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Abstract
The bimolecular gas-phase reactions of the phenylethynyl radical (CsHsCC, X?A1) with allene
(H.CCCHa»), allene-ds (D2CCCD»), and methylacetylene (CH3CCH) were studied under single
collision conditions utilizing the crossed molecular beams technique and merged with electronic
structure and statistical calculations. The phenylethynyl radical is found to add without entrance
barrier to the C1 carbon of the allene and methylacetylene reactants resulting in doublet Ci1Ho
collision complexes with lifetimes longer than their rotational periods. These intermediates
undergo unimolecular decomposition via atomic hydrogen loss through tight exit transition states
in facile radical addition — hydrogen atom elimination mechanisms forming predominantly 3,4-
pentadien-1-yn-1-ylbenzene (C¢HsCCCHCCHb») and 1-phenyl-1,3-pentadiyne (C¢HsCCCCCHz)
in overall exoergic reactions (—110 kJ mol™!, =130 kJ mol™") for the phenylethynyl-allene and
phenylethynyl-methylacetylene systems, respectively. These barrierless reaction mechanisms
mirror those of the ethynyl radical (CoH, X?T") with allene and methylacetylene forming
predominantly ethynylallene (HCCCHCCH>) and methyldiacetylene (HCCCCCH3), respectively,
suggesting that in the aforementioned reactions, the phenyl group acts as a spectator. These
molecular mass growth processes are accessible in low-temperature environments such as cold
molecular clouds (TMC-1) or Saturn’s moon Titan efficiently incorporating a benzene ring into

unsaturated hydrocarbons.



1. Introduction

The formation mechanisms of polycyclic aromatic hydrocarbons (PAHs) along with their
unsaturated precursors have received considerable attention by the astrochemistry and combustion
science communities.! Here, PAHs are classified as reaction intermediates and fundamental
molecular building blocks in molecular mass growth processes leading ultimately to soot particles
(combustion flames) and carbonaceous nanoparticles (circumstellar and interstellar grains).*’
Particular interest has been devoted to the propargyl radical (H.CCCH, X?B,), which represents a
prototype of a resonantly stabilized free radical (RSFR) and the most thermodynamically stable
C3H; isomer.® Recently detected in the cold Taurus Molecular Cloud (TMC-1),” bimolecular
propargyl-propargyl radical reactions lead to the formation of the aromatic phenyl radical (C¢Hs),
while a stabilization of the reaction intermediate(s) accesses benzene (CsHe) along with its 1,5-
hexadiyne, fulvene, and 2-ethynyl-1,3-butadiene isomers.®!° Consequently, the propargyl radical

plays a major role in astrochemical'!"!"* and combustion!# ¥

models as a potential precursor for
bottom-up synthetic pathways to PAHs and carbonaceous nanoparticles (soot, interstellar grains).
However, reactions of the propargyl radical with closed-shell hydrocarbons, e.g. acetylene (C2H>)
and benzene (CsHs), involve entrance barriers to addition typically in the range of 50-60 kJ
mol '.1%2! These entrance barriers limit propargyl radical reactions with closed shell hydrocarbons
to high-temperature environments like circumstellar envelopes of carbon stars and planetary
nebulae as their descendants. The reaction of tricarbon (Cs)—formally a carbene—with the
propargyl radical represent so far the only barrierless and exoergic pathway of the propargyl radical

with a technically closed shell ‘organic’ reactant leading to triacetylene (HCCCCCCH) and its

high energy isomer ethynylbutatrienylidene (HCCCHCC).!!*
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Figure 1. Structures of three substituted acetylenic radicals: ethynyl (1), 1-propynyl (2), and phenylethynyl
(3). Internuclear distances are shown in Anstrom (A). Carbon atoms are color coded in gray while hydrogen
atoms are colored in white.

On the other hand, the 1-propynyl radical (CH3;CC, X?A1)—a non-resonant free radical isomer
of C3H; (Figure 1)—lies 168 kJ mol ™! higher in energy than propargyl® and has recently been
demonstrated to add without entrance barrier to the closed-shell hydrocarbons acetylene,?
ethylene (C2Ha4),>* methylacetylene (CH3CCH), allene (H2CCCHa),? diacetylene (CsHz),%° 1,3-
butadiene (C4Hs),?” and benzene (CsHs).?® The barrierless nature of bimolecular encounters in
these systems implies that the 1-propynyl radical—in strong contrast to the propargyl radical
isomer—can initiate reactions forming highly unsaturated hydrocarbons—among them
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polyacetylenes such as methyldiacetylene and methyltriacetylene,?® as well as aromatics like



toluene?’” and 1-phenyl-1-propyne’®—in low-temperature environments like cold molecular
clouds.?*

These molecular mass growth studies of the 1-propynyl radical can be expanded by substituting
the methyl group (—CH3) with a phenyl group (—CsHs), giving rise to the isolobal phenylethynyl
radical (C¢HsCC, X?A,). Previous studies classified this species as a m radical due to the
antisymmetric mixing of the m, orbital of the ethynyl group with the Ei. @ orbital of the phenyl
moiety;**-* however, a recent investigation indicates that phenylethynyl represents rather a c-type
radical with an X?A; electronic ground state in analogy to the ethynyl (CoH) and 1-propynyl
(CH3CC) radicals. The phenylethynyl radical was initially suggested to form via photodissociation

of (2-iodoethynyl)benzene;*>¢

this production route was verified in low-temperature argon
matrices.>> A gas chromatography-mass spectrum (GC-MS) analysis of the dimethyl disulfide-
scavenged decomposition products of phenylacetylene (C¢HsCCH) via flow reactor pyrolysis at
1,300 K by Hofmann et al.’’ detected phenylethynyl radicals along with their o-, m-, and p-
ethynylphenyl (CsH4CCH) isomers. Phenylethynyl radicals were also shown to form via hydrogen
abstraction from reactions of hydroxyl (OH)*® and ethynyl (CoH)* from phenylacetylene.
Recently, crossed molecular beams studies on the reaction of dicarbon (Cz2, X'Z," / a’Il,) with
benzene produced phenylethynyl radicals under single collision conditions suggesting that
dicarbon reacts as a pseudo halogen with benzene.** The aforementioned findings resulted in the
incorporation of the phenylethynyl radical into a combustion model by Hamadi et al., where the
pyrolysis of benzene (CsHs) in the presence of acetylene (C2Hz) and vinylacetylene (C4Hs) at a
temperature range of 1,100—1,800 K leads to the formation of phenylacetylene (CsHsCCH)

coupled with atomic hydrogen loss. Subsequently, abstraction of the acetylenic hydrogen produces

the phenylethynyl radical. These species can react with vinylacetylene and this reaction was



postulated to produce naphthalene (CioHs) plus atomic hydrogen.*! However, while previous
investigations report multiple formation pathways of the phenylethynyl radical, detailed molecular
mass growth processes commencing with phenylethynyl have not been explored experimentally
to date.

Herein, we report on the bimolecular gas-phase reactions of the phenylethynyl radical
(C6HsCC, X?A1) with allene (H,CCCHb), allene-ds (D,CCCD,), and methylacetylene (CH3;CCH)
under single collision conditions exploiting the crossed molecular beams technique. By combining
the experimental results with electronic structure calculations, we reveal the predominant
formation of 3,4-pentadien-1-yn-1-ylbenzene (C¢HsCCCHCCHz) and 1-phenyl-1,3-pentadiyne
(C¢HsCCCCCH3) in the allene and methylacetylene reactions, respectively, via Ci11Ho reaction
intermediates. These pathways are initiated by addition of the phenylethynyl radical center to the
C1 carbon of the C3Hs isomers without entrance barrier featuring long-lived intermediate(s) before
unimolecular decomposition via atomic hydrogen loss. These barrierless processes serve as a
nontraditional, hitherto neglected route for the gas-phase preparation of highly unsaturated
hydrocarbons through the incorporation of a phenyl group as precursors to more complex PAHs
leading eventually to carbonaceous nanostructures in low-temperature environments such as cold

molecular clouds.

2. Methods

2.1. Experimental Methods. The reactions of the phenylethynyl radical (C¢HsCC) with allene
(H>CCCHaz, 98 %, Organic Technologies), allene-ds (D2CCCD2, 98 % D atom, CDN Isotopes),
and methylacetylene (CH3CCCH, 99 %, Organic Technologies) were conducted utilizing a crossed

molecular beams machine.*> The apparatus consists of a 2.3 m? stainless steel chamber, which
pp



houses the primary (phenylethynyl) and secondary (allene, allene-ds, methylacetylene) source
chambers as well as a triply differentially pumped quadrupole mass spectrometric detector held at
ultrahigh vacuum (UHV, 6 x 1072 Torr) conditions. The latter is rotatable within the plane defined
by both molecular beams. The phenylethynyl (CsHsCC) radical beam was produced by
photodissociation of neon-seeded (2-iodoethynyl)benzene (C¢HsCCI, Supporting Information).
The precursor was held in a stainless steel bubbler at room temperature and purified with multiple
freeze—pump—thaw cycles. The complete bubbler assembly was then placed inside the primary
source chamber to reduce the distance between the bubbler and pulsed valve, thus decreasing
sample loss from sticking to the tubing and preventing clogs. The (2-iodoethynyl)benzene
precursor was seeded at a fraction of 0.5 % in neon (Ne, 99.9999 %, Matheson) at a backing
pressure of 500 Torr and fed through a Proch-Trickl pulsed valve* operating a piezoelectric disc
translator (Physik Instrumente, P-286.23) at 120 Hz, —450 V, opening times of 80 ps, and a primary
source chamber pressure of 5 x 107> Torr. The neon—precursor gas mixture exited the pulsed valve
located at a distance of 16 + 1 mm from a stainless steel skimmer. A pulsed 193 nm, 20 mJ output
from an ArF (Nova Gas, MIX-78-44-6000) excimer laser (Coherent, COMPex 110) was focused
(2 x 3 mm?) 1 mm downstream of the pulsed valve nozzle, intersected the supersonic beam of (2-
iodoethynyl)benzene/neon, and generated phenylethynyl radicals (CsHsCC). The supersonic beam
then passed through the skimmer and was velocity selected by a chopper wheel located 11.6 + 0.6
mm downstream of the skimmer. On-axis (® = 0°) characterization of the primary beam at an

electron impact ionization energy of 26 eV provided a peak velocity v, 0f 862+ 19 ms™!

and speed
ratio S of 17.7 + 1.3 for the phenylethynyl radical. In the secondary source chamber, a pulsed allene
beam (v, = 800 £ 10 m s!, § = 12.0 + 0.4) operating at 120 Hz at a backing pressure of 550 torr

and pulsed valve voltage of =350 V led to a secondary source chamber pressure of 5 x 107> Torr



at pulsed valve opening times of 80 us. The allene beam passed through a skimmer located 18.0 +
0.1 mm downstream of the secondary pulsed valve nozzle before crossing perpendicularly with
the phenylethynyl radical beam resulting in a collision energy E. of 19.8 + 0.7 kJ mol ' and center-
of-mass (CM) angle @cm of 20.9 + 0.6°. Experiments conducted with allene-ds (v, = 790 = 10 m
s, §=12.0 + 0.4) and methylacetylene (v, = 800 £ 10 m s !, S = 12.0 + 0.4) provided collision
energies of 21.0 £ 0.7 kJ mol ! and 19.8 + 0.7 kJ mol ! as well as CM angles of 22.5 + 0.7° and
20.9 £ 0.6°, respectively (Table 1). Note that both the primary and secondary beams pass through
an oxygen-free high-conductivity (OFHC) copper cold shield located 8.1 + 0.1 mm upstream of
the interaction region; this shield was cooled to 10 K via a cold head (CTI Cryogenics, Model
1020) to reduce background counts in the detector from straight-through molecules.

Products formed from the reactions of phenylethynyl radicals with allene, allene-ds, and
methylacetylene were detected after electron impact ionization exploiting a triply differentially
pumped quadrupole mass spectrometric detector (QMS) operating in the time-of-flight (TOF)
mode. The detector consists of three regions: regions I and II reduce the gas load from the main
chamber, while region III houses a modified Brink-type** electron impact ionizer operating at 80
eV during reactive scattering experiments which is surrounded by a liquid nitrogen-cooled jacket.
Standard pressures in region III reach 6 x 10~'? Torr, while incorporating a 4 K cold shield can
reduce pressures down to 8 x 107!* Torr.*> Neutral species ionized in region III were filtered
according to mass-to-charge ratio (m/z) by a quadrupole mass spectrometer (Extrel, 150QC)
operating with a 1.2 MHz oscillator. The ions were accelerated onto an aluminum coated high-
voltage (—22.5 kV) target, causing a cascade of secondary electrons directed toward an aluminum-
coated organic scintillator (BC-418, Saint Gobain). The photons were collected by a photo-

multiplier tube (Burle, Model 8850) operated at —1.35 kV. The output signal was discriminated



(Advanced Research Instruments, Model F-100TD) at 1.6 mV and recorded by a multichannel

scaler (Stanford Research Systems, SRS 40) to obtain TOF spectra.

Table 1. Peak velocities (v,) and speed ratios (S) for the phenylethynyl radical (C¢HsCC), allene
(H,CCCH.>), allene-d;s (D,CCCD,), and methylacetylene (CH3CCH) beams as well as the corresponding
collision energies (Ec) and center-of-mass angles (@cwm) for each reactive scattering experiment.

Beam vp (ms) S E. (k] mol ™) Ocm (°)
CeHsCC (X?A1) 862+ 19 17.7+1.3
H,CCCH, (X'A)) 800 £ 10 12.0+0.4 19.8 £ 0.7 209+0.6
D,CCCD; (X'A)) 790+ 10 12.0+0.4 21.0+0.7 22.5+0.7
CH;CCH (X'Ay) 800+ 10 120+ 0.4 19.8 £ 0.7 20.9£0.6
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Figure 2. Pulse sequence for the crossed molecular beams machine for the phenylethynyl (CsHsCC)—allene
(H,CCCHy>) reaction.



Due to the pulsed nature of the experiment, a precise time sequence was required (Figure 2). A
pulse from an infrared photodiode located at the top of a 17.0 £ 0.1 cm diameter, four-slot (0.76 +
0.01 mm) chopper wheel rotating at 120 Hz served as the time zero (To = 0 ps) and hence trigger
for the pulse sequence. In detail, the 480 Hz signal from the photodiode was sent through a v/4
frequency divider and the resulting 120 Hz signal was relayed to a pulse/delay generator (PDG I,
Stanford Research Systems, DG 535). For the phenylethynyl-allene reaction, the PDG I outputs
(+4 V, high impedance) AB (A1 = To + 1849 ps, By = A1+ 80 ps) and CD (Ci= A1 — 59 ps, D1 =
C1 + 80 us) were sent through a pulse shaper and pulse amplifier (E-421, Physik Instrumente) and
were received by the primary and secondary pulsed valves, respectively. The output from PDG I
A (TTL, high impedance) was halved to 60 Hz and sent to PDGs II and III for laser-on minus
laser-off background subtraction. The AB output (TTL, 50 Q) of PDG II (A = A1+ 186 pus, Bu =
A+ 15 ps) triggered the excimer laser, while the AB output (TTL, high impedance) of PDG III
(Am = A1 + 0 pus, Bm = Am + 5 ps) triggered the multichannel scaler. The delays for the
phenylethynyl—allene-ds reaction were as follows: PDG I AB (A1 = To + 1849 pus, Bi= A1 + 80 ps)
and CD (Ci= A1 —59 ps, Di=Ci;+ 80 us); PDG Il AB (An= A1+ 184 ps, Bu = An + 15 ps); PDG
III AB (Am = Ar + 0 ps, Bt = Am + 5 us). The delays for the phenylethynyl-methylacetylene
reaction were as follows: PDG I AB (A1 = To + 1849 ps, Bi= A; + 80 us) and CD (Ci = A1 — 59
us, D1=Ci+ 80 us); PDG I AB (Au= A1+ 184 ps, Bu= An+ 15 ps); PDG Il AB (A= A1+ 0
us, B = Am + 5 ps).

Up to 4 x 10° angularly resolved TOFs were obtained at angles between 11° < ® < 36° with
respect to the primary beam (® = 0°). These spectra were integrated and normalized to the CM
angle to obtain a laboratory angular distribution. To extract the reaction dynamics herein, the data

were transformed from the laboratory to the CM reference frame exploiting a forward convolution
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routine.***’ This generated user-defined product translational energy (P(Et)) and angular (7(6))
flux distributions, which were refined iteratively until a reasonable fit of the data was achieved.
The CM functions also define the product flux contour map, which reveals the differential reactive
cross section, (u,0) = P(u) % T(6), as intensity with respect to the angle 6 and the CM velocity u.*®
This flux contour map contains all the information on the scattering process and can be seen as an
image of the reaction.

2.2. Computational Methods. Geometries of the reactants, products, intermediates, and
transition states on the Ci1Ho potential energy surface (PES) involved in the reactions of the
phenylethynyl radical with allene and methylacetylene were optimized at the hybrid density
functional ®B97X-D/6-311G(d,p) level of theory*® with vibrational frequencies computed using
the same method. Energies of reactants, products, and various Ci1Hy species were consequently
rectified by using single-point calculations within G3(MP2,CC) model chemistry,’*>? with the
final energies computed as

Eo[G3(MP2,CC)] = E[CCSD(T)/6-311**] + AEmp2 + E(ZPE)
with AEmp2 = E[MP2/G3Large] — E[MP2/6-311G**] and E(ZPE) being the basis set correction
zero-point vibrational energy, respectively. The anticipated accuracy of this computational scheme
for relative energies is within 4-8 kJ mol™!. The Gaussian 09°* and MOLPRO 2010°* programs
were utilized for the DFT, MP2, and CCSD(T) calculations.

