel involving two bond breakings and two bond formings
should be more exothermic, leaving a larger amount of energy
in the acetylene molecule.

B. Comparison with Noble Gas Matrix Studies. A recent
absorption study on vinyl radicals trapped in solid Ne matrixes
at 4 K has reported seven of the nine vibrational modes of
vinyl.*! The symmetric CH, stretching mode, reported as 2911
cm™! in solid Ne, is close to the 2901 cm™! value reported by
a recent high-resolution gas-phase study,’ though they are both
substantially lower in energy than the highest-level theoretical
calculation predictions of 3042*' or 3118 cm™'.3* This com-
parison indicates that the matrix has limited influence on the
frequency of the vibrational motion, particularly the ones with
a smaller amplitude of motion. The large blue shift of the
theoretical calculation could be due to a significant anharmonic
correction needed for the typically anharmonic CH stretching
motions.

In comparing the vibrational modes identified here with the
matrix results, we have found generally good agreement, as
shown in Table 1. The vs, vg, and v9 modes at 1401, 944, and
897 cm™! assigned here lie 40—50 cm™! higher in energy than
the matrix results. This is understandable as interaction with
the matrix may generate as much as 5% deviation from the
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nonperturbed value. The v4 and ¥4 modes were not detected in
the matrix experiment and thus can only be compared with
theoretical results in the next section.

There is one remaining low-energy mode detected in the Ne
matrix study,*! the v; in-plane bend found at 677 cm™!, which
has also been observed at 674 cm™! in the action spectra of
vinyl.!* This mode is close to the frequency of peak A in Figure
7, observed at 765 cm™!, which was obtained without using
the acetylene filter. However, the feature is filtered out by
the acetylene cell, shown in Figure 4. This observation
dictates that peak A should be assigned to an acetylene
fundamental transition. The low-frequency vs bending mode
of acetylene has its fundamental transition centered at 730
cm~L. As the fundamental transition of this mode is very close
to the detector cutoff at 700 cm™!, the red side of this emission
feature may have been clipped. On the basis of this speculation,
we assign this peak as a part of the R-rotational branch of the
vs transition. Our modeling suggests®’ that this acetylene mode
with sufficient vibrational excitation and high rotational tem-
perature shows strong emission to the blue of the fundamental
transition, supporting the assignment. The time profile of this
feature, on the other hand, appears to have a fast decay similar
to those of the vinyl peaks, as seen in Figure 8. The temporal
behavior, however, does not contradict assigning peak A to
acetylene. It is likely that the rotational transitions in this feature
are associated with higher rotational levels which can be
quenched faster than the lower-energy levels and therefore have
faster decays.

C. Comparison with Theoretically Calculated Normal-
Mode Frequencies. Compared with recent theoretical work
utilizing the EOMIP-CCSD/cc-pVQZ to generate the harmonic
vibrational frequencies and intensities for the vinyl radical,>*
our assigned features agree well with calculated frequencies,
as seen in Table 1. For all of the modes, except the vy oop
bending mode, the experimental anharmonic frequencies are red
shifted (94, 18, 3, and 21 cm™! for vy, vs, v, and vs, respectively)
from the calculated harmonic frequencies. These discrepancies
can be explained by the need for an anharmonic correction for
the calculated harmonic frequency in comparison with the
fundamental transition frequency since the largest discrepancy
appears in the stretch mode (v4). A simplistic DFT theory
calculation utilizing the 6-3114+G(d,p) basis set is performed
to estimate the anharmonic correction for the v, mode as 0.981,
which corresponds to an anharmonic shift of 31 cm™' and
improves the match with the experimentally observed value.

The intensities determined from our study, 3.3:4.2:6.9:100
for v4:vs5:v6:vg, also agree quite well with the calculated results
of 1.4:10.6:12.5:100. The only mode where the intensity is
significantly different is again the vy mode. The calculated
intensity is 13.7, while the measured intensity is 64.9.

There is some deviation between theoretical calculations and
the experimentally determined frequencies for the C=C stretch,
assigned at 1595 cm™! but theoretically predicted to lie at 1689
cm™!. This may be due to a larger anharmonic shift when
compared to the bending modes. The weak mode was not
observed in the deuterated experiments because the mode
assigned is the weakest out of all of the observed vinyl modes
and was only completely resolvable once the five precursor 2D
correlations were combined. With this enhanced S/N ratio
obtained from the correlation analysis, there were no observable
features around the theoretically predicted value of 1689 cm™'.

