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ABSTRACT: Fundamental, bending (v, 1, Vg, Us), and CC-stretch (v, 13) 12
hot band spectra in the antisymmetric CH stretch (v,) region near 3330 11 v *‘ 99
cm™" have been observed and analyzed for jet cooled diacetylene (HC=C— __,, e
C=CH) under sub-Doppler conditions. Diacetylene is generated in situ in £ @ &9~
the throat of a pulsed supersonic slit expansion by discharge dissociation of % °l 999 = >
acetylene to form ethynyl (C=CH) + H, followed by radical attack (HC= & & v /ii}iz >
CH + C=C-H) to form HC=C—-C=CH + H. The combination of (i) "2 7 Tz ===
sub-Doppler line widths and (ii) absence of spectral congestion permits 2 6
rotational structure and Coriolis interactions in the v, CH stretch s 4 4
fundamental to be observed and analyzed with improved precision. Of 1
particular dynamical interest, the spectra reveal diacteylene formation in 1 ' ' ’ " '
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highly excited internal vibrational states. Specifically, multiple IT < IT and A
< A hot bands built on the v, CH stretch fundamental are observed, due to
doubly degenerate bending vibrations [cis C=C—H bend (v), trans C—
C=C bend (v;), trans C=C—H bend (rg) and cis C—C=C bend (v,)], as well as a heretofore unobserved £ < X band
assigned to excitation of v, or 2v; CC stretch. Boltzmann analysis yields populations consistent with universally cold rotations
(Tt ® 15 £ S K) and yet superthermal vibrations (T, ~ 85—430 K), the latter of which is quite anomalous for the high
collision densities in a slit jet expansion. In order to elucidate the physical mechanism for this excess vibrational excitation, high
level ab initio CCSD(T) calculations have been pursued with explicitly correlated basis sets (VnZ-f12; n = 2,3) and extrapolated
to the complete basis set (CBS) limit using MOLPRO quantum chemistry software. The results suggest that the extensive hot
band structure observed arises from (i) highly exothermic CCH + HCCH addition to yield a strongly bent HCCHCCH radical
intermediate (AH = —62.6 kcal/mol), followed by (ii) rapid fragmentation over a submerged transition state barrier (AH =
—18.9 kcal/mol) to form vibrationally hot diacetylene + H products (AH = —25.6 kcal/mol), and consistent with crossed
molecular beam studies by Kaiser et al. [Phys. Chem. Chem. Phys. 2002, 4, 2950.] Finally, RRKM fragmentation rates for this
complex are calculated, which exceed collision frequencies in the slit jet expansion and suggest near unity quantum efficiency for

Internal Energy (kcal/mol)

diacetylene formation.

I. INTRODUCTION

Diacetylene (H-C=C—C=CH) is the smallest member of
the polyyne family and represents an ubiquitous species in the
combustion chemistry of unsaturated hydrocarbons and fuel
rich flames.'~* What makes these linear polyynes so chemically
interesting is the fact that they form readily via addition with
CCH ethynyl radical, e.g,,

HC=CH' + C=C-H
— [H-C=C(H')-C=C-H]
- H-C=C-C=C-H + H’ (1)

where the subsequent regeneration of CCH to complete the
chain reaction can occur via additional H atom abstraction, for

example,
H + H-C=C-H — H, + C=C-H (1b)
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at sufficiently elevated temperatures.” It is worth noting here
that the intermediate H-C=C(H)—C=C—H species is not a
high energy transition state, but rather a stable radical adduct, &
63 kcal/mol lower in energy than HCCH + CCH reactants,
with little or no barrier to insertion and therefore resulting in a
reaction rate constant at the near gas kinetic limit.">~® This
process can continue by subsequent exothermic attack of CCH
into one of the diacetylenic C=C bonds, which then can form
even higher order polyynes such as triacetylene, tetraacetylene,
etc.'® Indeed, such chain reaction kinetics are extremely rapid
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under nonoxidizing flame conditions at normal pressures and
temperatures, which therefore makes diacetylene (as well as
each of the successive polyynes) a key crucial intermediate in
the formation chemistry of soot.'®™'*

In yet another arena, diacetylene is a molecule of significant
astrophysical interest.”'>~"? In particular, the strong electronic
absorption bands of diacetylene in the near UV play an
important role in atmospheric chemistry of the outer planets
and their respective moons, specifically shielding the planet
surface from intense solar radiation, much like what the ozone
layer achieves to control photochemistry in the earth’s
atmosphere. A classic example of this can be seen in the
largest of Saturn’s moons, Titan, whose atmosphere is thought
to be dominated by acetylene chemistry and for which the
surface looks orange due to “haze” forming photochemical
reactions.””*!