Next, energy-dependent rate constants for various unimolecular reaction steps taking place on
the Ci1Ho PES following the formation of collision complexes were computed utilizing the
Rice—Ramsperger—Kassel-Marcus (RRKM) theory.’>” The internal energy of all C11Ho species
and products was set to be equal to the sum of the collision and chemical activation energies. Here,

the latter is obtained as a negative of the relative energy of each species with regard to the separated
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CsHs + C3H4 reactants. The rate constants were computed using our own in-house code.? The
calculations were performed at the zero-pressure limit emulating the crossed molecular beams
single-collision conditions. The steady-state approximation along with RRKM rate constants were
utilized to assess product branching ratios depending on the reaction collision energy.?>>*
3. Results

3.1. Laboratory Frame. For the bimolecular reaction of the phenylethynyl radical (CcHsCC)
with allene (H,CCCH>), reactive scattering signal was observed at m/z = 140 (C;1Hs") and 139
(C11H7"). These TOFs overlap after scaling. This finding indicates that signal at m/z = 139
originates from dissociative electron impact ionization of the neutral Ci1Hg parent molecule
(reaction (1)). Signal for the C11Ho adduct at m/z = 141 was not detected. Since ion counts were of
similar intensity for m/z = 140 and 139 ((0.87 = 0.05):1), TOFs were collected for the parent ion
at m/z = 140 (Figure 3b), which were relatively narrow ranging from about 700 to 900 ps. The
laboratory angular distribution features a forward-backward symmetry with respect to the CM
angle of 20.9 + 0.6°. This result indicates indirect reaction dynamics through Ci1Ho intermediate(s)
leading to the Ci1Hg isomer(s) plus atomic hydrogen. In order to elucidate the position of the
atomic hydrogen loss, i.e. from the phenyl ring and/or from the allene reactant, the phenylethynyl
(C¢H5CC) reaction with allene-ds (D2CCCD») was studied (reaction (2)). TOFs were collected at
m/z =144 (C11HsD4") and 143 (C11HsDs") at the center-of-mass angle of 23°. Signal was observed
at both masses with counts at m/z = 144 at a level of 16 + 6 % compared to m/z = 143 (Figure S1).
Both TOFs overlap after scaling, indicating that ion counts at m/z = 143 can be attributed to the
formation of C11HsD3 isomer(s) plus atomic deuterium, whereas detected counts at m/z = 144 likely

originate from the naturally occurring '*CCioHsDs". Thus, the phenylethynyl-allene-dy experiment
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reveals an emission of a deuterium atom, indicating that C;1Hs product(s) are formed in the

unlabeled reaction through H loss from the allene reactant.
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Figure 3. Laboratory angular distributions and time-of-flight (TOF) spectra for the reaction of
phenylethynyl (CsHsCC) with allene (H.CCCH>) (a, b) and with methylacetylene (CH;CCH) (¢, d)
recorded at m/z = 140. CM represents the center-of-mass angle, and 0° and 90° define the directions of the
phenylethynyl and allene/methylacetylene beams, respectively. The black circles depict the data and red
lines the fits. Carbon atoms are color coded in gray while hydrogen atoms are colored in white.

Finally, ion counts for the reaction of the phenylethynyl radical (C¢HsCC) with methylacetylene
(CH3CCH) were observed at m/z = 140 (C11Hg") (reaction (3)). TOFs were also searched for at m/z
=141 (C11Hy", 3CC10Hs") and 139 (C11H7"), but no ion counts were perceivable above the noise
level. Figure 3d shows the TOFs collected at m/z = 140, which also depict signal from about 700

to 900 ps. The laboratory angular distribution (Figure 3c) exhibits forward—backward symmetry
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with respect to the center-of-mass angle of 20.9 + 0.6° and features intensity over a range of 20°.
These findings mimic those in the phenylethynyl—-allene reaction, indicating indirect reaction
dynamics through Ci1Ho intermediate(s) leading to Ci1Hg product(s) plus atomic hydrogen. No

isotopically labeled methylacetylene experiments were conducted due to low signal intensity.

CsHsCC (101 amu) + H;CCCH> (40 amu) — Ci1Hg (140 amu) + H (1 amu) (1)
CsHsCC (101 amu) + D,CCCD; (44 amu) — C11H4D4 (144 amu) + H (1 amu) (2a)

— C11H5D3 (143 amu) + D (2 amu) (2b)
CeHsCC (101 amu) + CH3CCH (40 amu) — Ci1Hsg (140 amu) + H (1 amu) 3)

a b
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Figure 4. CM translational energy (a, d) and angular (b, e) flux distributions, as well as the associated flux
contour maps (¢, f) leading to the formation of C;;Hs isomers plus atomic hydrogen in the reaction of
phenylethynyl (C¢HsCC) with allene (H,CCCH;) (a—c) and with methylacetylene (CH3;CCH) (d-f). Red
lines define the best-fit functions while shaded areas provide the error limits. The flux contour map
represents the intensity of the reactively scattered products as a function of product velocity (#) and
scattering angle (), and the color bar indicates flux gradient from high (H) to low (L) intensity. Carbon
atoms are color coded in gray while hydrogen atoms are colored in white.
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3.2. Center-of-Mass Frame. Following the observation of C11Hs product(s) through hydrogen
atom loss from the reactions of phenylethynyl with allene (reaction (1)) and methylacetylene
(reaction (3)), we now elucidate the underlying reaction dynamics. For both the allene and
methylacetylene systems, the TOFs and laboratory angular distribution could be fit with a single
channel corresponding to Ci1Hg plus atomic hydrogen. The best fitting CM functions, P(ET) and
1(60), are shown in Figure 4. Inspecting first the P(ET), the phenylethynyl-allene system (Figure
4a) exhibits a maximum translational energy Emax of 137 + 21 kJ mol!. The relationship Emax =
E.— A:G can be exploited to recover reaction energies for products born without internal excitation;
thus, a reaction energy of =117 + 22 kJ mol ! is derived. Additionally, the P(ET) peaks at 32 kJ
mol ! indicating a tight exit transition state upon decomposition of the C11Ho intermediate(s) to
the final products. The phenylethynyl-methylacetylene system (Figure 4d) features a higher Emax
of 166 + 21 k] mol ! corresponding to a reaction energy of —146 + 22 kJ mol'. The P(ET) exhibits
a maximum at 42 kJ mol ! also signifying that this system has a tight exit transition state to form
the C11Hs product(s) plus atomic hydrogen.

Additional information can be gained by analyzing the 7(0) for both reactions. In the
phenylethynyl-allene system (Figure 4b), the 7(6) depicts nonzero intensity along the entire
angular range suggesting indirect reaction dynamics leading to Ci11Hs product(s) through Ci1Ho
intermediate(s). The forward—backward symmetry is indicative of a lifetime of the intermediate(s)
longer than the rotational periods. These findings are nearly identical to those found in the
phenylethynyl-methylacetylene system (Figure 4e), in which a best-fit isotropic (flat) distribution
over all angles implies indirect reaction dynamics through activated Ci11Hy complex(es) with a
lifetime longer than the rotational period. These results are reflected in the flux contour maps for

both systems (Figures 4c and 4f).
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Figure 5. Calculated potential energy surface for the hydrogen atom loss products of the reaction of
phenylethynyl (CsHsCC) with allene (H,CCCH:) and with methylacetylene (CH3CCH) at the
G3(MP2,CC)// ®B97X-D/6-311G(d,p) level. Energies are in units of kJ mol ™! and colored pathways denote
exit channels to the products. The full potential energy surface is shown in Figure S2. Carbon atoms are
color coded in gray while hydrogen atoms are colored in white.
4. Discussion

With the detection of CiiHg isomer(s) from atomic hydrogen loss via the reactions of
phenylethynyl (C¢HsCC) with allene (HCCCHz) and methylacetylene (CH;CCH) through long-
lived C11Hy intermediate(s), we now merge these results with electronic structure calculations to

determine reaction pathways and product isomers. The full PES with six products (p1-p6), 12

intermediates (i1-i12), and 31 transition states featuring both the phenylethynyl-allene and
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phenylethynyl-methylacetylene reactions is compiled in Figure S2, whereas a reduced PES
featuring the atomic hydrogen loss products (p1-p3) is shown in Figure 5.

4.1. Phenylethynyl-Allene System. For the phenylethynyl-allene system, the experimentally
derived reaction energy of —117 + 22 kJ mol ' matches two of the calculated products, 3,4-
pentadien-1-yn-1-ylbenzene (p2, —110 + 5 kJ mol ') and 1-phenyl-1,3-pentadiyne (p3, =135 + 5
kJ mol'); however, contributions from the 1,4-pentadiyn-1-ylbenzene (p1, —89 + 5 kJ mol )
isomer may be hidden within the lower energy portion of the P(ET). Therefore, this isomer cannot
be discounted for at the present stage. First, we discuss the pathways to p1. The reaction is initiated
with the addition of the phenylethynyl radical with the radical center to either the central (C2) or
terminal (C1/C3) carbon of allene forming intermediates i7 and/or i9, respectively, without an
entrance barrier. Product p1 can be formed from a simple addition—elimination pathway in which
the initial collision complex i9 is formed followed by hydrogen atom loss from the terminal carbon
of the side chain over a 164 kJ mol! barrier involving a tight exit transition state. Additional
pathways to p1 involve hydrogen migration from i9 to i10 via a 202 kJ mol ! barrier followed by
hydrogen atom loss over a tight exit transition state; further, a hydrogen migration from i10 to i12
may precede a unimolecular decomposition of i12 via hydrogen atom loss. Collision complex i7
can isomerize via phenylethynyl migration through a three-membered ring intermediate to i8
followed by ring opening to i9, which then leads to p1 through the same routes as mentioned
above. Considering the unfavorable barriers to isomerization to i10 and i12, the preferred pathway
to p1 likely obeys the following straightforward sequence: reactants — i9 — p1. This is reinforced
by considering calculated rate constants at a collision energy of 20 kJ mol™! (Table S1) under the

assumption of a complete energy randomization in the reaction intermediate, which indicate that
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the i9 — p1 step (k(E) = 7.76 x 10* s7!) is faster than any of the competing isomerization pathways
to i10 or i12.

Product p2 can be produced through an addition—elimination pathway via i9 with a tight exit
transition state located 28 kJ mol ™! above the separated products. Multiple alternate routes to p2
exist and involve the rearrangement of intermediate i9 by hydrogen atom shift through a 199 kJ
mol ! barrier to il11 prior to a hydrogen atom loss forming p2 as well as additional hydrogen atom
migration—hydrogen atom loss pathways involving i9 — iS5 — p2 and i9 — iS5 — i2 — p2.
Collision complex i7 may also lead to p2 after isomerization to i9 as detailed above, while i7 can
also undergo hydrogen atom migration to i4. From here, pathways to p2 include i4 — i6 — i5 —
p2,i4 — i6 — il — i2 — p2, and i4 — i3 — i2 — p2. Taking into account the high barriers of
isomerization as well as the computed rate constants (Table S1), product p2 is likely formed from
the addition—elimination pathway via reactants — i9 — p2. Therefore, intermediate i9 represents
the central intermediate to both products p1 and p2.

Unlike p1 and p2, product p3 cannot be formed from an addition—elimination pathway;
therefore, isomerization steps of the collision complexes are required. There are two exit channels
to p3, leading from i2 and i6 through tight exit transition states. After barrierless addition of the
radical reactant, collision complexes 19 and i7 may isomerize to i2 and i6. For intermediate i9, this
involves a series of hydrogen migrations (i9 — i10/il11 — i5 — i6/i2), as well as a bond rotation
from il to i2 after hydrogen shift from ill. For i7, isomerization can lead to i4, which can either
rearrange over a high barrier of 235 kJ mol ™! to i6 or may undergo a facile ring closure to i3
followed by ring opening to i2. Intermediates i9 and i7 can easily interconvert through i8 over
barriers of 86 kJ mol ' and 143 kJ mol !, respectively, and hence can follow the same routes as

discussed above. Taking into account the isomerization steps from the calculated rate constants
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(Table S1) for each reaction sequence, the routes i9 — i10 — i5 — i6 — p3 and i7 — i8 — i9 —
i10 — i5 — i6 — p3 are likely the preferred pathways to p3 in the phenylethynyl—-allene reaction.

Statistical branching ratios for the atomic hydrogen loss products calculated for the
phenylethynyl—allene reaction at various collision energies are shown in Table 2. As our
experimental collision energy was 19.8 + 0.7 kJ mol ™!, the branching ratios calculated at 20 kJ
mol ! were used for a comparison. Starting from the initial collision complex of i7 or i9 yields the
same result since the isomerization between i7 and i9 through i8 is very fast compared to
alternative steps. Products p1—-p3 were calculated to form at levels of 34.9 %, 62.0 %, and 3.1 %,
respectively; this reflects the PES, where both p1 and p2 can be formed from a facile addition—

elimination pathway, while p3 can only be produced after extensive isomerization.

Table 2. Statistical branching ratios (%) for the hydrogen atom loss pathways for the reaction of
phenylethynyl (CsHsCC) with allene (H.CCCH>) and with methylacetylene (CH3;CCH) at different collision
energies (Ec, k] mol ™).

Phenylethynyl + Allene
Initial intermediate i7 Initial intermediate i9
Ec 0 10 20 30 40 0 10 20 30 40

pl 27.3 31.2 349 38.2 41.1 27.3 31.2 349 38.2 41.1
p2 65.7 64.9 62.0 59.2 56.7 67.8 64.9 62.0 59.2 56.7
p3 5.0 3.9 3.1 2.6 2.2 4.9 3.9 3.1 2.6 2.2
Phenylethynyl + Methylacetylene

Initial intermediates i1/i2 Initial intermediate i4

Ec 0 10 20 30 40 0 10 20 30 40

pl 0.4 0.3 0.4 0.3 0.6 0.4 0.3 0.3 0.7 0.8

p2 12.1 13.4 14.9 16.1 17.4 12.1 13.6 15.1 16.2 17.3
p3 87.5 86.3 84.7 83.6 82.0 87.5 86.1 84.6 83.1 81.9

To summarize, the experimentally derived reaction energy from the phenylethynyl-allene
system indicates the formation of p2 and/or p3, though it cannot be discriminated which, if not

both, are formed since they lie within the error bars of the reaction energy. Utilizing the computed
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PES and branching ratios, products pl and p2 are favored through their one-step addition—
elimination pathways at levels of 34.9 % and 62.0 %. Product p3 requires multiple isomerizations
prior to unimolecular decomposition via hydrogen atom loss and thus is likely a minor product as
confirmed via statistical calculations revealing its fraction of only 3.1 %.

4.2. Phenylethynyl-Methylacetylene System. The experimental reaction energy of —146 + 22
kJ mol ! for the phenylethynyl-methylacetylene system matches that calculated for p3 (—130 + 5
kJ mol ™), while products p1 (=84 kJ + 5 mol!) and p2 (=105 + 5 kJ mol ') are higher in energy
and thus could be veiled within the P(ET). The phenylethynyl radical center can add to either the
C1 or C2 carbon of methylacetylene without barrier yielding i1/i2—separated by a low barrier for
the rotation around the carbon-carbon single bond of 26 kJ mol! with respect to il—or i4,
respectively. First, all pathways to pl involve extensive isomerization. Intermediate il can
rearrange to il1 and onward to i9 through two successive hydrogen atom migrations before atomic
hydrogen loss over an exit barrier of 18 kJ mol™! with respect to the separated p1 + H products.
Intermediates i10 and i12, accessible through additional H shifts starting from i9, also lead to p1
via H loss over tight exit transition states. Additional pathways to p1 follow i4 — i7 — i8 — i9
— pl and i2 — i5 — i9/i10 — pl. Calculated rate constants for the phenylethynyl—
methylacetylene system (Table S2) suggest the most likely pathway to p1 obeys the following
sequence: reactants — i4 — i7 — i8§ — i9 — pl.

Product p2 can be formed through a simple addition—elimination mechanism from i2 via atomic
hydrogen loss through an exit barrier of 16 kJ mol™' with respect to the separated products.
Intermediate i2 can also isomerize via hydrogen atom migration to iS5, which undergoes
unimolecular decomposition to p2. Additional exit channels to p2 lead from i9 and il1, the former

of which can be produced through hydrogen atom migration from iS5 or from the i4 — i7 — i8 —
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i9 sequence discussed above, while the latter can be formed from hydrogen atom shift from il, i5,
or i9. Based on the barrier heights and necessary isomerization steps for these routes, the addition—
elimination mechanism, reactants — i2 — p2, is favored. Calculated rate constants strengthen this
argument, as the i2 — p2 exit channel has a larger rate constant (k(E) = 1.80 x 10°> s!) than any
of the competing exit channels leading to p2.

Like for p2, product p3 can be produced through an addition—elimination mechanism, reactants
— i2 — p3, via an exit barrier with the transition state located 27 kJ mol ! above the separated
products. The only other exit channel to p3 leads over a barrier of 183 kJ mol™! from i6 (15 kJ
mol ! above the separated products), where i6 could be formed from il, i4, and i5. It is likely that
the pathway reactants — i2 — p3 is the preferred pathway to p3 since this involves no
rearrangements between intermediates and the rate constant for i2 — p3 is two orders of magnitude
higher than for i6 — p3.

Branching ratios for the atomic hydrogen loss products of the phenylethynyl-methylacetylene
reaction were also computed and are shown in Table 2. The branching ratios starting from
intermediates il or i2 are essentially identical since they are separated only by a low barrier to
rotation. Likewise, the branching ratios from the initial intermediate i4 are very similar to those
calculated starting from i1/i2 since i2 and i4 are connected through i3 via a facile phenylethynyl
shift. Products p1—-p3 were calculated to form at levels of 0.4/0.3 %, 14.9/15.1 %, and 84.7/84.6
%, respectively, for the initial collision complexes i1/i2 and i4. This is dictated by the PES where
p2 and p3 can be formed through an addition—elimination process, while the system has to undergo
multiple isomerization steps before formation of p1.