D. Comparison to Previously Assigned Vinyl Vibrational
Modes. In this work, five of the nine vinyl (C,H3) modes are
presented. The absence of assignment for the v; mode is due to
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the low-frequency cutoff of the detector, as well as interference
from the relatively strong emission from the vs mode of
acetylene. With respect to the vy, v,, and v; stretching modes,
the irresolvable feature which contains emission from the v3
emission from acetylene prevents accurate determination of
their positions and therefore assignment. An accurate as-
signment of these modes will require production of vinyl in
the absence of vibrationally hot acetylene or via high-
resolution studies, of which the v; mode has recently been
observed.®!

For the remaining five vibrational modes, there are two
primary improvements in comparison with our first report.! The
strong 1275 cm™! band that appeared in the emission spectra
following the photolysis of all precursors and was assigned to
the vs mode has now been assigned to an unexpectedly strong
combination band emission from hot acetylene. The vs mode
has now been identified and assigned at 1401 cm™!, with the
frequency and intensity consistent with theoretical calculations.
In addition, the v, mode has been identified and assigned at
1595 cm™!. This mode is the weakest and subsequently only
appears very briefly in the emission spectra following photolysis.
The application of the 2DCSC technique enables the peak
position to be better determined in the average correlation
diagonal curves. The remaining modes v, vg, and vy along with
the v¢ and vg modes from the deuterated vinyl are consistent
with the previous report.

E. Vinyl-d; and the Isotope Effect. The deuteration of the
vinyl radical precursors has allowed the detection of three
vibrational modes, vs, Vs, and vs, of vinyl-ds. Their experimen-
tally determined values of 1060, 820, and 728 cm™!' compare
with the theoretical values of 1028, 834, and 759 cm™!, which
are calculated from the theoretical frequencies for hydrogenated
vinyl and the isotopic ratios from the DFT calculation. The
intensities of these transitions (7.2:9.4:100) agree well with both
the theoretical (10.6:12.5:100) and experimental (4.2:6.9:100)
values for the vinyl-#; molecule. The vs and vg bands of the
deuterated molecule also compare well with the vinyl-d; in solid
Ne work,*! with the vs and vy modes deviating higher by 6 and
3%, respectively. The v4 mode was not detected in the matrix
experiment, even though it was predicted to be as intense as
the vs mode in this work. In addition, the solid matrix absorption
work observed CH (and CD) stretches that have been predicted>*
to be less intense than this unobserved mode. A possible reason
for this missing feature in the matrix work could be that the
ethylene precursor v; mode absorbing at 950 cm™! overshadows
the v¢ vinyl band.

F. Emission from Highly Vibrationally Excited Acetylene.
The 2DCSC analysis and the isotope-substituted vinyl study
enabled five of the six low-energy vibrational modes of vinyl
to be assigned. The assignments are consistent with previous
experimental measurements and theoretical calculations.*'”* A
consequence of the identification of these lower-frequency
modes is that the most intense emission feature at 1300 cm™!
does not come from vinyl. There have been speculations on
the origin of this intense peak observed in emission spectra
detected from all precursors. One hypothesis proposed by
Sattelmeyer and Schaeffer* is that this peak belongs to a
vibrational motion in the electronic excited state. The width and
temporal shift of this feature indicates a large anharmonicity
that is consistent with an emitting species with a significant
amount of rotational—vibrational energy in the emitter. This
implies that the emitter is likely not electronically excited as
the excitation energy is not large enough to leave substantial
rotational —vibrational energy in electronically excited products.
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Another possible source for this emission is the combination
band of acetylene, whose band center lies at 1328 cm™!.%?
Assigning this feature to a combination band would be
unexpected as IR combination bands are usually much weaker
than the allowed fundamental transition. The strength of the
combination band intensity, on the other hand, scales ap-
proximately with the product of the vibrational quantum
numbers of the two modes involved and, thus, increases sharply
with vibrational energy. In the experiments where a room-
temperature acetylene filter is not used, it is observed that the
intensity at 1328 cm™! has a much later peak time and slower
decay constant, as shown in Figure 2, when compared to the
vinyl bands and the emissions assignable to highly vibrationally
excited acetylene. The anharmonic shift of the feature toward
the fundamental transition indicates that this peak arises from
the v, + vs combination band of acetylene. This assignment is
further shown by the removal of the fundamental emission of
acetylene on the blue side of the v4 + v5 and v; features when
the acetylene filter is used in Figure 4. We can model the IR
emission at 1300 cm ™! as the combination band and show that
it is in proportion to the CH bands at 3000—3300 cm™! assigned
to vibrationally hot acetylene. Details of this modeling will be
reported separately.’” This discovery has also put some restric-
tions on the assignments of the three CH stretching modes of
the vinyl radical. The three CH stretching modes reported
previously lie within the v; mode of vibrationally hot acetylene.
Though there is emission intensity detected to the red of this
broad v; emission feature that may be assignable to vinyl, the
intensity is too weak and has too much interference to be
accurately assigned even after the 2DCSC analysis. The
stretching modes cannot be assigned in the deuterated experi-
ment either due to the overlap of deuterated acetylene emission.
This is understandable due to the fact that the frequencies of
the deuterated stretching modes are shifted closer together and
their intensities iares still clustered with emission from the v;
mode of vibrationally hot acetylene-d,. Assignment of the CH
stretching modes by this technique may only be obtained in
the absence of vibrationally hot acetylene.