By symmetry, diacetylene has a vanishing dipole moment,
which makes it spectroscopically invisible to microwave/radio
astronomical detection.”>>> As a result, astrophysical search for
such cumulated polyynic molecules in both nearby planetary as
well as distant interstellar environments relies on vibrational
spectroscopy in the midand near-infrared part of the spectrum.
In particular, the strongly IR active antisymmetric CH stretch
mode in such polyynes was the means for initial spectroscopic
identification of acetylene in the atmosphere of Titan.”**®
Interestingly, however, despite the clear acetylene content
inferred from earth-based IR telescopes, evidence even for the
simplest diacetylene adduct species was not available until the
Voyager fly by mission.”® Even more detailed spectroscopic
data was made possible by the recent Cassini spacecraft,”®
which provided direct identification of diacetylene based on the
characteristic absorption bands of the antisymmetric C—H
stretch(v,), cis H-C=C bend(vs), and trans H-C=C
bend(vg) in the spectra at 3333, 625, and 627 cm™'
Furthermore, since exposure of these polyynes to solar VUV
radiation yields highly reactive radical CCH fragments, this
provides a photolysis mechanism for radical chain production
of higher and higher molecular weight species, which indeed are
proposed as key intermediates in the formation of organic
aerosols (tholines),”” soot formation,'" and polycyclic aromatic
hydrocarbons (PAH).*®

As a result of such interest, the vibrational spectroscopy of
diacetylene has been the subject of intense infrared and Raman
investigations (see Table 1).””7* The pioneering infrared study
by Guelachvili et al.*® has reported Fourier transform
absorption spectra of diacetylene in the 1850—2523 and

Table 1. Frequencies/Symmetries for the Fundamental
Modes of Diacetylene

mode symmetry vibrational motion frequencies

v, P Sym C—H stretch 3332.1541¢

12 Sym C=C stretch 2188.9285

178 C—C stretch 871.9582%

v, b Asym C—H stretch 3333.6647"

Vs Asym C=C stretch 2022.2415°

Vg Il H-C=C bend 625.6436

vy C=C—C bend 482.7078°

vg I1. H—-C=C bend 627.89423(10)°
vy C=C—C bend 219.97713(10)°

“E. Arie and J. W. C. Johns, J. Mol. Spec. 1992, 155, 195. *Guelachvili
et al. J. Mol. Spec. 1984, 105, 156.
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2860—3584 cm ™! windows, corresponding to Av = 1 transitions
in the antisymmetric C=C (v5) and CH (v,) stretch regions,
respectively. In their work, full spectral analysis and rovibra-
tional constants were obtained for (i) the v, and v,
fundamentals, (i) a plethora of hot bands arising from C=
C(vs) and CH(v,) stretch excitations built on the thermally
populated v cis CCH bend, the v, trans CCC bend, the vy
trans CCC bend, and the v, cis CCH bend lower states, (iii) as
well as multiple stretch + bend combination bands. For the v,
antisymmetric CH stretch mode of specific interest to the
present work, the bending hot bands could be assigned to
combinations of 6}, 71, 9} and 95(Z) with 4], where we have
borrowed from conventional vibronic notation to indicate the
number of lower/upper quanta and symmetry label in each
vibrational mode. Interestingly, no hot bands associated with
the trans CCH bend mode (e.g, 48i) were reported,
presumably due to spectral congestion under room temperature
and Doppler limited conditions. Nevertheless, the correspond-
ing IT-IT hot bands for all four bending states (v, v;, vg, and
Uy) built on the vy CCC asymmetric stretch band were
observed, as well as a progression of multiquanta hot band
excitations with the vy cis CCC bending mode.

Combination bands observed include the excitation of a
series of bending modes, such as v}, v5, and vg, as well as vs, v,
and vy. The vgt+vg combination band at 1250 cm™ was studied
by Matsumura et al.*>* by Stark modulation infrared diode
spectroscopy, with the same band measured by McNaughton
and Bruget.”> Also observed were other combination bands
building on the vy + v level. Arié and Johns® reported the two
bending energy levels of (vg, v5)* mode, where k =I5 + I, and I
and I, are the corresponding vibration angular momenta.
Recently, Bizzocchi et al’' investigated spectral bands of
diacetylene and diacetylene-d, extended into submillimeter-
wave vg—vg region, and its vg-associated hot band. Interactions
between the v; = 1 stretching mode, the v; = vy = 1
combination, and v, = 2 level have been analyzed by the same
group”” in terms of vibrational l-type resonances and cubic
anharmonic coupling. The full set of normal mode vibrations
and associated frequencies for diacetylene are summarized in
Table 1.