To summarize the phenylethynyl-methylacetylene system, the experimentally derived reaction

energy of —146 + 22 kJ mol! matches the calculated reaction energy of —130 kJ mol ™! for p3,
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providing strong evidence for its formation; however, both p1 and p2 could be hidden within the
lower energy portion of the P(ET) and thus are still possible products. The calculated branching
ratios corroborate the formation of p3 as the major product, which is reflected by the simple one-
step addition—elimination mechanism on the computed PES. The i2 — p2 pathway features a
higher exit barrier and smaller rate constant than the i2 — p3 path, while p1 requires extensive
intermediate rearrangements to be reached; therefore, products p2 and p1 are likely only minor

products in the phenylethynyl-methylacetylene reaction.

+C,H K o
— > —6=-6-6-6-C (1)
-H \L
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It O —_—r (L v (2)

(3)
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Figure 6. Major product channels from the reactions of methylacetylene (CH;CCH) and allene (H,CCCH>)
with ethynyl (C;H), 1-propynyl (CH3CC), and phenylethynyl (CsHsCC) radicals. Carbon atoms are color
coded in gray while hydrogen atoms are colored in white.
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5. Conclusions

The crossed molecular beams technique was utilized to explore the reactions of phenylethynyl
radicals (C¢HsCC) with allene (HCCCH>) and methylacetylene (CH3;CCH) in the gas phase under
single-collision conditions. The combined experimental and computational results indicate the
reactions were initiated with barrierless addition, accessing the C11Ho doublet PES through long-
lived intermediate(s) before subsequent hydrogen atom loss to 3,4-pentadien-1-yn-1-ylbenzene
(p2) and/or 1-phenyl-1,3-pentadiyne (p3) for the phenylethynyl—allene system and 1-phenyl-1,3-
pentadiyne (p3) for the phenylethynyl-methylacetylene system in overall exoergic reactions.
Additionally, our statistical analysis suggests that p2 (62%) is the major product of the
phenylethynyl-allene reaction at a collision energy of 20 kJ mol ' whereas p3 (3%) provides only
a minor contribution. The statistics for the phenylethynyl-methylacetylene system suggests that
p3 (85%) is the major product. Together with the PES analysis, these findings highlight the
addition—elimination pathways through intermediates i9 and i2 as the most likely routes upon
phenylethynyl addition to allene and methylacetylene, respectively. Experiments utilizing allene-
dy are in agreement, showing that the hydrogen loss occurs within our error limits from the allene
moiety.

The results for the reactions of the phenylethynyl radical reactions with allene and
methylacetylene can be compared to the isolobal reactions of ethynyl (CoH) and 1-propynyl

(CH3CC) with allene and methylacetylene. Both the ethynyl-methylacetylene®*°

and 1-propynyl—
methylacetylene® systems follow reaction dynamics similar to the phenylethynyl—
methylacetylene system, in which the ethynyl/1-propynyl adds without barrier to the C1 carbon of

methylacetylene followed by hydrogen atom loss from the attacked carbon giving the major

products methyldiacetylene (1) and dimethyldiacetylene (2), respectively (Figure 6). On the other
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hand, the allene reactions do not all follow the same trend. The ethynyl-allene®' and
phenylethynyl—allene systems both progress through similar addition—elimination mechanisms;
however, the 1-propynyl-allene reaction involves several isomerization eventually forming
fulvene (CsH4CHbz). This deviation is likely due to low lying vibrational modes of the collision
complexes leading to longer lifetimes of the intermediate thus promoting rearrangement to the
lower energy fulvene route. Overall, our study on the barrierless and exoergic reactions of
phenylethynyl radicals with allene and methylacetylene offers insight on the molecular mass
growth of highly unsaturated hydrocarbons possible in low-temperature environments such as

TMC-1 and Titan.
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1. Precursor Synthesis and Characterization

The synthesis of the (2-iodoethynyl)benzene precursor was performed analogously to a reported
procedure! with an increase in the concentration of the starting materials due to the large scale of
precursor needed. Regarding the purification, badges performed with less than 10 g of
phenylacetylene could be purified by either column chromatography or distillation whereas larger
badges (20-50 g) decomposed before affording the desired product and, thus, had to be purified
by column chromatography. A solution of phenylacetylene (26.0 mL, 24.2 g, 0.16 mol) in MeOH
(300 mL) was cooled to 0 °C and KOH (32.5 g, 0.41 mol) was added. After 20 min of stirring at 0
°C, N-iodosuccinimide (63.1 g, 0.27 mol) was added to the mixture in portions and stirred at 0 °C
for 15 min. The cold bath was replaced by a rt water bath and the mixture was stirred for 30 min.
Then, Et2O (1 L) was added and the mixture was extracted with brine (5 x 150 mL), dried over
MgSOsg, filtered and evaporated to afford a brown oil/liquid. This liquid was purified by column
chromatography (SiO; hexane) to afford the product as a light-yellow oil (32.5 g, 60%). '"H NMR
(200 MHz, CDCl3): § = 7.44 (dd, 2H), 7.34 (m, 3H) ppm. *C NMR (50 MHz, CDCl3): § = 132.43,
128.92, 128.36, 123.46, 94.26 and 6.48 ppm. GC-MS: m/z 228.1 [M"] 101.1 [M'-I]. The
characteristic C=C stretching vibration was found at 2172 cm™! whereas for the starting material
it is observed at 2110 cm™!. The provided characterization is in accordance with the literature.! 'H
and 3C NMR data were recorded with a Bruker DPX-200 NMR spectrometer referenced towards
CDCls (7.26 ppm for 'H NMR and 77.16 ppm for 1°C NMR). The GC-MS data were recorded
with an Agilent 7820A GC spectrometer. IR data were recorded with a Bruker Equinox 55 FT-IR

spectrometer.
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Table S1. RRKM calculated rate constants (k(E), s ') of the reaction of phenylethynyl (C¢HsCC)
with allene (H.CCCH>) as functions of the internal energy (E, kJ mol ') of the intermediate states

for unimolecular reaction steps at different collision energies (Ec, kJ mol ™).

Ec 0 10 20 30 40
Re;f;"“ K(E) E K(E) E K(E) E K(E) E K(E) E
i9-p2 | 270E+04 | 234 | 6.22E+04 | 244 | 133E+05 | 254 | 2.66E+05 | 264 | 5.03E+05 | 274
i9-pl | LI12E+04 | 234 | 3.11E+04 | 244 | 7.76E+04 | 254 | 1.78E+05 | 264 | 3.80E+05 | 274
i2—p3 | 405E+05 | 259 | 8.01E+05 | 269 | 1.50E+06 | 279 | 2.68E+06 | 289 | 4.61E+06 | 299
i2-p2 | 5.55E+04 | 259 | 1.24E+05 | 269 | 2.59E+05 | 279 | 5.10E+05 | 289 | 9.56E+05 | 299
il—ill | 135E+02 | 260 | 3.11E+02 | 270 | 6.70E+02 | 280 | 136E+03 | 290 | 2.65E+03 | 300
il1—il | 1.80E+01 | 268 | 4.19E+01 | 278 | 9.1SE+01 | 288 | 1.89E+02 | 298 | 3.70E+02 | 308
i7-i8 | 8.11E+06 | 343 | L.I3E+07 | 353 | 1.54E+07 | 363 | 2.07E+07 | 373 | 2.74E+07 | 383
i8—i7 | 2.64E+12 | 214 | 2.80E+12 | 224 | 2.96E+12 | 234 | 3.12E+12 | 244 | 327E+12 | 254
i1—i6 | 242E103 | 260 | 5.68E+03 | 270 | 125E+04 | 280 | 2.58E+04 | 290 | 5.08E+04 | 300
i6—il | 2.58E+01 | 303 | 6.59E+01 | 313 | 1.57E+02 | 323 | 3.52E+02 | 333 | 7.43E+02 | 343
i9-i8 | 136E+08 | 234 | 1.87E+08 | 244 | 2.52E+08 | 254 | 3.32E+08 | 264 | 429E+08 | 274
i8—i9 | 657E+09 | 214 | 8.54E+09 | 224 | 1.09E+10 | 234 | 1.37E+10 | 244 | 1.69E+10 | 254
i9_ill | 1.02E+00 | 234 | 3.77E+00 | 244 | 1.22E+01 | 254 | 3.56E+01 | 264 | 9.44E+01 | 274
il1—i9 | 2.12E02 | 268 | 843E-02 | 278 | 2.95E-01 | 288 | 9.20E-01 | 298 | 2.60E+00 | 308
i9-il0 | 1.09E+01 | 234 | 4.05E+01 | 244 | 134E+02 | 254 | 4.03E+02 | 264 | 1.10E+03 | 274
i10—i9 | 833E+00 | 224 | 3.02E+01 | 234 | 9.81E+01 | 244 | 2.87E+02 | 254 | 7.68E+02 | 264
id—pd | 3.73E+06 | 247 | 728E+06 | 257 | 1.34E+07 | 267 | 237E+07 | 277 | 4.00E+07 | 287
i4—i7 | 2.18E104 | 247 | 4.34E+04 | 257 | 820E+04 | 267 | 1.48E+05 | 277 | 2.57E+05 | 287
i7—id | 123E+00 | 343 | 2.95E+00 | 353 | 6.67E+00 | 363 | 142E+01 | 373 | 2.90E+01 | 383
i10—pl | 1.73E+03 | 224 | 498E+03 | 234 | 129E+04 | 244 | 3.03E+04 | 254 | 6.59E+04 | 264
i10—p6 | 1.86E+08 | 224 | 2.92E+08 | 234 | 443E+08 | 244 | 6.52E+08 | 254 | 9.34E+08 | 264
il—i2 | LI2E+12 | 260 | 121E+12 | 270 | 1.29E+12 | 280 | 1.37E+12 | 290 | 145E+12 | 300
i2—il | 1.50E+12 | 259 | 1.60E+12 | 269 | 1.70E+12 | 279 | 1.80E+12 | 289 | 1.90E+12 | 299
i4—i6 | 5.26E-06 | 247 | 1.30E-04 | 257 | 1.41E-03 | 267 | 9.71E-03 | 277 | 4.99E-02 | 287
i6—id | 1.33E-08 | 303 | 3.70E-07 | 313 | 4.50E-06 | 323 | 3.46E-05 | 333 | 197E-04 | 343
i9-i5 | 2.13E+03 | 234 | 489E+03 | 244 | 1.04E+04 | 254 | 2.10E104 | 264 | 4.00E+04 | 274
i5—i9 | 128E-02 | 370 | 3.79E-02 | 380 | 1.04E-01 | 390 | 2.63E-01 | 400 | 6.26E-01 | 410
ill-p5 | 1.05E+07 | 268 | 1.85E+07 | 278 | 3.13E+07 | 288 | 5.09E+07 | 298 | 8.03E+07 | 308
ill—p2 | 699E+03 | 268 | 1.65E+04 | 278 | 3.62E+04 | 288 | 7.46E+04 | 298 | 1.45E+05 | 308
i6-p3 | 1.84E+04 | 303 | 3.66E+04 | 313 | 6.91E+04 | 323 | 1.25E+05 | 333 | 2.18E+05 | 343
i6-pd | 1I6E+06 | 303 | 2.16E+06 | 313 | 3.88E106 | 323 | 6.68E+06 | 333 | L.1IE+07 | 343
i2-i5 | 1.52E+03 | 259 | 3.49E+03 | 269 | 747E+03 | 279 | 1.51E+04 | 289 | 2.89E+04 | 299
i5_i2 | 442E-02 | 370 | 123E-01 | 380 | 3.19E-01 | 390 | 7.69E-01 | 400 | 1.75E+00 | 410
i2—i3 | 742E+07 | 259 | 1.05E+08 | 269 | 1.45E+08 | 279 | 1.96E+08 | 289 | 2.61E+08 | 299
i3—i2 | LI3E+11 | 187 | 1.30E+11 | 197 | 147E+11 | 207 | 1.66E+11 | 217 | 1.85E+11 | 227
i4—i3 | 2.00E+08 | 247 | 2.75E+08 | 257 | 3.70E+08 | 267 | 488E+08 | 277 | 634E+08 | 287
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i3—-i4 9.65E+10 187 1.11E+11 | 197 | 1.26E+11 207 1.41E+11 217 1.58E+11 227
i5-p2 1.65E+00 370 4.50E+00 | 380 | 1.14E+01 390 2.69E+01 400 6.00E+01 410
il11-i5 | 2.55E+00 268 7.18E+00 | 278 | 1.86E+01 288 4.51E+01 298 1.02E+02 308
i5-ill 7.40E-04 370 2.49E-03 | 380 | 7.67E-03 390 2.19E-02 400 5.80E-02 410
i10-1i5 1.68E+04 224 3.26E+04 | 234 | 6.01E+04 244 1.06E+05 254 1.79E+05 264
i5-i10 6.58E-02 370 1.69E-01 | 380 | 4.09E-01 390 9.30E-01 400 2.01E+00 410
i6 —i5 1.00E+03 303 2.04E+03 | 313 | 3.95E+03 323 7.32E+03 333 1.31E+04 343
i5—-i6 3.62E+00 370 8.20E+00 | 380 | 1.76E+01 390 3.61E+01 400 7.09E+01 410
i10-i12 | 5.37E-01 224 1.85E+00 | 234 | 5.79E+00 244 1.67E+01 254 4.41E+01 264
i12—-i10 | 1.10E-01 249 3.99E-01 | 259 | 1.32E+00 269 4.01E+00 279 1.11E+01 289
i12-p5 | 1.10E+08 249 1.76E+08 | 259 | 2.72E+08 269 4.08E+08 279 5.97E+08 289
i12-pl | 8.24E+02 249 2.28E+03 | 259 | 5.71E+03 269 1.32E+04 279 2.83E+04 289
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Table S2. RRKM calculated rate constants (k(E), s ') of the reaction of phenylethynyl
(C6HsCC) with methylacetylene (H3CCCH) as functions of the internal energy (E, kJ mol™!) of
the intermediate states for unimolecular reaction steps at different collision energies (Ec, kJ
mol ).