From prior studies of precursor photolysis, the production of
abundant vibrationally hot acetylene is apparent. All precursor
molecules except methyl vinyl ketone have been shown to
produce acetylene directly but with varying amounts of internal
energy.'”"?! In addition to direct dissociation channels, vinyl
radical generated from precursor dissociation may have sufficient
energy for dissociation, resulting in significant quantities of
highly vibrationally excited acetylene and/or vinylidene, which
rapidly isomerizes to ground-state acetylene. Furthermore, the
nascent vinyl from precursor dissociation may absorb another
193 nm photon and dissociate, producing vibrationally hot
acetylene.'*!>% This channel, though, is considered unlikely
under the present experimental conditions. There are currently
no absorption cross section measurements of the vinyl radical
near 193 nm. A strong sr*(2a”) <— sr(1a”) band, however, has
been observed from 225 to 238 nm, with a maximum absorption
cross section of ~1 x 1077 cm? molecule™!.” The absorption
cross section of the vinyl radical at 193 nm is likely to be more
than 1 order of magnitude weaker. The laser fluxes used were
typically 30 mJ/cm?. At this photon flux level, the vinyl
generated during the photolysis pulse would, on average, have
a dissociation probability of <1%.

VI. Conclusion

Photolysis at 193 nm of five precursor molecules, three of
them with deuterated isotopomers, has been used to produce
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vibrationally excited vinyl C;H; and vinyl-d; C,;D;. IR emission
from the vibrationally excited molecules, predominantly vinyl
and acetylene, was recorded by time-resolved Fourier transform
emission spectroscopy. The emission spectra were analyzed
using two-dimensional cross-spectra correlation analysis for the
identification of the bands from the same emitting species. A
room-temperature acetylene cell was used to eliminate the bands
associated with the fundamental transitions of acetylene which
appear in abundance as a photolysis product. Emission bands
were identified to be associated with vinyl and vinyl-ds.
Comparison with the anticipated isotope shift of the vibrational
frequencies, which can be calculated from ab initio methods,
confirms the assignment of the vibrational modes. Altogether,
four low-energy bending modes, vs at 1401, v at 1074, vg at
944, and vy at 897 cm™!, and one stretching mode, v, at 1595
cm™!, of the vinyl-/; radical have been assigned. Three bending
modes, vs at 1060, v at 820, and vg at 728 cm™!, of vinyl-d;
have also been determined. Theoretical calculations are in good
agreement, except for the vo mode, which was found to be
slightly higher in energy and more intense than calculations
predict. Calculated isotopic ratios agree with frequency shifts
while sharing the same intensity ratio between vibrational
modes. The experimental results here reinforce the low-
frequency vinyl-A; and vinyl-d; results found in absorption
measurements in low-temperature noble gas matrixes.

The strongest emission feature near 1300 cm™! appearing in
each of the five precursor molecules’ spectra is not assigned to
vinyl. This feature arises from vibrationally hot acetylene.
Vibrationally hot acetylene was produced from the photolysis
of VBr, VCI, and 13BD, as expected. It was also observed
following dissociation of MVK and VI, which was not previ-
ously observed as a primary reaction product. In these cases, it
is likely that the vibrationally excited acetylene is produced
through another mechanism or secondary dissociation reaction
of the vinyl radical and thus warrants further study.
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