Ec 0 10 20 30 40

Reaction

Step k(E) E k(E) E k(E) E k(E) E k(E) E

i9-p2 1.64E+04 230 3.95E+04 | 240 | 8.77E+04 250 1.81E+05 260 3.53E+05 270

i9-pl 6.16E+03 230 1.81E+04 | 240 | 4.76E+04 250 1.14E+05 260 2.51E+05 270

i2-p3 2.81E+05 254 5.73E+05 | 264 | 1.10E+06 274 2.02E+06 284 3.53E+06 294

i2-p2 3.60E+04 254 8.36E+04 | 264 | 1.80E+05 274 3.66E+05 284 7.01E+05 294

il —ill 8.69E+01 255 2.07E+02 | 265 | 4.59E+02 275 9.61E+02 285 1.91E+03 295

il1-il 1.15E+01 263 2.77E+01 | 273 | 6.23E+01 283 1.32E+02 293 2.65E+02 303

i7—-1i8 6.83E+06 338 9.58E+06 | 348 | 1.32E+07 358 1.79E+07 368 2.39E+07 378

i8—i7 2.56E+12 210 2.72E+12 | 220 | 2.88E+12 230 3.04E+12 240 3.19E+12 250

il —i6 1.53E+03 255 3.73E+03 | 265 | 8.46E+03 275 1.80E+04 285 3.64E+04 295

i6 —il 1.56E+01 298 4.16E+01 | 308 | 1.02E+02 318 2.36E+02 328 5.14E+02 338

i9-1i8 1.10E+08 230 1.53E+08 | 240 | 2.08E+08 250 2.77E+08 260 3.63E+08 270

i8—1i9 5.71E+09 210 7.51E+09 | 220 | 9.67E+09 230 1.22E+10 240 1.52E+10 250

i9-ill 4.82E-01 230 1.91E+00 | 240 | 6.60E+00 250 2.02E+01 260 5.62E+01 270

ill1-1i9 1.00E-02 263 4.28E-02 | 273 | 1.60E-01 283 5.27E-01 293 1.56E+00 303

i9-il0 5.14E+00 230 2.03E+01 | 240 | 7.15E+01 250 2.26E+02 260 6.45E+02 270

i10-1i9 | 4.18E+00 219 1.61E+01 | 229 | 5.50E+01 239 1.70E+02 249 4.74E+02 259

i4—p4 2.61E+06 242 5.24E+06 | 252 | 9.94E+06 262 1.79E+07 272 3.09E+07 282

i4—i7 1.51E+04 242 3.09E+04 | 252 | 6.00E+04 262 1.11E+05 272 1.96E+05 282

i7—i4 7.76E-01 338 1.92E+00 | 348 | 4.46E+00 358 9.79E+00 368 2.04E+01 378

i10-pl1 | 9.67E+02 219 2.98E+03 | 229 | 8.09E+03 239 1.99E+04 249 4.50E+04 259

i10-p6 | 1.46E+08 219 2.34E+08 | 229 | 3.61E+08 239 5.38E+08 249 7.82E+08 259

il —i2 1.08E+12 255 1.16E+12 | 265 | 1.25E+12 275 1.33E+12 285 1.41E+12 295

i2-il 1.45E+12 254 1.55E+12 | 264 | 1.65E+12 274 1.75E+12 284 1.85E+12 294

i4—-i6 5.40E-07 242 2.99E-05 | 252 | 4.56E-04 262 3.85E-03 272 2.26E-02 282

i6 —i4 1.29E-09 298 8.04E-08 | 308 | 1.38E-06 318 1.30E-05 328 8.47E-05 338

i9—-i5 1.30E+03 230 3.11E+03 | 240 | 6.90E+03 250 1.43E+04 260 2.80E+04 270

i5-19 7.17E-03 365 2.22E-02 | 375 | 6.31E-02 385 1.66E-01 395 4.08E-01 405

ill —p5 | 7.79E+06 263 1.40E+07 | 273 | 2.41E+07 283 4.00E+07 293 6.41E+07 303

ill —p2 | 4.41E+03 263 1.08E+04 | 273 | 2.46E+04 283 5.23E+04 293 1.05E+05 303

i6—p3 1.28E+04 298 2.61E+04 | 308 | 5.05E+04 318 9.34E+04 328 1.66E+05 338

i6 — p4 8.29E+05 298 1.59E+06 | 308 | 2.91E+06 318 5.11E+06 328 8.64E+06 338

i2-i5 1.06E+03 254 2.51E+03 | 264 | 5.53E+03 274 1.14E+04 284 2.24E+04 294

i5-i2 2.77E-02 365 8.03E-02 | 375 | 2.15E-01 385 5.33E-01 395 1.25E+00 405

i2-i3 6.18E+07 254 8.85E+07 | 264 | 1.24E+08 274 1.69E+08 284 2.27E+08 294

i3-i2 1.05E+11 182 1.22E+11 | 192 | 1.38E+11 202 1.56E+11 212 1.75E+11 222
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i4-i3 1.69E+08 242 2.35E+08 | 252 | 3.20E+08 262 4.26E+08 272 5.57E+08 282
i3-i4 8.98E+10 182 1.04E+11 | 192 | 1.18E+11 202 1.33E+11 212 1.49E+11 222
i5-p2 1.04E+00 365 2.96E+00 | 375 | 7.74E+00 385 1.88E+01 395 4.31E+01 405
ill1-i5 1.47E+00 263 431E+00 | 273 | 1.16E+01 283 2.92E+01 293 6.83E+01 303
i5-ill 3.89E-04 365 1.37E-03 | 375 | 4.40E-03 385 1.30E-02 395 3.58E-02 405
i10-i5 1.27E+04 219 2.53E+04 | 229 | 4.77E+04 239 8.56E+04 249 1.47E+05 259
i5-il0 4.31E-02 365 1.14E-01 | 375 | 2.83E-01 385 6.62E-01 395 1.46E+00 405
i6 —i5 6.90E+02 298 1.44E+03 | 308 | 2.85E+03 318 5.39E+03 328 9.82E+03 338
i5-i6 2.36E+00 365 5.48E+00 | 375 | 1.21E+01 385 2.53E+01 395 5.08E+01 405
i10-i12 | 2.79E-01 219 1.00E+00 | 229 | 3.30E+00 239 9.91E+00 249 2.73E+01 259
i12-i10 | 5.29E-02 244 2.02E-01 | 254 | 7.05E-01 264 2.23E+00 274 6.48E+00 284
i12-p5 | 8.17E+07 244 1.34E+08 | 254 | 2.10E+08 264 3.21E+08 274 4.76E+08 284
i12-pl | 4.52E+02 244 1.33E+03 | 254 | 3.50E+03 264 8.40E+03 274 1.87E+04 284
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Table S3. Statistical branching ratios (%) for all products of the reaction of phenylethynyl
(CsHsCC) with allene (HCCCH2) and with methylacetylene (H;CCCH) at different collision
energies (Ec, k] mol ™).

Phenylethynyl + Allene
Initial intermediate i7 Initial intermediate 9
Ec 0 10 20 30 40 0 10 20 30 40
pl 23.1 27.2 31.0 34.5 37.6 23.1 27.2 31.0 34.5 37.6
p2 57.4 56.5 55.1 53.5 51.9 57.4 56.5 55.1 53.5 51.9
p3 4.2 3.4 2.8 2.4 2.0 42 34 2.8 2.4 2.0
p4 15.2 12.8 11.0 9.5 8.4 15.2 12.8 11.0 9.5 8.3
p5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
poé 0.1 0.1 0.1 0.1 0.2 0.1 0.1 0.1 0.1 0.2
Phenylethynyl + Methylacetylene
Initial intermediates i1/i2 Initial intermediate i4
Ec 0 10 20 30 40 0 10 20 30 40
pl 0.1 0.1 0.1 0.1 0.2 0.1 0.1 0.1 0.2 0.2
p2 3.5 3.9 4.4 4.8 5.3 34 3.8 4.2 4.5 4.8
p3 253 25.1 25.0 25.0 25.0 24.6 24.1 23.6 23.1 22.7
p4 71.1 70.9 70.5 70.1 69.5 71.9 72.0 72.1 72.2 72.3
p5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
pbé 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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Figure S1. Time-of-flight (TOF) spectra for the reaction of phenylethynyl (C¢HsCC) with allene-ds (D2CCCD3) taken at m/z = 143
(black) and 144 (red). Absolute counts are shown in (a) while the two spectra are scaled in (b).
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Figure S2. Calculated potential energy surface for the reaction of phenylethynyl (CsHsCC) with allene (H-CCCHz) and with
methylacetylene (H;CCCH) at the G3(MP2,CC)// ®B97X-D/6-311G(d,p) level. Energies are in units of k] mol ™! and colored pathways
denote exit channels to the products. Carbon atoms are gray and hydrogen atoms are white.
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Optimized Cartesian coordinates (A) and vibrational frequencies (cm™!) for all intermediates,

transition states, reactants, and products involved in the CsHs + C3Hs reactions at the ®«B97X-D/6-
311G(d,p) level.

Reactants

CsH;s

4.
Cartesian coordinates
C 0.045775 1.219540 0.013382
C 1.426126 1.212650 -0.006714
C 2.115813 -0.000010 -0.017253
C 1.426105 -1.212662 -0.006715
C 0.045755 -1.219531 0.013384
C -0.671544 0.000009 0.023596
C -2.068345 0.000016 0.040729
C -3.340546 -0.000008 -0.055969
H  -0.510694 2.148691 0.019942
H 1.973361 2.147570 -0.015716
H 3.199878 -0.000024 -0.035097
H 1.973339 -2.147581 -0.015717
H  -0.510719 -2.148680 0.019947
Frequencies
109.1212 143.9347 246.8164
390.7115 476.4153 484.9854
507.4479 629.6306 687.8436
783.4529 788.1472 862.7349
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967.3232 1013.8868
1029.0644 1049.7885
1182.8967 1188.0328
1322.9787 1353.0819
1508.7173 1612.2257
1988.9682 3202.8066
3220.9948 3230.0795
Methylacetylene
H
L
¢ H
G

Ly
Cartesian coordinates
C  -0.219275 -0.000871
C  -1.417960 0.000091
C 1.238342  0.000094
H  -2.481089 0.001227
H 1.624994 0.232644
H 1.626340 -0.976957
H 1.623113  0.747205
Frequencies
346.1945 348.5118
683.3323 952.2647
1061.1503 1416.9837
1486.1575 2257.5004
3129.3053 3132.9810

1014.0002
1112.7315
1227.9584
1478.2436
1638.8824
3213.5662
3233.7590

-0.000237
0.000010
0.000115
0.000307

-0.994855
0.297065
0.698157

683.1649

1057.0201
1481.6045
3056.2365
3484.4471
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Allene

H

\

C=C=C\H

Cartesian coordinates

"

C
C
C
H
H
H
H

1.300828
-0.000003
-1.300848

1.860165

1.860571
-1.860086
-1.860516

Frequencies

374.2550
886.0208
1020.4726
1485.3699
3154.9596

il

—

H

/

0.000065
-0.000043
0.000162
-0.617755
0.617258
0.694522
-0.695130

374.2736
892.1538
1117.3684
2081.8102
3237.1291

Cartesian coordinates

C -1.866871

1.217741

-0.000100
0.000099
0.000179

-0.694468
0.694514

-0.617768
0.616650

AW

885.8717

1020.4348
1422.7168
3152.6728
3237.1866

Intermediates

0.066268

C -3.217169 0.902718 0.085219
C  -3.628453 -0.424034 0.022609
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C  -2.680721
C  -1.328644
C  -0.906321
C 0.486027
C 1.661342
C 3.996015
C 3.055302
C 4.104198
H  -1.542000
H  -3.952763
H  -4.684887
H  -2.996206
H  -0.586672
H 3.325519
H 4.606100
H 3.104741
H 4.677939
Frequencies
20.5526
118.0515
310.5158
413.9244
556.4986
711.0825
809.8854
943.3511
1021.1900
1061.0372
1188.7191

-1.437726
-1.130446
0.202815
0.522043
0.792252
0.181557
1.104415
-1.274978
2.250209
1.696376
-0.666345
-2.473662
-1.917403
2.154157
-1.710659
-1.723616
-1.547197

58.6745
128.4693
360.9435
450.7137
625.8414
745.2729
866.5720
1000.3561
1024.8066
1068.8140
1208.7490

-0.059520
-0.078946
-0.016463
-0.038216
-0.059621
-0.010107
-0.088160
0.120975
0.116031
0.148994
0.037652
-0.109949
-0.143696
-0.181575
-0.747498
0.204467
1.011348

86.0164
233.9918
381.0915
537.4562
644.7342
780.9028
911.7574
1017.8434
1045.1794
1112.9055
1285.1840
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1317.7799
1399.0735
1488.5923
1678.8879
3008.2324
3152.5443
3209.9129

1321.8541
1461.5067
1542.4382
1737.0315

3091.2696
3191.0583
3218.1493

1356.2133
1470.9684
1647.0311
2346.5316
3116.3588
3200.9220
3223.4995

i2

Cartesian coordinates

C 1.943497
C 3.318386
C 3.857948
C 3.013957
C 1.637941
C 1.086991
C  -0.329897
C  -1.526790
C  -2.934965
H 1.518024
H 3.972729
H 4.933175
H 3.430606
H 0.975356
H  -3.267917
C  -3.842866
C  -5304135

-1.203388
-1.023825
0.257508
1.362368
1.190784
-0.096144
-0.277415
-0.419822
-0.631843
-2.199816
-1.888097
0.395159
2.363139
2.047981
-1.672355
0.321866
0.442392

0.014566
0.021706
0.010333
-0.007683
-0.014676
-0.003797
-0.013114
-0.022468
-0.040264
0.023594
0.035958
0.015777
-0.016933
-0.028946
-0.118223
0.026918
0.028889
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H  -5.659420 0.904774 0.954167

H  -5.775186
H  -5.647754

Frequencies

31.9807
148.0435
284.8947
413.4081
555.1421
710.3673
796.5435
943.2506
1023.9584
1065.1884
1188.9262
1316.5845
1403.7355
1488.9912
1678.7228
3000.8700
3115.0075
3211.6677

i3

-0.546730
1.061058

59.7647
154.4828
295.6726
433.8967
584.1764
747.7393
866.8113
1001.4078
1045.0231
1073.3376
1206.2322
1325.6720
1457.0294
1541.0459
1755.0991
3063.4442
3191.7889
3220.6157

-0.062802
-0.805057

76.6186
191.0489
363.4684
523.5969
643.7912
779.4855
920.7189
1017.0283
1047.2666
1112.2766
1266.5415
1355.4267
1477.6827
1647.0062
2355.0228
3088.8445
3201.4334
3225.4730
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O

Cartesian coordinates

C
C
C
C
C
C
C
C
H
H
H
H
H
C
C
C
H
H
H
H

1.526427
2.891238
3.586810
2.891052
1.526239
0.793599
-0.571672
-1.846751
0.988988
3.426201
4.658518
3.425867
0.988651
-3.209995
-3.088140
-4.036881
-3.554819
-3.801013
-3.802220
-5.101724

Frequencies

-1.216317
-1.205832
0.000119
1.205964
1.216236
-0.000097
-0.000175
-0.000065
-2.153881
-2.146026
0.000202
2.146242
2.153716
0.000017
0.000099
-0.000007
0.000235
0.879547
-0.880511
0.000828

-0.051405
0.153445
0.258574
0.153457

-0.051387

-0.159111
-0.362211
-0.496020
-0.133909
0.233997
0.419956
0.234015

-0.133882
0.039030

-1.264395

1.258442

-2.236482

1.863109
1.862202
1.020470

38.1395 41.1010 57.5982

103.6750 168.2127 246.7127
261.6050

435.6177

371.6465
472.4259

416.7166
493.8407
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496.0675

694.7710

764.7686

911.2774

1000.2295
1048.0781
1145.4102
1300.0843
1407.2294
1478.5049
1619.4679
3051.0278
3187.1551
3213.6255

i4

—_—

\_/

631.2155

719.7154

839.1064

984.7165

1003.5586
1053.0723
1175.5430
1317.5915
1472.1032
1505.9901
1791.3992
3122.1431
3193.3643
3221.1225

Cartesian coordinates

QO O O 0 0 a0 0 o o 0

1.527460
2.913083
3.657918
3.010243
1.624694
0.868202
-0.559704
-1.764807
-3.198463
-3.834873

-1.197082
-1.249419
-0.077346
1.150836
1.211360
0.035722
0.090535
0.135848
0.157744
1.307471

679.6607

759.1626

910.3111

988.2985

1041.7085
1106.7622
1197.1733
1347.8369
1474.5932
1592.8436
1988.1866
3144.6560
3208.9722
3278.1397

_ /
\

-0.066832
-0.066024
0.001435
0.068990
0.068083
0.000052
-0.003229
-0.008673
-0.014908
-0.131218
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-3.909563
0.943048
3.413854
4.741026
3.586490
1.115659

-3.564692

-3.608044

-4.990406

-3.642081

Frequencies

21.7254
149.9013
281.2870
453.5372
564.1217
698.0218
781.4076
909.2449
1018.7996
1057.1279
1178.4095
1318.6382
1412.6475
1488.6311
1667.7859
3056.9169
3193.8456
3219.7659

-1.169763
-2.107925
-2.209252
-0.121600
2.067446
2.166286

2.348709
-1.839493
-1.031699
-1.647903

62.4932
171.1113
375.7872
482.7813
585.6346
710.9193
828.3125
945.6057
1023.7609
1062.5678
1188.0368
1328.2735
1480.0955
1543.2989
1681.9136
3128.3822
3202.1910
3225.5886

0.115998
-0.119819
-0.119672

0.001742
0.122351
0.121138
-0.236111
-0.693532

0.080007

1.061858

68.4786
216.8517
413.1299
519.4341
642.7695
710.9905
867.1153
1001.4021
1037.2860
1112.3537
1212.2778
1356.9085
1487.8833
1646.5775
2346.4793
3156.9245
3212.3174
3262.1045

S21



i5

ot

Cartesian coordinates

C
C
C
C
C
C
C
C
C
C
C
H
H
H
H
H
H
H
H
H

-1.896015
-3.270371
-3.816173
-2.977749
-1.601980
-1.041934
0.366035
1.575126
2.946396
3.875160
5.220362
-1.465431
-3.921080
-4.892006
-3.400319
-0.944337
3.325618
3.466303
5.895082
5.663030

Frequencies

-1.216595
-1.042727
0.237003
1.347338
1.184047
-0.102784
-0.276891
-0.428890
-0.607958
0.461098
0.292661
-2.210762
-1.909763
0.369192
2.345571
2.045137
-1.626455
1.468001
1.139489
-0.698220

-0.000016
-0.000014
0.000002
0.000015
0.000011
-0.000004
-0.000002
0.000010
0.000027
-0.000033
0.000001
-0.000029
-0.000025
0.000005
0.000029
0.000023
0.000096
-0.000112
-0.000047
0.000082

30.7495
142.6306

55.6762 59.9992

165.3310 285.9414
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321.7522
440.0543
595.5511
706.0432
776.4393
939.8836
1006.2164
1055.7005
1187.7332
1281.6824
1354.9155
1487.3596
1638.8649
3160.4151
3192.7671
3221.7102

i6

409.7708
529.9652
597.8958
758.4969
863.2020
946.3990
1016.6905
1082.1061
1188.5878
1301.8553
1387.0728
1541.7654
1667.5470
3172.9310
3202.0582
3226.4493

o@:C:C:C

Cartesian coordinates

C
C
C
C
C
C
C
C

-1.801597
-3.180585
-3.876344
-3.180352
-1.801363
-1.086670

0.314242

1.548805

-1.212323
-1.204232
0.000184
1.204456
1.212257
-0.000107
-0.000217
-0.000221

412.4060
542.0810
642.5782
768.2109
877.4851
1000.4697
1020.0918
1112.9420
1205.8293
1315.8315
1465.3605
1560.8710
2172.3185
3183.8370
3211.9128
3259.3604

7

pr—

-0.013201
0.104476
0.164374
0.104304

-0.013378

-0.073078

-0.188207

-0.282785
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4.157909
2.854414
5.094014
-1.257878
-3.718385
-4.956040
-3.717962
-1.257455
4.622547
5.742538
4.545603
5.742201

Frequencies

38.6312
96.8998
244.9759
411.4858
519.3581
695.4548
774.1558
934.9643
1015.7718
1059.8388
1184.5588
1311.8084
1405.7216
1490.3463
1646.4175
3040.9401

-0.000075
-0.000178
0.000245
-2.148200
-2.144344
0.000294
2.144682
2.148018
-0.000182
-0.880923
0.000272
0.881656

45.9070
116.9881
338.6318
475.7924
570.9122
704.4176
855.2508
996.0218
1040.0572
1098.7364
1207.3999
1355.7783
1481.9200
1527.3906
1907.4788
3102.7663

-0.465574
-0.386936
0.714206
-0.059994
0.150803
0.258663
0.150509
-0.060297
-1.453187
0.686019
1.656509
0.685776

88.7615
221.4186
404.6867
483.6153
637.9239
724.8039
877.4750
1010.8892
1051.4500
1112.0776
1265.8438
1384.6957
1485.9817
1624.4442
2054.1240
3111.3226
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3152.6080
3213.6132

i7

3194.4934
3221.0572

Cartesian coordinates

- T LT&- T &= - - - T O O o o o o o oo 00

1.586899
2.973717
3.670537
2.973716
1.586898
0.878418
-0.551111
-1.755644
-3.862130
-3.193214
-3.862129
1.039857
3.512540
4.754579
3.512538
1.039855
-3.322237
-4.945320
-3.322234
-4.945318

1.205971
1.202017
-0.000001
-1.202018
-1.205971
0.000001
0.000001
0.000000
1.215052
0.000000
-1.215053
2.140485
2.141867
-0.000001
-2.141868
-2.140483
2.149957
1.241920
-2.149958
-1.241921

CH,

%
A\

0.046927
0.047041
0.000002
-0.047039
-0.046929
-0.000002
-0.000003
-0.000003
-0.083798
0.000000
0.083802
0.083861
0.084364
0.000004
-0.084360
-0.083864
-0.150099
-0.084851
0.150099
0.084862

3203.0751
3226.2850
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Frequencies

15.8263 56.0266
177.9849 205.8122
378.1348 413.2230
500.3772 524.6132
546.5506 601.8323
643.0375 698.0043
761.9773 781.1118
866.3098 912.6641
981.6417 1000.5831
1022.7152 1042.9662
1111.7196 1187.4483
1252.9520 1288.8184
1356.7087 1411.5763
1487.2479 1527.1680
1646.3827 1679.1422
3168.5147 3174.4619
3203.5742 3213.8008
3226.7153 3278.5467
i8

66.6903
297.3887
470.9354
531.9952
625.9806
710.7544
789.9572
945.3882
1018.0771
1062.0190
1211.6021
1318.7223
1475.5573
1548.9876
2359.9001
3195.1878
3220.6425
3280.1039

Cartesian coordinates

C -1.497681 1.219995
C -2.872733  1.206733
C -3.572928 0.000234
C -2.873052 -1.206463
C -1.498000 -1.220125

-0.008560
0.100850
0.157152
0.101164

-0.008239
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-0.767170
0.604910
1.876756
3.212976
3.061643
4.017493

-0.955832

-3.412103

-4.652829

-3.412679

-0.956410
3.261801
3.261447
3.618590
5.094742

Frequencies

31.0185
174.9840
362.0532
457.5039
631.7287
689.2627
834.1880
917.7164
987.6087
1035.4549
1110.7024
1197.2857
1350.6928

-0.000170
-0.000299
-0.000252
0.000038
-0.000171
0.000319
2.157182
2.146425
0.000389
-2.145999
-2.157472
-0.919478
0.919056
0.000325
0.000536

58.1739
235.8392
364.0447
487.2522
668.8393
737.7980
897.4042
945.9584
1002.2174
1047.4941
1133.8119
1294.9681
1432.3372

-0.066185
-0.166740
-0.312635
0.201214
-1.273140
1.246442
-0.051379
0.144008
0.245518
0.144552
-0.050826
-1.817766
-1.818030
2.254331
1.121654

82.8647
260.4182
411.8284
540.1295
675.0716
757.7078
904.7317
960.0238
1003.3324
1048.0417
1178.0116
1303.6357
1464.2404
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1471.4423
1619.3877
3109.3931
3199.4326
3218.8448

1504.4960
1809.0019
3158.1577
3199.8194
3224.9283

1593.4801
1975.0650
3192.6874
3213.0089
3251.4445

i9

Cartesian coordinates

C
C
C
C
C
C
C
C
C
C
C
H
H
H
H
H
H
H

1.916371
3.273294
3.715226
2.792628
1.434554
0.982429
-0.420290
-1.600490
-3.038677
-3.852398
-4.751451
1.566997
3.989605
4.776312
3.132662
0.710377
-3.248240
-3.349872

-1.196651
-0.912238
0.404321
1.438487
1.161300
-0.161204
-0.444821
-0.667489
-0.931866
0.142054
1.010006
-2.221104
-1.721482
0.623097
2.466627
1.962836
-1.885062
-1.056067

\

N\

0.072543
0.116639
0.053040
-0.055547
-0.101110
-0.037228
-0.083535
-0.124324
-0.175570
0.441145
0.061168
0.123722
0.201296
0.089159
-0.105752
-0.184707
0.323021
-1.224989
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H  -5.213654
H  -5.071358

Frequencies

22.0444
98.8458
308.1030
413.9447
555.3945
712.2996
867.7284
925.4954
1007.8859
1055.0556
1188.7974
1283.7245
1355.2038
1488.0070
1680.1384
2988.8551
3186.3459
3211.4112

i10

e

1.704091
1.075671

42.0554
169.1591
358.1712
434.6829
606.1041
742.1912
871.3510
946.2860
1018.5980
1064.3031
1207.0222
1316.8106
1413.5742
1541.4943
1763.2156
3066.3774
3192.4445
3218.6062

Cartesian coordinates

C 1.754546
C 3.121786

J\.

0.757234
-0.982314

75.5169
259.9868
399.5048
545.6109
642.9403
782.2437
900.9986
1001.2710
1024.2334
1111.3262
1220.7231
1333.1355
1452.8987
1648.1465
2386.0095
3073.1366
3201.2446
3224.2903

-1.195290 0.113432
-1.056095 0.300438
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3.712814
2.929492
1.561553
0.959465
-0.452385
-1.637753
-3.081012
-3.846767
-4.784237
1.288908
3.728171
4.781403
3.386527
0.946650
-3.305954
-3.422565
-3.560921
-5.267233

Frequencies

6.1724
106.6822
322.3224
421.4374
569.8212
716.3134
826.4770
946.4170
1004.9219
1036.9391

0.200427
1.320747
1.188605
-0.072591
-0.213440
-0.331775
-0.475275
-0.133913
0.770351
-2.172319
-1.932697
0.307313
2.302312
2.058838
-1.510707
0.159940
-0.704325
1.481133

53.2133
165.3351
351.7360
502.0102
642.0793
744.3362
862.6284
952.8848
1022.9500
1063.8338

0.235421
-0.017846
-0.205303
-0.141576
-0.333809
-0.499453
-0.671145
0.602662
0.677751
0.163737
0.498042
0.382577
-0.069648
-0.401715
-0.950579
-1.492908
1.485857
0.021196

79.5552
303.0153
414.6719
548.2856
678.9391
788.5389
867.0886
1000.8200
1026.6297
1112.6047
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1189.7605
1274.8104
1338.5649
1489.3574
1680.5453
3048.1113
3193.0557
3219.9046

1208.7334
1290.0201
1356.4033
1543.1820
1691.9805
3100.4450
3202.2712
3225.2378

1215.5677
1317.6307
1463.7471
1648.2166
2380.2837
3134.0289
3212.1402
3252.7345

ill

'©:C:\—_—c—_—

Cartesian coordinates

C
C
C
C
C
C
C
C
C
C
C
H
H
H
H
H

1.695516
3.058472
3.753215
3.059038
1.696135
0.967217
-0.387493
-1.677120
-3.966395
-2.676276
-5.246899
1.157957
3.594148
4.824453
3.595033
1.158992

1.222131
1.207906
0.000431
-1.207331
-1.222161
-0.000259
-0.000494
-0.000722
0.000063
-0.000372
0.000613
2.159184
2.147202
0.000717
-2.146432
-2.159465

-0.086880
0.119060
0.224799
0.119340

-0.086569

-0.195648
-0.395419
-0.585616
0.283143
0.498071
0.057208

-0.169189
0.200298
0.387550
0.200740
-0.168692
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Frequencies

18.6480
156.1217
340.9825
469.1215
580.9634
688.9884
831.7858
907.8826
989.8843
1038.4811
1133.5291
1214.5926
1349.6575
1482.1239
1614.6482
3103.3084
3192.9566
3218.6648

il2

-2.308077 0.000047
-5.800008
-2.075906

-0.928739
-0.001723
-5.799059 0.930377

36.6877
185.5417
341.7247
494.2605
593.1928
761.0925
849.0917
909.6704
1005.7508
1045.7004
1167.0110
1263.0657
1389.9093
1501.6521
1895.7713
3142.7649
3199.1970
3224.9295

1.520217
-0.038235
-1.602162
-0.039466

104.7945
187.6805
410.8852
532.0186
629.7887
795.1152
896.0317
987.4334
1019.1038
1110.0051
1176.4957
1301.4224
1468.7482
1587.8705
2071.8308
3177.3472
3213.5649
3225.1946
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Cartesian coordinates

T T &L T =T - - oo T O 0O o o 0o oo oaooaoo0o0

-1.804639
-3.127240
-3.566701
-2.655268
-1.327384
-0.858942
0.458884
1.720645
2.738042
3.816616
4.692557
-1.464967
-3.833094
-4.608778
-2.993591
-0.619702
2.123582
3.169415
2.239753
5.467968

Frequencies

-1.207999
-0.906611
0.419507
1.452436
1.178993
-0.168081
-0.448065
-0.691365
-0.772288
0.200023
1.002765
-2.236813
-1.709761
0.644663
2.482587
1.979173
-0.844986
-1.779044
-0.609088
1.717385

0.003432
0.249077
0.267212
0.034306
-0.213707
-0.235771
-0.489635
-0.660625
0.470053
0.301444
0.141317
-0.012190
0.429389
0.459887
0.048088
-0.394492
-1.663369
0.495712
1.428606
0.005743

22.2220

132.9458
344.3546
468.2702

44.1733

185.8542
364.4510
498.8388

74.0020

244.7528
410.6418
540.7598
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550.3158
706.1736
759.3165
905.4687
984.0921
1029.3173
1157.3696
1225.4937
1348.5568
1471.7807
1614.4843
3056.2008
3190.5790
3216.3414

i9-p2

633.1193
715.4441
813.3357
939.1431
989.8908
1044.0360
1178.2758
1303.0284
1368.9347
1495.4498
1920.5525
3099.4444
3197.0685
3222.5481

Cartesian coordinates

o O 0O O o 0 0 o0 a o a0

-1.908614
-3.270724
-3.735009
-2.829344
-1.465741
-0.991346
0.413552
1.599156
3.002715
3915117
4.828396
-1.541450

-1.191460
-0.931876
0.376071
1.427161
1.175925
-0.138280
-0.399024
-0.606439
-0.881821
0.076048
0.994345
-2.208865

687.8849

751.0485

830.5268

964.1518

1002.0263
1110.5942
1208.1202
1307.1316
1468.5153
1591.3770
2252.3828
3113.7916
3210.3846
3485.3129

Transition states

-0.089600
-0.095529
-0.013031
0.075280
0.081427
-0.000839
0.007512
0.020247
0.021801
-0.119240
-0.124113
-0.153520



T o T T T I &= o

-3.974062
-4.800524
-3.187494
-0.754832
3.307023
3.154717
5.171062
5.276610

Frequencies

-917.4723
84.2680
252.2584
373.2181
481.1165
609.3710
710.8056
868.5764
956.0667
1002.4793
1059.8276
1189.2408
1316.6119
1460.8764
1646.9372
2365.2743
3194.1532
3212.9749

-1.753894 -0.163649
0.575214 -0.017310
2448191 0.141120
1.990605 0.150234
-1.910814 -0.152380
-1.333641 1.853163
1.452559 -1.047238
1.336745 0.806094
26.8895 47.6026
135.9517 209.1841
328.7978 358.3735
413.3896 442.9981
543.5969 549.6081
632.8057 643.8005
760.0490 780.3710
899.4346 944.9632
982.3768 994.3922
1018.5715 1023.4059
1108.4831 1111.4600
1206.2160 1282.5496
1354.9035 1366.8557
1487.7641 1541.5630
1678.6475 2009.0563
3126.2013 3164.4318
3203.1473 3208.6515
3220.4482 3225.9085
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i9-pl

Cartesian coordinates

- T T T & - - - T O O 0o o o o oo 00

-1.930684
-3.283213
-3.702832
-2.762959
-1.409059
-0.980180
0.418378
1.595250
3.029003
3.861630
4.616593
-1.598804
-4.013252
-4.760569
-3.085734
-0.671435
3.300069
3.261065
5.699895
5.157202

Frequencies

-747.8847
71.0573
235.2363
367.5373
444.3888
605.3536

-1.196688
-0.890584
0.433589
1.453901
1.155525
-0.174880
-0.479930
-0.717986
-1.010386
0.191718
1.124600
-2.227227
-1.688786
0.669132
2.487791
1.946047
-1.643916
-1.587932
0.674162
2.037453

16.2105
88.3716
239.5011
395.4066
539.4065
643.8467

-0.071716
-0.104902
-0.049032
0.040653
0.074438
0.018590
0.053730
0.084150
0.124196
0.097626
-0.034711
-0.116190
-0.174616
-0.075967
0.084922
0.143256
-0.729390
1.025813
-1.613794
0.057846

51.8250

138.1942
323.0405
413.6091
555.6114
699.5281
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712.0260

811.8756

936.9938

1019.2746
1064.4823
1208.7179
1318.6528
1450.9121
1649.0541
2390.2343
3192.1602
3218.8901

i2 - p3

743.5876

867.9212

946.5204

1021.7762
1112.7810
1245.8551
1356.4048
1488.9656
1681.0086
3036.8345
3201.5941
3224.1523

Cartesian coordinates

C
C
C
C
C
C
C
C
C
C
C
H
H
H
H

-1.894481
-3.279213
-3.915605
-3.161580
-1.776524
-1.129568
0.296209
1.501306
4.054368
2.878724
5.497721
-1.392394
-3.863783
-4.998298
-3.654815

-1.199522
-1.126831
0.109206
1.277343
1.213819
-0.027257
-0.096420
-0.147919
0.108527
-0.214736
0.251892
-2.159473
-2.039589
0.162766
2.242455

781.7729

922.4427

1001.8861
1024.7884
1189.2465
1289.3512
1359.6274
1543.2500
2188.0742
3075.2187
3210.8078
3457.1955

0.011588
0.014803
0.005456
-0.006846
-0.009894
-0.000746
-0.004819
-0.008429
0.012113
-0.015288
0.019594
0.018641
0.024425
0.007869
-0.014341
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H  -1.183503 2.120500 -0.019506

H 3.019619 -2.071027 -0.184119

H 5.843016 0.680658 0.963576

H 5.829038 0.901630 -0.794248

H 5.972973 -0.726528 -0.107492
Frequencies

-909.3028 35.3723 57.7765
67.0984 110.8614 149.4608
156.9670 277.0852 285.4684
332.7100 396.2346 412.3413
482.6347 512.5206 546.1420
572.9173 584.2069 642.4461
672.9299 710.2316 782.2650
845.5520 867.2942 948.3495
1002.3978 1019.8627 1023.9706
1042.3051 1055.3853 1060.8945
1113.0294 1137.5128 1188.8031
1211.9278 1319.0178 1343.5498
1357.6545 1418.7884 1474.2477
1479.3273 1488.2597 1544.5097
1646.5537 1679.5672 2223.0143
2379.4960 3038.4626 3109.8698
3126.4906 3193.8870 3202.9917
3211.7682 3222.6561 3227.3741
i2—-p2

Cartesian coordinates
C 1.959160 -1.198959 0.000591
C 3.322802 -0.947391 0.000864
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3.793736
2.893291
1.528069
1.046737
0.358961
-1.546444
-3.873729
2.942601
4.872823
1.587466
4.021285
4.860254
3.256161
0.822097
-3.246442

-6.533695
-5.231275
-5.231268

Frequencies

-689.5498
85.3278
255.6387
367.4631
422.4994
623.4673
714.5254
869.9520
950.8103
1017.5847

0.360768
1.420102
1.176837
-0.137542
-0.391950
-0.595337
0.045724
-0.874376
0.894046
-2.216658
-1.776294
0.554283
2.441526
1.998670
-1.920018
-0.245981
1.327837
1.325103

22.5744
131.5218
279.7593
405.9602
544.8128
643.8126
758.2076
900.3443
981.4256
1024.0925

0.000367
-0.000399
-0.000671
-0.000183
-0.000488
-0.000759

0.000134
-0.001162

0.001371

0.000982

0.001468

0.000575
-0.000794
-0.001273
-0.002655
-0.000315
-0.926731

0.930750

48.2074
175.6017
352.1639
414.3967
555.5986
692.6658
785.7166
934.5146
1003.8532
1024.1343
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1061.4469
1189.2742
1319.2935
1469.5480
1647.5466
2361.3066
3188.8424
3214.7982

il —ill

1112.5523
1209.4344
1356.4533
1488.5812
1680.4523
3137.3645
3197.4583
3220.4648

Cartesian coordinates

C
C
C
C
C
C
C
C
C
C
C
H
H
H
H
H
H
H
H

1.573289
2.949133
3.641400
2.949130
1.573286
0.861385
-0.537713
-1.786310
-4.098275
-3.031926
-4.040223
1.027830
3.487535
4.718876
3.487531
1.027826
-2.977726
-4.289662
-2.511592

-1.212312
-1.205685
0.000008
1.205695
1.212312
-0.000003
-0.000011
-0.000014
-0.000007
-0.000052
0.000052
-2.146421
-2.144543
0.000012
2.144557
2.146418
-0.000105
0.914271
0.000040

1118.7077
1288.0442
1372.6433
1544.3384
2024.8995
3140.6447
3207.7718
3225.4648

-0.038017
0.112448
0.188143
0.112396

-0.038071

-0.114328
-0.271715
-0.215907
-0.261668
-1.035643
1.127398
-0.097843
0.171608
0.305607
0.171516

-0.097939
-2.115976

1.665309
0.942123
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H  -4.289664

Frequencies

-2223.1903
80.8943
315.0989
413.3474
565.8576
676.7047
827.2572
945.4649
1003.6712
1022.3469
1105.0868
1202.9496
1316.2079
1483.8852
1630.3634
2050.1709
3190.1447
3216.4579

i7—1i8

-0.914125

47.1183
201.6975
337.2880
516.6704
636.8506
705.4269
860.3101
948.2098
1014.4417
1057.8040
1112.7297
1244.6282
1354.6527
1523.4552
1656.5901
3104.0259
3198.8708
3221.5559

Cartesian coordinates

C
C
C
C
C
C

1.520186
2.903177
3.602858
2.903187
1.520196
0.801112

-1.212398
-1.203901
-0.000004
1.203899
1.212409
0.000009

1.665381

59.4539
217.7650
394.2870
517.5798
667.2004
780.8768
864.0961
1003.1184
1018.6197
1101.4456
1187.7652
1282.9749
1470.8612
1533.2703
1735.6269
3180.4766
3209.0031
3233.4499

0.068856
0.024595
0.001973
0.024515
0.068774
0.089767
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-0.601697
-1.839113
-3.248994
-3.042726
-4.215216
0.975283
3.442663
4.685997
3.442681
0.975301
-3.049671
-3.049642
-3.985955
-5.254478

Frequencies

-664.6794
70.4485
280.8288
412.2697
535.7559
703.9995
761.0624
927.6165
959.4033
1014.0388
1112.5293
1205.2864
1354.6215
1482.0901

0.000015
0.000007
0.000001
-0.000087
0.000062
-2.148655
-2.144180
-0.000010
2.144173
2.148672
0.933191
-0.933437
0.000135
0.000041

50.4206
186.2794
302.9319
457.4451
616.7028
704.6498
770.4324
934.1152
996.0669
1025.0921
1171.8175
1312.1269
1419.1605
1525.3010

0.139612
0.029221

0.083679
-1.363201
0.988680
0.087301
0.007263
-0.032112
0.007125

0.087161
-1.912223
-1.912103
2.047137
0.681628

54.5332
228.0607
350.6726
508.6794
640.1096
741.7038
855.8471
936.2755
1013.4116
1056.7898
1184.7700
1312.3983
1456.2670
1623.7789
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1647.3600
3152.1320
3195.2190
3219.5920

il —i6

1781.3986
3163.2985
3207.3159
3261.8223

2061.4842
3187.6856
3213.5497
3266.1141

Cartesian coordinates

C
C
C
C
C
C
C
C
C
C
C
H
H
H
H
H
H
H
H
H

1.804139
3.184378
3.879165
3.184274
1.804033
1.096377
-0.320378
-1.532040
-4.153826
-2.880286
-5.206437
1.259602
3.721282
4.958408
3.721097
1.259417
-3.644405
-5.842788
-4.745810
-5.843201

Frequencies

-1.208300
-1.202871
0.000131
1.203052
1.208321
-0.000031
-0.000123
-0.000203
-0.000266
-0.000425
0.000503
-2.143582
-2.143284
0.000194
2.143527
2.143541
-0.001205
-0.882136
0.001555
0.882660

0.005922
-0.121985
-0.186214
-0.121605

0.006301

0.071494

0.203338

0.280411

0.336174

0.554143
-0.712298

0.056105
-0.171941
-0.286240
-0.171269

0.056772

1.563047

-0.617451
-1.707342
-0.615768



-2181.8281
65.3579
211.0117
352.6243
485.7005
571.3613
712.6381
867.0333
1021.0860
1031.2476
1112.6710
1313.3459
1389.3401
1486.9154
1673.8575
2387.2351
3130.0497
3207.5168

i8—1i9

28.5883
100.9567
250.3775
399.6159
497.8151
643.2712
781.6361
945.1339
1021.9389
1055.1614
1188.1572
1316.7091
1469.0178
1539.3779
1968.0383
3022.0361
3188.2509
3214.7274

Cartesian coordinates

C
C
C
C
C
C
C
C
C

-1.514941
-2.863715
-3.545294
-2.863724
-1.514950
-0.816810
0.557719
1.777944
3.273960

-1.210118
-1.203072
0.000050
1.203130
1.210090
-0.000034
-0.000077
-0.000099
0.000066

52.4793
132.5854
267.6215
413.2537
549.7508
669.0747
839.7466
1001.6954
1025.3476
1073.4513
1209.4862
1356.5937
1477.8808
1642.7080
2269.9420
3110.0044
3196.9307
3220.1890

0.106237
-0.207620
-0.365889
-0.207292

0.106568

0.267801

0.590516

0.735578
-0.364658
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3.200064
3.939974
-0.983416
-3.388699
-4.600954
-3.388709
-0.983427
3.547382
3.547295
3.436972
5.032186

Frequencies

-682.3928
93.5088
265.3577
407.1236
517.9624
708.0890
860.1168
932.5143
998.7716
1031.4137
1135.7418
1209.4610
1355.5234
1484.6793
1657.3771
3051.8126
3180.2285

-0.000224 1.089343
0.000267 -1.488329
-2.146256  0.228915
-2.143669 -0.330738
0.000079 -0.611104
2.143762 -0.330146
2.146193 0.229512
0.902638 1.597462
-0.903325 1.597099
0.000468 -2.451219
0.000237 -1.503303
35.9979 51.8581
154.1448 156.3072
286.6048 363.4456
413.4358 510.3382
551.4116 640.9749
710.2620 773.7841
901.3538 922.4600
939.1022 997.5189
1015.4155 1017.1793
1060.3903 1112.5042
1186.1124 1201.6271
1311.6925 1314.1068
1430.0692 1449.4080
1531.4459 1631.6208
1792.0617 2132.2734
3075.0528 3117.7747
3186.7476 3194.4942
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3206.4691

i9-ill

3212.7899

Cartesian coordinates

-1.915443
-3.270646
-3.715829
-2.789463
-1.431186
-0.971878
0.411453
1.610323
3.030468
3.964493
4.788163
-1.569449
-3.986806
-4.777592
-3.129224
-0.709831
2.283091
3.327139
4.941985

-1.196689
-0.912805
0.404995
1.443217
1.174082
-0.154427
-0.433299
-0.674056
-0.916701
0.033844
1.017874
-2.222720
-1.726506
0.621399
2.472221
1.982283
-0.783899
-1.961317
1.423493

3218.8703

0.058573
0.037541
-0.006422
-0.030828
-0.014633
0.029351
0.051203
-0.080764
-0.051216
0.233779
0.017419
0.097770
0.058011
-0.020151
-0.064124
-0.034077
-1.247793
-0.089676
-0.984476

D T oD &©n &N &K T T T OO0 0o o0 o oo oo0ao0

5.357957 1.478832 0.820487
Frequencies
-1920.7034
81.0381
242.0408
412.5413

429513 47.5135
216.8519
352.0003

510.5105

126.0104
307.8458
419.5903

S46



543.1810
641.0079
753.1107
918.2231
993.8509
1015.7517
1099.4758
1207.1254
1356.1879
1484.9177
1631.8933
2179.5837
3170.5114
3206.9607

i9-il10

559.5891
708.5958
773.2001
931.6344
997.3058
1017.1841
1112.9746
1301.4155
1367.5915
1531.2742
1666.3496
3079.9651
3187.6687
3212.7617

Cartesian coordinates

C
C
C
C
C
C
C
C
C
C
C
H
H

-1.894672
-3.253697
-3.717053
-2.813886
-1.453663
-0.979981
0.423938
1.603205
3.037281
3.870237
4.813179
-1.528867
-3.954131

-1.192517
-0.925081
0.381214
1.422219
1.161829
-0.150209
-0.420597
-0.642492
-0.906920
0.159639
1.021460
-2.208978
-1.740048

629.9522

715.2190

859.6402

956.0333

1009.6131
1056.9394
1186.5640
1314.4312
1457.0023
1607.2646
1912.6153
3165.7478
3195.0192
3219.4007

-0.123355
-0.197672
-0.090813
0.091598
0.167846
0.060796
0.138516
0.204738
0.287115
-0.361407
-0.193889
-0.206939
-0.340218
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-4.779593
-3.170444
-0.745431
3.258189
3.340524
4.251986
5.518435

Frequencies

-2108.5527
77.5536
231.1406
357.4406
500.4291
642.3671
745.1486
871.0174
951.1341
1023.4877
1111.6680
1217.8865
1327.8673
1488.2765
1681.0546
2440.7925
3120.0504
3206.8045

i4 - p4

0.587519
2.442495
1.969354
-1.868082
-0.989614
0.890455
1.465625

7.8376
90.5746
262.8435
406.4152
553.9903
650.1868
786.2434
903.5735
1003.9131
1024.5684
1188.6064
1281.9742
1355.6957
1542.7230
1875.6236
3013.0827
3187.8020
3214.2766

-0.149657
0.175177
0.310029

-0.187706
1.339825

-1.348120
0.506765

37.0519
165.6452
337.5420
414.8211
568.9864
715.4673
827.8078
937.6845
1011.7405
1064.0545
1208.9079
1318.6774
1455.6048
1648.7873
2383.9460
3080.1600
3196.8649
3219.8149
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Cartesian coordinates

C
C
C
C
C
C
C
C
C
C
C
H
H
H
H
H
H
H
H
H

-1.443836
-2.822817
-3.643897
-3.081017
-1.702907
-0.870225
0.549448
1.747776
3.128097
4.167297
3.590213
-0.798591
-3.258640
-4.721586
-3.718636
-1.257699
5.185100
3.094124
4.673016
3.094128

Frequencies

-605.2552
73.1724
201.0713
385.3750
477.8417
562.3710
642.9322

1.142503
1.287326
0.165263
-1.106097
-1.259490
-0.134373
-0.286143
-0.423899
-0.548182
-1.204028
1.644236
2.012898
2.279715
0.281510
-1.982572
-2.247110
-1.517063
1.917577
1.674752
1.917599

11.5381
97.7950
248.2612
414.0095
504.4992
568.8506
682.6263

0.000012
0.000010
-0.000001
-0.000011
-0.000010
0.000002
0.000004
0.000005
0.000006
0.000014
-0.000021
0.000021
0.000018
-0.000003
-0.000021
-0.000018
0.000017
-0.923830
-0.000024
0.923784

56.6844

143.1082
365.1806
424.6704
550.4921
580.8465
708.2390
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714.1968

897.0402

1005.4877
1063.4258
1210.0226
1356.8090
1488.5005
1679.1863
3096.2310
3208.0185
3265.0428

i4-1i7

787.3522

953.9580

1024.4666
1112.9531
1299.2615
1419.2791
1541.6115
2001.5670
3189.5556
3215.7825
3265.5492

Cartesian coordinates

C
C
C
C
C
C
C
C
C
C
C
H
H
H
H
H

-1.606843
-2.993164
-3.717478
-3.049476
-1.663350
-0.927401
0.500265
1.705803
3.120473
4.018555
4.077987
-1.037065
-3.510805
-4.801125
-3.611064
-1.137018

1.204962
1.233180
0.046303
-1.173125
-1.209687
-0.018929
-0.053272
-0.091886
-0.105812
-1.084425
1.056115
2.126474
2.185515
0.071718
-2.100215
-2.156643

871.1903

978.6770

1025.9854
1189.7066
1319.6676
1423.3337
1647.7871
2360.6580
3198.6665
3221.1531
3453.5765

-0.000090
-0.000205
-0.000121
0.000087
0.000205
0.000114
0.000179
0.000165
0.000034
-0.000439
0.000193
-0.000144
-0.000357
-0.000223
0.000136
0.000346
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H 4.008900 -2.171299 -0.000911

H 4.173954 1.628547 -0.921618

H 4.947438 -0.032531 -0.000297

H 4.174562 1.627888 0.922334
Frequencies

-2203.4688 22.0670 61.3625
70.5124 177.2740 196.8588
320.4878 367.3529 414.1151
462.7533 479.8975 502.2329
569.8668 579.4511 603.1084
643.9494 714.0500 726.8499
752.2775 786.8941 870.2610
904.6833 952.4537 970.1459
997.3039 1004.4135 1024.6219
1024.7649 1053.9983 1062.1614
1112.7026 1114.8911 1189.2419
1196.4306 1211.2627 1319.8592
1331.1019 1356.3308 1425.7867
1488.6288 1541.1932 1647.8490
1673.2550 1693.5308 1909.5724
2351.9153 3087.5542 3175.2161
3189.3326 3191.7621 3198.5662
3208.1131 3215.8357 3221.1051
i10—-pl

Cartesian coordinates

C -1.449600 1.140613 -0.252572

C -2.809149 1.389761 -0.137646

C -3.688977 0.353481 0.153643
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-3.203474
-1.844977
-0.954552
0.448840
1.628507
3.062659
3.902387
4.704339
-0.758731
-3.183506
-4.751055
-3.885905
-1.461658
3.309883
3.324298
3.257262
5.373390

Frequencies

-799.1961
80.4317
251.1485
401.5106
495.4590
599.5996
714.0960
786.0467
937.3593
1021.7584
1064.6314

-0.937004
-1.193569
-0.155650
-0.412887
-0.614942
-0.869875
0.228915
0.872253
1.943600
2.397501
0.551268
-1.747916
-2.197536
-1.048968
-1.779879
1.528489
1.546871

9.6084
111.6457
332.2560
411.8295
539.9982
642.7852
715.2369
871.1207
951.7159
1023.9174
1112.0789

0.330920
0.218596
-0.074900
-0.192955
-0.294343
-0.422427
0.091794
0.728935
-0.479962
-0.276568
0.242382
0.558352
0.356828
-1.473519
0.127329
-1.156809
1.207695

50.1261
159.5522
364.5403
414.3977
555.6770
662.9925
745.2249
932.8881
1004.1893
1024.8127
1188.7165
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1209.2707
1319.3354
1461.9256
1649.1831
2388.8808
3188.0466
3214.6037

i10 - p6

1244.8925
1355.9097
1488.5260
1681.1969
3052.7459
3197.2066
3220.0240

1290.1644
1356.3957
1542.9584
2157.8488
3092.1799
3206.9922
3475.0155

Cartesian coordinates

D T oD &n &N - T D T O 0 0 0o 0o oo oo0ao0

1.702535
3.053718
3.705232
2.996861
1.645366
0.980004
-0.407917
-1.585316
-2.965180
-3.857680
-4.994329
1.191248
3.602126
4.762016
3.500876
1.089257
-3.389002
-3.437311
-3.020601
-5.938372

-1.201534
-1.142682
0.084493
1.256954
1.207485
-0.024967
-0.080096
-0.123722
-0.176398
-0.132152
0.329313
-2.155391
-2.058922
0.127001
2.215431
2.118074
-1.128680
0.698728
-0.563109
0.766703

0.024021
0.327156
0.391434
0.150260
-0.153188
-0.220507
-0.529865
-0.824225
-1.040055
0.888812
0.940577
-0.028421
0.513890
0.628659
0.199216
-0.341372
-1.339611
-1.470406
1.402070
0.709453
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Frequencies

-726.7527
51.5243
256.3877
414.3534
511.5085
590.5809
712.0249
782.9170
938.7292
1021.3958
1066.4465
1188.1566
1329.8770
1487.1935
1672.4637
3148.1013
3207.1128
3237.9009

il -i2

25.5515
95.6689
297.0050
420.7683
542.1874
641.9397
734.1064
827.6455
947.0262
1021.7477
1072.1047
1208.4307
1355.5391
1541.6042
1853.0867
3188.0909
3214.4227
3333.6698

Cartesian coordinates

C
C
C
C
C
C
C

-1.976718
-3.332361
-3.766952
-2.836913
-1.479858
-1.033829

0.364676

-1.192727
-0.901395
0.418378
1.448884
1.165228
-0.160970
-0.452304

34.6171
126.8817
306.9050
464.3495
551.3096
702.6585
781.5493
867.4210
1002.5204
1037.5396
1112.2240
1317.6558
1462.4673
1642.1070
2226.0252
3196.8782
3220.0285
3454.0779

0.058843
0.084254
0.033694
-0.042478
-0.067848
-0.017646
-0.044854

S54



el esii «s BN G NN @ I == i« fi «s i ao i as Bl « s BN O NN

1.548608
2.951944
-1.633689
-4.054066
-4.827411
-3.170625
-0.750781
3.207277
3.887467
4.935005
4.668631
5.888946
5.105289

Frequencies

-274.3866
91.6697
253.2449
409.4053
553.9845
711.0477
798.8620
943.1507
1016.7123
1041.9743
1188.2528
1316.1250
1406.9552
1487.6731
1678.8494

-0.679517
-0.970498
-2.219787
-1.708149
0.642217
2.479591
1.964496
-2.029244
-0.063082
0.930350
1.856402
0.578387
1.182007

26.8231
105.1958
298.7281
414.0087
580.0321
729.0353
866.4032
984.3381
1023.0968
1064.6794
1206.9702
1323.5161
1458.0537
1541.1858
1833.0424

-0.069034
-0.101881
0.099086
0.143558
0.053890
-0.083244
-0.127099
-0.223839
0.003838
0.111831
-0.412912
-0.304932
1.163178

57.0113
165.4290
360.2125
498.7024
642.9791
780.6338
874.6019
1000.1767
1029.5733
1111.3534
1287.6745
1355.1953
1474.8654
1646.3186
2348.8947
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2993.0683
3100.4989
3210.7610

i4-i6

3041.5145
3191.3199
3218.8282

Cartesian coordinates

C
C
C
C
C
C
C
C
C
C
H
H
H
H
H
H
C
H
H
H

1.552349
2.933156
3.722810
3.115651
1.736095
0.929397
-0.475694
-1.698398
-3.033495
-4.260614
0.939239
3.398617
4.803081
3.724055
1.264345
-4.961493
-3.990374
-3.516772
-5.064664
-3.771693

Frequencies
-435.4001
66.5085

-1.180951
-1.279512
-0.134883
1.117210
1.231695
0.080257
0.189519
0.294681
0.398479
0.832021
-2.073256
-2.258474
-0.217919
2.013523
2.206658
1.039337
-1.001551
-1.603045
-1.040775
-1.347838

52.0191
127.8973

3048.2608

-0.054020
-0.026667
0.029957
0.059919
0.034440
-0.023330
-0.050845
-0.054903
-0.151454
0.130061
-0.098693
-0.050109
0.050734
0.104396
0.059246
-0.688512
0.136379
-0.641961
-0.052392

1.140070

3200.7905
3224.0112

58.4668
176.6401
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231.8169
378.2749
518.2276
641.8041
771.9393
881.3647
972.5062
1013.8397
1112.9220
1289.6734
1355.8697
1484.0366
1656.1306
3034.8349
3186.8004
3212.3755

i5-19

Cartesian coordinates

C
C
C
C
C
C
C
C
C
C
C

-1.925068
-3.292082
-3.786761
-2.905656
-1.536992
-1.031325
0.376184
1.569304
2.966674
3.926854
5.080741

259.5221 356.5747
412.0515 469.7127
582.1478 611.1792
693.0273 707.8858
856.3494 861.8384
918.4216 927.7068
995.6738 1010.5002
1018.5906 1058.5564
1185.6933 1206.1753
1313.2189 1316.1832
1443.4421 1469.5784
1527.4076 1629.3433
1789.2307 2145.1553
3067.7253 3141.3799
3194.0568 3206.3217
3218.9694 3219.2821
-1.199963  0.055221
-0.971253  0.090271
0.327743  0.052257
1.401113 -0.018968
1.181645 -0.050363
-0.123994 -0.014709
-0.353302 -0.049217
-0.537269 -0.073345
-0.776585 -0.111888
0.288553 -0.204186
0.676096 0.302476
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-1.535606
-3.975127
-4.856075
-3.286663
-0.846305
3.408919
3.316739
5.752185
5.370691

Frequencies

-1989.3701
86.5090
279.5605
412.6729
547.9830
659.4943
783.6939
891.5026
1003.1065
1029.3058
1112.6948
1209.1542
1355.4363
1488.2674
1678.0547
2319.5301
3188.5858
3207.5322

-2.210674 0.081936
-1.811149 0.145789
0.503141 0.078189
2.415517 -0.048240
2.014741 -0.102534
-0.335071 -1.264585
-1.771840 0.164318
1.339107 -0.231981
0.379515 1.311818
30.6000 50.9735
131.4059 194.8547
286.6433 367.9159
414.2815 506.7558
570.8874 642.5115
713.7956 744.9228
832.0746 869.0260
948.3639 949.3788
1022.7496 1023.3441
1061.4475 1099.8268
1129.6298 1188.7872
1259.2941 1318.8404
1356.5573 1442.4128
1543.4459 1645.7337
1725.0717 2169.8099
3090.1503 3109.8195
3197.2431 3206.3231
3214.6525 3220.3219
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i1l - p5

Cartesian coordinates

C
C
C
C
C
C
C
C
C
C
C
H
H
H
H
H
H
H
H
H

1.674344
2.976543
3.630789
2.974967
1.672762
1.004465
-0.330917
-1.537988
-3.904508
-2.665023
-5.189695
1.159967
3.484936
4.649699
3.482127
1.157152
-2.413038
-1.892786
-5.730255
-5.732237

Frequencies

-651.7144
41.1842
173.2083
384.9194
498.4611
640.2902

-1.210402
-1.203094
0.001792
1.205275
1.209789
-0.001021
-0.002390
-0.003123
0.000857
-0.000271
0.001859
-2.145487
-2.142238
0.002882
2.145507
2.143765
-0.004355
-0.000314
0.932448
-0.927841

8.9490

111.3223
311.2186
413.3621
543.2384
706.7695

0.192382
-0.280759
-0.517431
-0.277989

0.195166

0.435184

0.912938

1.111981
-0.586525
-0.778126
-0.231407

0.379021
-0.466433
-0.886958
-0.461513

0.383940

1.724574
-1.519702
-0.101744
-0.103653

40.3977

168.0384
381.7158
464.6560
546.9998
710.5324
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716.5527

784.6837

867.1773

1020.8439
1058.6717
1188.4728
1318.5646
1486.3700
1666.2865
3151.1119
3208.4524
3242.4129

i1l - p2

724.3264

792.5046

947.1873

1023.0963
1112.7645
1204.7912
1355.8080
1531.0581
1900.6253
3189.5446
3215.8195
3365.0484

Cartesian coordinates

C
C
C
C
C
C
C
C
C
C
C
H
H
H
H

-1.717429
-3.092936
-3.783781
-3.093072
-1.717566
-1.014655
0.399336
1.613641
4.033016
2.970952
5.107651
-1.172908
-3.628481
-4.859208
-3.628721

1.208435
1.203905
0.000152
-1.203707
-1.208447
-0.000061
-0.000173
-0.000221
-0.000019
-0.000476
0.000410
2.142638
2.143752
0.000235
-2.143472

781.6038

829.7917

1003.6314
1032.7515
1157.3002
1234.9091
1467.2704
1639.0081
2079.1819
3198.4227
3221.1244
3402.4058

-0.032296
0.140765
0.227548
0.141158

-0.031898

-0.120671

-0.296166

-0.329328

-0.021835

-0.787645
0.705215

-0.098738
0.209482
0.363162
0.210181
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H  -1.173148 -2.142733 -0.098032

H 1.990258 0.000690 1.660947

H 3.109880 -0.001101 -1.866578

H 5.565697 -0.929675 1.025783

H 5.565685 0.930872 1.024708
Frequencies

-693.7088 11.7570 58.5581
72.5969 101.4947 156.9068
274.6070 288.7581 345.8883
346.3382 413.8379 428.4074
461.6006 534.2884 566.3000
612.8166 636.9236 652.8434
712.8473 771.4898 785.8857
869.6565 889.6279 895.8787
952.1045 979.5906 1004.5922
1008.6897 1024.0123 1024.8106
1061.8046 1112.6666 1140.0295
1189.2960 1209.1507 1277.7992
1318.7637 1356.3310 1372.8725
1478.3834 1487.6531 1542.1557
1645.4350 16759173 2083.1958
2274.6818 3143.5102 3152.0372
3189.2654 3198.5754 3208.3577
3216.1240 3221.1683 3227.4364
i6—p3

Cartesian coordinates
C 1.856097 -1.208729 -0.008190
C 3.242438 -1.203866 -0.005167
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C 3.938321
C 3.242451
C 1.856110
C 1.149047
C -0.276568
C -1.485738
C -4.061489
C -2.849360
C -5.501797
H 1.307730
H 3.782406
H 5.022235
H 3.782428
H 1.307753
H  -4.226991
H  -5.968499
H  -5.695581
H  -5.968554
Frequencies
-707.5136
54.1285
173.0080
337.3872
437.1122
573.6207
658.9445
841.8571
1005.0036
1044.2889

-0.000003
1.203867
1.208745
0.000012
0.000019
0.000023

-0.000052
0.000030
0.000174

-2.143024

-2.143631

-0.000009
2.143626
2.143047

-0.002032

-0.883910
0.001327
0.883278

37.0678
142.9519
296.1818
412.9692
493.3258
584.5919
713.1712
870.0453
1024.4127
1060.3974

-0.003627
-0.004961
-0.007980
-0.009817
-0.012560
-0.015111

0.059159
-0.023033
-0.185088
-0.008854
-0.003715
-0.001048
-0.003348
-0.008483

2.074117

0.254160
-1.260650

0.256066

52.6330
146.6215
326.7254
417.1935
525.4455
644.4575
786.8386
953.4053
1025.5801
1061.0999
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1113.2095
1210.5805
1357.0261
1481.6184
1646.7865
2348.0377
3131.9435
3209.1299

i6 — pd

1135.8082
1319.6665
1417.4024
1488.0398
1677.9786
3051.5746
3190.3606
3217.1653

Cartesian coordinates

C
C
C
C
C
C
C
C
C
C
C
H
H
H
H
H
H
H
H

-1.780948
-3.149604
-3.836638
-3.148900
-1.780240
-1.082048
0.324369
1.520080
4.079743
2.862383
5.049949
-1.240273
-3.682834
-4.906780
-3.681586
-1.239026
5.058313
5.603100
4.139467

-1.208942
-1.202823
0.001376
1.204624
1.208866
-0.000521
-0.001525
-0.002438
-0.003907
-0.003531
0.005870
-2.143857
-2.142329
0.002115
2.144861
2.143040
-0.005804
-0.922698
0.007177

1189.6102
1351.6082
1478.3409
1543.2950
2251.5566
3129.8284
3199.9263
3222.0890

-0.021739
0.198319
0.305893
0.192370

-0.027717

-0.137067

-0.362874

-0.553145

-0.836903

-0.777434
1.347514
-0.106640
0.286209
0.477934
0.275633
-0.117219
-1.258099

1.277684
1.931340
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H 5.600743 0.935210

Frequencies

-443.0206
44.8013
225.6967
375.8399
463.4472
562.2044
667.0570
712.9384
869.6558
1004.7782
1063.5990
1210.2064
1357.4948
1488.1004
1676.1958
3103.1510
3209.0516
3272.8347

i2-1i5

Cartesian coordinates

C
C
C
C
C
C

1.923612
3.293824
3.813366
2.952910
1.581369
1.049350

1.269854
18.6053 36.0442
72.5929 101.4350
228.1727 365.7478
412.8652 424.4724
488.8626 489.6720
586.7314 644.0597
675.1382 708.9962
785.2326 799.8216
951.7784 987.8256
1023.8379 1025.2035
1113.6271 1189.9009
1309.7381 1318.9669
1411.7979 1420.5758
1540.4260 1645.5709
2086.5222 2303.3201
3190.3061 3199.2282
3216.4406 3221.6902
3282.9784 3441.6135
-1.205689 0.057565
-1.001895 0.114196
0.287538 0.079524
1.376054 -0.012100
1.180912 -0.068191
-0.114759 -0.034024
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-0.360318
-1.557261
-2.950146
-3.873396
-5.165558
1.515166
3.960236
4.885147
3.352783
0.907262
-3.292833
-4.147248
-5.594669
-5.832354

Frequencies

-1791.2439
86.1791
247.5352
414.6898
544.7915
644.0205
783.4907
919.5920
1001.9387
1053.8848
1126.1317
1208.8748
1355.2626
1487.8478

-0.318724
-0.480771
-0.698076
0.287591
0.466413
-2.208922
-1.854044
0.443527
2.383321
2.026062
-1.734050
1.281862
-0.191690
1.182373

34.4810
147.3993
323.6010
423.0386
563.9981
713.6339
796.4811
946.6072
1020.8284
1067.1737
1175.3550
1277.5388
1356.1337
1539.7378

-0.092225
-0.146469
-0.177169
-0.238259
0.283714
0.083154
0.184972
0.123267
-0.040245
-0.140367
-0.214693
0.549094
1.043465
-0.188015

53.9851
174.5075
369.7862
510.9616
611.0216
758.0844
868.1726
988.7368
1023.6130
1112.0308
1188.0505
1318.0868
1476.1591
1587.2215
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1645.0804
2306.7578
3187.2184
3206.7546

i2-1i3

1679.2298
3061.4716
3196.1118
3214.1403

Cartesian coordinates

C
C
C
C
C
C
C
C
C
C
C
H
H
H
H
H
H
H
H
H

-1.560924
-2.905963
-3.586073
-2.906219
-1.561178
-0.858852
0.508895
1.737357
3.296028
3.112129
4.176263
-1.030120
-3.430466
-4.639335
-3.430933
-1.030576
3.654333
3.982353
3.982286
5.233680

Frequencies

-1.209637
-1.203995
-0.000559
1.203332
1.209870
0.000346
0.000804
0.001013
-0.000138
0.001434
-0.001645
-2.145144
-2.144553
-0.000904
2.143537
2.145735
0.002519
0.878156
-0.882984
-0.001316

2229.0520
3099.3611
3196.4062
3219.5875

0.097517
-0.230334
-0.397362
-0.232519

0.095306

0.265727
0.603650
0.765530
-0.151619

1.136948
-1.325701

0.228953
-0.357096
-0.653281
-0.360991

0.225022

2.076841
-1.944953
-1.942738
-1.034619



-679.0092
88.1999
224.5194
379.0548
518.1443
706.7820
788.8420
933.4336
1014.0306
1045.1187
1159.4066
1310.6692
1397.9774
1482.4988
1650.4622
3018.1909
3171.7487
3204.9988

i3—-i4

45.8815
122.1286
270.9990
415.8667
520.0761
718.6032
859.5181
997.5612
1016.7601
1059.0076
1184.5388
1343.2158
1467.7985
1528.7779
1827.5307
3099.1583
3184.5839
3211.4527

Cartesian coordinates

C
C
C
C
C
C
C
C
C

-1.558989
-2.943409
-3.642516
-2.943397
-1.558977
-0.838786
0.571136
1.801146
3.229574

1.209962
1.203937
0.000000
-1.203932
-1.209946
0.000011
0.000015
-0.000010
-0.000021

50.7985
153.3255
374.6082
423.7518
639.1815
775.2077
881.4841
1000.3745
1034.9622
1110.1666
1204.2027
1352.6973
1472.8092
1626.3833
2055.5475
3117.7782
3192.4235
3217.4367

0.037522
0.054588
0.063290
0.054754
0.037691
0.027291
0.014882
-0.121353
-0.090320

S67



T T T T T @m &m T T O O

3.101795
4.232115
-1.012071
-3.483528
-4.726332
-3.483507
-1.012049
3.580638
4.096928
4.096930
5.244835

Frequencies

-722.9327
67.7465
244.6581
414.7592
520.0755
664.8101
734.5903
860.5350
998.9195
1049.5015
1157.6980
1312.2515
1406.8458
1487.7390
1652.8078
3053.0567
3186.0206

-0.000190
0.000135
2.145320
2.144068

-0.000004

-2.144067

-2.145300

-0.000311

-0.882151
0.882608
0.000074

50.6738
135.7700
275.6660
446.6317
530.1599
691.0645
776.3937
936.3747
1015.6568
1057.6061
1184.9082
1349.6206
1479.5289
1529.9748
1787.4037
3126.2278
3194.2548

-1.385954
1.009342
0.030357
0.060600
0.076938
0.060898
0.030661

-2.353773
1.639828
1.639567
0.604535

58.6041
180.3339
373.8390
454.6945
640.0133
706.9830
846.9447
998.4557
1017.2753
1110.6317
1204.8956
1353.1430
1483.0818
1628.7090
2065.3843
3150.6191
3206.0432
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3212.9681

i5—p2

3218.6151

Cartesian coordinates

-1.926298
-3.287074
-3.744231
-2.833027
-1.470560
-1.002848
0.398986
1.586520
2.973988
3.912670
4.818524
-1.565002
-3.994277
-4.808697
-3.185539
-0.755829
3.278360

-1.198641
-0.932869
0.379791
1.429588
1.172509
-0.146739
-0.414130
-0.626048
-0.908896
0.026333
0.931143
-2.219710
-1.753977
0.584243
2454211
1.986341
-1.952548

3256.3367

-0.038036
-0.033338
0.002639
0.033651
0.028239
-0.007595
-0.012374
-0.017392
-0.026075
0.031087

-0.200821
-0.065037
-0.057238
0.006746
0.062146

0.052345
-0.018582

4.064865
5.346378
5.059826

-0.007176 2.092121
1.442127 0.594582
1.194243 -1.226980

D T oD &©n N - - D T OO0 0o o0 oo a0 oo0o0

Frequencies
-721.0973 49.2824

145.5376
365.1202

416.8572

25.1627

111.5851
340.4779
414.2592

76.8173
252.3135
376.4277
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462.8120
623.5233
713.9022
869.5460
951.0508
1008.9766
1061.3592
1189.2838
1319.4760
1471.0602
1646.7612
2337.7925
3189.1324
3215.2505

i5-ill

542.9533
643.3646
762.1290
874.5931
990.1125
1023.8160
1112.5823
1209.2619
1356.4224
1488.3638
1679.2655
3143.5771
3197.8750
3220.7623

Cartesian coordinates

o T O O O 0 00 o0 a 0 o a0

-1.734587
-3.097829
-3.730278
-2.988140
-1.624489
-0.972644
0.414327
1.660258
2.993784
3.779494
4.929756
-1.237752
-3.673152

-1.219336
-1.124924
0.115223
1.266633
1.185327
-0.062302
-0.152388
-0.164880
-0.276555
0.126960
0.217301
-2.181938
-2.023044

553.0114

654.7904

785.6282

913.7743

1004.0285
1024.2490
1119.1305
1292.3603
1380.3818
1544.3225
2007.1128
3159.1944
3208.0740
3237.1837

0.088494
0.308945
0.284930
0.036747
-0.187407
-0.161964
-0.395062
-0.359073
-0.877279
0.129173
0.813171
0.107667
0.502651
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-4.797927
-3.477889
-1.042936
3.286423
2.424619
5.234460
5.506246

Frequencies

-2250.0929
100.2441
214.5718
413.4028
533.1833
638.0921
775.6977
861.4441
983.8292
1017.8665
1059.4878
1202.0791
1353.7484
1483.0455
1629.0039
2074.4173
3188.4122
3214.6813

i5-i10

0.183966
2.233553
2.078277
-0.581810
0.346558
1.151628
-0.673541

39.7291
162.7262
307.5308
431.4110
535.1236
705.8174
777.5623
902.1309
1000.7470
1019.0825
1111.7772
1243.2016
1356.2670
1522.8838
1655.0121
3141.7454
3196.7145
3220.1290

0.458450
0.017681
-0.382989
-1.877729
0.777122
1.270046
1.043049

53.0899
191.5489
349.2599
468.4195
592.6753
751.4579
827.5740
940.5231
1013.9523
1050.3865
1186.2971
1314.1188
1451.2551
1535.5284
1839.5133
3177.3944
3207.6347
3235.0993
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Cartesian coordinates

C
C
C
C
C
C
C
C
C
C
C
H
H
H
H
H
H
H
H
H

-1.835619
-3.203634
-3.712584
-2.845184
-1.475862
-0.955079
0.453250
1.645941
3.054110
3.969922
4.527657
-1.434190
-3.876238
-4.782601
-3.237687
-0.795636
3.394274
4.090031
5.258166
3.646374

Frequencies

-2222.2994
80.0054
308.3576
429.4283
575.1986
693.2855
784.3649

-1.213339
-0.997814
0.295302
1.375886
1.168835
-0.130494
-0.347141
-0.531712
-0.724364
0.444420
0.544997
-2.218917
-1.843002
0.460561
2.385582
2.007296
-1.692157
1.008155
1.170758
-0.585729

29.1469

145.1231
368.5721
494.8295
632.8415
713.4331
868.9577

-0.074797
-0.140738
-0.090498
0.026188
0.092937
0.043244
0.111229
0.180529
0.198544
0.465916
-0.723406
-0.113995
-0.232015
-0.142410
0.065247
0.183253
0.567486
1.384001
-1.227721
-1.018726

56.8008

195.3601
414.3843
552.4394
643.4778
754.2633
888.4861
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910.4602

992.6755

1024.0128
1112.3215
1208.7257
1318.7780
1488.0360
1657.3098
2300.6986
3188.3529
3214.9608

i5-1i6

941.2638
1003.1470
1058.6928
1161.9491
1211.8223
1355.9940
1542.7668
1677.3592
3122.6526
3197.3784
3215.9822

Cartesian coordinates

C
C
C
C
C
C
C
C
C
C
C
H
H
H
H
H

-1.772519
-3.158773
-3.855439
-3.158787
-1.772532
-1.063772
0.361591
1.572926
4.077744
2.955995
5.067912
-1.224730
-3.698325
-4.939250
-3.698350
-1.224754

1.208228
1.203419
0.000005
-1.203416
-1.208240
-0.000010
-0.000016
-0.000007
0.000254
-0.000038
-0.000147
2.142891
2.143508
0.000011
-2.143499
-2.142909

949.1038

1022.6023
1084.0836
1188.5990
1274.9888
1364.5689
1645.6388
1846.5107
3173.0545
3207.4329
3220.3465

-0.007234
-0.026415
-0.035976
-0.026292
-0.007108
0.002695
0.021445
0.066245
0.662668
-0.041126
-0.463523
0.000258
-0.033976
-0.050994
-0.033763
0.000473
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Frequencies

-2288.0483
56.7317
321.0868
413.0876
558.2998
643.4773
784.2936
916.7649
1011.8084
1051.8364
1109.8019
1209.2149
1318.0933
1487.4135
1675.1033
2278.3453
3189.2602
3208.2754

i10—-i12

3.791405
5.612236

4.243504 0.000665
5.612195 0.920218 -0.673939
-0.000432
-0.920644

21.1772
161.3893
335.9445
455.7006
565.8698
713.1406
841.2763
950.1269
1023.5829
1053.5503
1112.7032
1228.8052
1356.4921
1538.9743
1770.2436
3085.2114
3198.5082
3216.0419

Cartesian coordinates

C  -1.646877
C -3.012641

C  -3.700996 0.000059

1.733917

-1.141003
-0.673250

56.1196
172.2241
370.7831
483.6954
608.6530
771.7362
869.0039
1003.5742
1024.5147
1063.2768
1188.8203
1313.8009
1431.9487
1645.3172
1856.9022
3183.9951
3205.6201
3221.1560

-1.210450 0.047399
-1.204004 -0.181932

-0.297274

S74



T T T T T T T T T O O O 0 o 0 o 0

-3.012579
-1.646815
-0.942046
0.451648
1.685716
3.057053
3.830047
4.869889
-1.107389
-3.545137
-4.769892
-3.545025
-1.107275
3.255552
3.255516
2.472709
5.496546

Frequencies

-2255.4398
94.3029
293.9344
413.3893
493.9624
572.0553
721.8183
863.3625
967.2364
1019.1630
1113.0441

1.204076
1.210428
-0.000034
-0.000068
-0.000074
-0.000069
0.000007
0.000113
-2.145727
-2.143879
0.000094
2.143989
2.145667
-0.886791
0.886594
-0.000054
0.000204

26.2760
169.8462
307.5772
447.3489
533.1988
641.3714
726.2731
879.9570
974.3179
1019.6656
1170.6337

-0.181829
0.047499
0.164041
0.402802
0.383351
0.965787

-0.310212

-0.979300
0.136960
-0.272448

-0.476461

-0.272259
0.137143
1.575974
1.576070

-0.924307

-1.842646

54.9056
169.9903
339.3678
487.1479
567.4691
708.2654
778.0114
940.5909
1000.8460
1059.7771
1187.4943
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1205.4204
1322.5590
1449.7877
1634.3367
2147.2424
3188.5586
3214.3500

i12 - p5

1260.3081
1355.7081
1485.5473
1662.2626
3050.6757
3196.6806
3220.2229

1316.3118
1391.9692
1532.0873
2000.1138
3099.8438
3207.7803
3430.8105

Cartesian coordinates

D T oD D N - T D T O 0 0 0 0o oo oo0ao0

1.713555
3.020407
3.603328
2.870452
1.562502
0.964956
-0.375548
-1.585442
-2.710466
-4.025297
-5.136277
1.255555
3.588046
4.626033
3.322331
0.988643
-2.455559
-2.492460
-2.119110
-6.126500

-1.205724
-1.101584
0.148572
1.300077
1.207961
-0.049252
-0.148643
-0.229701
-0.285728
0.049238
0.339466
-2.176958
-2.001141
0.225839
2.275428
2.102042
-0.289646
-1.324768
0.448527
0.592585

0.152354
-0.295232
-0.476975
-0.206905

0.240285

0.423599

0.872813

1.049498
-0.855924
-0.512108
-0.131538

0.296581
-0.504190
-0.827526
-0.346268

0.453126

1.668767

-1.071983
-1.388819

0.161111
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Frequencies

-624.7930
52.3274
175.7372
414.1272
540.4370
584.7257
710.1806
780.8767
882.3034
1018.4287
1059.4759
1188.2252
1317.5632
1486.8782
1665.2084
3159.7298
3209.5637
3254.5092

i12 - pl

13.5692
110.4412
347.9194
445.3525
548.4217
637.7340
716.7138
784.2719
944.6485
1023.6786
1064.1057
1205.3151
1357.4568
1532.1226
2032.6059
3190.6758
3215.4262
3383.0400

Cartesian coordinates

C
C
C
C
C
C
C

1.854030
3.213536
3.671897
2.763955
1.402778
0.934268
-0.465111

-1.194573
-0.926348
0.383490
1.428501
1.169517
-0.147227
-0.415152

40.2075
173.2238
381.7141
486.7450
565.2823
683.1990
747.6940
874.0841
1009.3395
1038.0934
1113.8096
1233.4730
1455.0527
1637.1195
2137.6356
3197.7263
3222.4977
3480.0267

0.087119
0.130052
0.041259
-0.090793
-0.135180
-0.046457
-0.089574
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-1.655757
-3.068802
-3.964601
-4.708938
1.490830
3.918789
4.735463
3.118199
0.689665
-1.905982
-3.385695
-3.159862
-5.364942

Frequencies

-689.6284
85.0566
256.2182
355.2944
448.5323
600.7306
713.1616
785.5135
939.4274
1019.8476
1062.9538
1208.6441
1319.9997
1461.3324
1646.0137

-0.623998
-0.916372
0.203402
1.112106
-2.212818
-1.742727
0.589714
2.450616
1.978777
-0.452502
-1.790950
-1.181705
1.921519

23.0838
116.4833
324.6405
413.9911
538.5524
642.3562
719.8800
869.9657
951.8726
1023.7054
1112.7375
1244.0041
1355.9825
1488.1188
1676.4197

-0.021365
-0.308520
-0.013795
0.218047
0.158080
0.234740
0.075633
-0.158488
-0.236164
1.971279
0.267619
-1.367335
0.429875

48.2501
157.6844
330.9358
428.3914
565.9647
705.1301
750.6995
932.1685
1004.7306
1025.0856
1189.3266
1288.4819
1356.6337
1539.9990
2263.2885
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2300.4897
3189.7547
3215.9988

3051.5598
3198.7967
3221.3020

3091.9426
3208.4905
3489.0484

Products

pl+H

Cartesian coordinates

C
C
C
C
C
C
C
C
C
C
C
H
H
H
H
H
H
H
H

-1.846119
-3.200494
-3.624419
-2.686798
-1.331121
-0.897655
0.502793
1.681686
3.117619
3.945069
4.632033
-1.510917
-3.928586
-4.683606
-3.012864
-0.595175
3.369327
3.369331
5.236930

-1.203156
-0.903304
0.420657
1.446975
1.154768
-0.175401
-0.473583
-0.703972
-0.989096
0.220378
1.201084
-2.233610
-1.706341
0.651293
2.480820
1.949803
-1.594703
-1.594835
2.075474

/

0.000044
0.000059
0.000019
-0.000036
-0.000050
-0.000010
-0.000027
-0.000042
-0.000066
0.000022
0.000092
0.000076
0.000101
0.000030
-0.000067
-0.000092
-0.877641
0.877416
0.000154
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Frequencies

14.2435
137.1190
328.2668
413.5478
601.7671
710.8468
780.8974
937.4402
1018.7452
1064.0633
1208.0908
1317.7485
1454.6591
1648.5143
2389.0902
3191.9361
3221.9017

p2+H

[E—

\

/

Cartesian coordinates

C

C
C
C

1.877822
3.237989
3.691643
2.776967

53.3202 85.6235
234.6947 318.7034
369.6740 395.2488
535.0242 554.6790
643.8025 707.2440
711.6921 743.4454
868.0859 928.1277
945.5021 1002.3849
1021.5633 1024.5850
1112.2338 1188.9183
1251.0000 1289.7829
1355.9784 1361.0885
1488.6556 1542.5842
1680.6454 2262.9352
3044.4988 3079.1697
3202.6127 3210.4018
3226.6643 3486.5474
\\C\\

-1.199389 0.000342

-0.929493  0.000500
0.384803 0.000212
1.431783 -0.000240
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C 1.415336
C 0.951031
C -0.451895
C -1.638870
C -3.034830
C -3.961183
C -4.887087
H 1.519401
H 3.948154
H 4.755663
H 3.126412
H 0.697585
H  -3.338783
H  -5.285039
H  -5.284928
Frequencies
26.7109
139.0759
336.0206
413.3260
623.8778
710.6141
867.5865
944.2093
1013.2792
1060.5246
1188.8983
1315.9380
1479.8937

1.170150
-0.150547
-0.419719
-0.626826
-0.906489

0.021635

0.930526
-2.221960
-1.748486

0.591899

2.457994

1.981706
-1.950446

1.324630

1.326066

49.9205
237.9870
365.9591
543.8834
642.4346
761.4234
888.7163
991.4467
1018.3907
1111.1730
1206.4720
1354.8771
1487.5551

-0.000399
-0.000109
-0.000277
-0.000421
-0.000658
0.000092
0.000776
0.000571
0.000851
0.000345
-0.000471
-0.000748
-0.001566
0.930709
-0.928595

88.8027
330.4301
399.4731
549.3694
643.4021
780.2720
902.2869
1002.1595
1023.1961
1129.3156
1287.0623
1375.5031
1542.5475
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1646.0316
2361.4123
3193.7019
3220.0924

p3+H

/

\

1678.5926
3138.3061
3203.5975
3222.0732

2076.6635
3156.0261
3212.7761
3226.8927

Cartesian coordinates

C
C
C
C
C
C
C
C
C
C
C
H
H
H
H
H
H
H
H

-1.801631
-3.188224
-3.884558
-3.188311
-1.801719
-1.094203
0.333053
1.540445
4.115565
2.910496
5.569664
-1.253360
-3.727872
-4.968502
-3.728028
-1.253517
5.955539
5.956141
5.956133

-1.208022
-1.203515
-0.000067
1.203432
1.208040
0.000035
0.000079
0.000086
-0.000003
0.000058
-0.000111
-2.142418
-2.143544
-0.000107
2.143420
2.142476
1.022011
-0.488236
-0.533661

0.000003
-0.000008
-0.000014
-0.000008

0.000004

0.000009
0.000017
0.000020

0.000002
0.000015
-0.000024

0.000007
-0.000013
-0.000023
-0.000013

0.000007

0.026206
-0.898267

0.871999
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Frequencies

16.9328
149.0832
327.4723
413.4043
611.5241
654.4455
841.8620
1004.4438
1052.7943
1112.7545
1210.4287
1356.7799
1480.3628
1647.5547
2418.5996
3122.5703
3208.4682

p4 + methyl

\_/

52.6986
155.7200
334.1129
505.5932
631.4390
714.2006
870.2112
1024.6992
1053.1280
1139.9673
1319.0986
1419.1093
1488.0679
1679.5289
3047.0589
3189.4553
3216.4707

Cartesian coordinates

C

QO O O 0O

1.101948
2.488454
3.183998
2.488529
1.102022

-1.208695
-1.203815
-0.000052
1.203755
1.208726

55.3850
284.3378
395.9178
532.8185
647.5555
789.1215
952.9443
1024.7157
1060.6799
1189.1987
1349.9609
1480.0281
1543.9077
2299.9413
3122.1467
3198.9831
3221.4423

0.000011
0.000008
-0.000007
-0.000018
-0.000015
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— T T T - T O O O O O

0.396320
-1.030822
-2.237708
-3.608004
-4.811060

0.554126

3.027906

4.267994

3.028040

0.554262
-5.874388

Frequencies

63.7994
221.8239
411.6634
596.0311
676.5256
710.1392
950.2029
1021.2971
1113.0519
1307.8266
1487.3873
1677.6539
3197.9903
3223.5376

p5 + propargyl

0.000039
0.000064
0.000045
0.000006
-0.000041
-2.143332
-2.143845
-0.000084
2.143752
2.143399
-0.000083

69.2295
367.7979
488.2825
601.8844
688.1483
784.1149
984.6685
1022.5669
1188.8240
1319.5175
1542.1019
2201.1368
3206.9418
3229.0018

-0.000001
0.000002
0.000005
0.000007
0.000010
0.000022
0.000017

-0.000009

-0.000029

-0.000024
0.000012

195.6241
374.7847
518.1404
643.1885
706.6563
867.8304
1003.3430
1063.3330
1213.3784
1358.0635
1646.0589
2388.4930
3216.0666
3483.4703

S&4



Cartesian coordinates

C -0.119235
C  -1.506283
C  -2.202504
C  -1.506242
C -0.119194
C 0.586875
C 2.019321
C 3.220060
H 0.428457
H  -2.045318
H  -3.286553
H  -2.045251
H 0.428528
H 4.283350
Frequencies
137.3102
413.0878
555.6524
703.2868
782.0730
1002.3022
1060.8202
1211.5549
1357.2773
1648.1263

1.207139
1.203135
-0.000024
-1.203162
-1.207118
0.000022
0.000039
-0.000020
2.141945
2.143536
-0.000045
-2.143576
-2.141908
-0.000015

155.4248
474.7729
639.3903
711.5626
868.2462
1019.5342
1112.1340
1234.3142
1487.8733
1679.1061

-0.000010
-0.000001
0.000006
0.000000
-0.000010
-0.000008
0.000009
0.000012
-0.000012
0.000006
0.000040
0.000007
-0.000014
-0.000019

366.7145
541.4990
663.7000
781.5994
948.3079
1023.1711
1187.9972
1319.7889
1539.4181
2244.4950
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3196.3575
3222.1317

pb6 + acetylene

3205.2722
3227.8191

Cartesian coordinates

C
C
C
C
C
C
C
C
C
H
H
H
H
H
H
H

0.671604
2.056210
2.753575
2.056174
0.671569
-0.043767
-1.455605
-2.684676
-4.040349
0.124573
2.596376
3.837522
2.596315
0.124511
-4.593872
-4.593840

Frequencies

85.2764

258.1128
413.5641
536.4907

-1.210796
-1.204514
0.000022
1.204539
1.210779
-0.000019
-0.000030
-0.000009
0.000013
-2.145982
-2.144351
0.000040
2.144390
2.145950
-0.931071
0.931116

89.3696

311.6489
437.2621
637.7591

-0.000006
0.000006
0.000011
0.000005

-0.000006
-0.000012
-0.000021
-0.000010
0.000018
-0.000010
0.000011
0.000018
0.000010

-0.000010
0.000029
0.000039

3214.7865
3483.1952

217.5537
413.1716
531.7243
703.4181
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713.6937 735.7243 774.9341
860.1720 938.0475 999.1616
1014.1072 1015.1412 1035.0325
1049.8153 1075.0877 1112.0165
1185.6922 1209.8008 1315.0182
1355.3024 1361.1603 1476.4679
1483.8384 1542.1545 1630.3313
1654.7317 2079.6909 3161.3898
3196.2121 3204.3989 3214.9694
3221.7924 3227.5904 3258.5642
Fragments
Methyl
H
N
H

Cartesian coordinates

C  -0.000084 0.000054 0.000034
H 0.330345 -1.029327 -0.000069
H  -1.056667 0.228692 -0.000069
H 0.726826 0.800307 -0.000069

Frequencies

477.5911 1400.1589 1410.4961
3117.0568 3300.6263 3304.0767
Acetylene
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H — H

Cartesian coordinates

C 0.000000 0.000000 -0.598212
C 0.000000 0.000000 0.598211
H 0.000000 0.000000 -1.662213
H 0.000000 0.000000 1.662218

Frequencies

675.1654 675.1654 768.9824
768.9824 2088.1359 3423.0212
3530.5719

Propargyl
H H

——

H
Cartesian coordinates

C -0.117045 0.000056 -0.000045
C -1.335904 -0.000010 -0.000022
C 1.251979 -0.000012 0.000022
H  -2.399234 -0.000053 0.000202
H 1.802428 -0.932378 0.000031
H 1.802624 0.932234 0.000031

Frequencies

355.7199 404.5134 494.3976
653.2122 674.3439 1036.2959
1088.1264 1459.5635 2025.8399
3166.2263 3267.3323 3471.5824
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