Difference band microwave spectra for vibration—rotational
transitions between closely spaced bending states have also
been reported by Matsumura and Tanaka.*® In particular, the
vg—vg and vg+vy—v—v, difference bands have been successfully
analyzed, which require inclusion of I-type and Fermi resonance
interactions, with the transition dipole moment for these
X,—%, and X —%] sub-bands of the vg+vy—vs—vy difference
frequency vibration determined to be ~ 0.075 D by Stark effect
studies.>**” Furthermore, Matsumura and Tanaka**** indicated
higher order dipole moment derivatives with respect to the cis/
trans C=C—H bending coordinates to be quite significant,
which generates additional non-negligible transition moments
for overtone, combination, and difference bands involving the
vs and vg mode. Recently, the Linnartz group has made a
systematic investigation of diacetylene in the CH stretch region
using high-resolution cavity ring down methods in a planar
discharge expansion source.®> Of particular interest is their
observation of nonequilibrium excitation of diacetylene in
multiple degenerate CCC and CH bending modes even under
relatively cold, planar expansion conditions. This proves
especially relevant to the present study, which provides
additional spectroscopic characterization of the diacetylene
product with sub-Doppler instrumental resolution (60 MHz)
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and improved frequency precision (7 MHz) as well as high-
level ab initio quantum mechanical support for a Franck—
Condon-like origin of such nonequilibrium vibrational
dynamics in the formation event, and in good agreement
with the high internal energy distributions ((E,,) ~ 14 + 3
kc;ll/ mol) noted in crossed molecular beam studies of Kaiser et
al.

Specifically, in this work, diacetylene (HC=C—C=CH) is
formed and investigated via sub-Doppler infrared difference
frequency spectroscopy under supersonically cooled, discharge
slit jet expansion conditions. Diacetylene is generated in situ in
the throat of a pulsed supersonic slit expansion by discharge
dissociation of acetylene to form ethynyl (C=CH) + H,
followed by radical attack (HC=CH + C=C-H) to form
HC=C-C=CH + H. Spectroscopically, the sub-Doppler
resolution data provide clear evidence for a “local” I1-XZ
Coriolis perturbation due to a rotationally avoided crossing in
the antisymmetric CH stretch fundamental (v,), which
provides an improved analysis of the diacetylene spectra for
low J states preferentially populated in the slit jet. We also take
the opportunity to analyze low frequency doubly degenerate
bending states (Vglnlgly) at sub-Doppler resolution and
compare with results from extensive previous spectroscopic
studies by Guelachvili et al.>® and Zhao et al.>* Furthermore, we
observe additional £—X bands in the slit jet, which we ascribe
to v, hot band spectra built on CC-stretch (v, or 2u;)
excitation in the lower state. Of special interest is investigating
the dynamical reason for the presence of such vibrationally hot
spectra observed under slit jet expansion conditions, specifically
the significant population of the IT degenerate bends [cis C=
C—H bend (rg), trans C—C=C bend (v,), trans C=C—H
bend (vg) and cis C—C=C bend (vy)], as well as hot band
excitation out of ¥ symmetry CC stretch vibrational manifold.
As an important secondary focus of this work, therefore, we
explore and provide theoretical support for such non-
equilibrium vibrational dynamics by high level ab initio
CCSD(T)/VnZ-f12 calculations of the complex transition
state geometry, energetics, and vibrational frequencies for
predictions of RRKM lifetimes.>**~*

Il. EXPERIMENTAL SECTION

The sub-Doppler slit jet discharge infrared spectrometer has
been thoroughly described elsewhere** ™ and only requires
brief summary of details relevant to the current study. High-
resolution IR light (<2 MHz, 3—5 yW) is formed by difference-
frequency generation (DFG) of a tunable single mode ring-dye
laser (Spectra-Physics 380A, R6G dye) with a fixed-frequency
single mode Ar" laser (Spectra-Physics Series 2000, 488 nm)
within a temperature-controlled, periodically poled LiNbO;
(PPLN) crystal. This IR light is split into a reference and
signal beam for fast analog subtraction of common mode
amplitude noise, with the signal beam directed through the slit
discharge expansion region to monitor jet cooled diacetylene
and focused onto a liquid N, cooled InSb detector. The
transient absorptions are measured in a 16-fold Herriot cell
multipass 5 mm downstream of the long axis of the slit jet
expansion, with the diacetylene concentrations modulated with
a 500 V/200 mA discharge operating at 50 kHz. The multipass
is aligned to achieve a tight bundle of beams (5 mm diameter),
in order to minimize averaging over different spatial domains of
the expansion. Of special importance, collisions in the slit jet
expansion quench Doppler broadening along the slit axis down
to 60 MHz, which results in naturally sub-Doppler spectros-
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copy without the need for nonlinear saturation techniques.
Frequency measurements reflect results of multiple scans over
the same region and are obtained via fringe interpolation on a
laser stabilized optical marker cavity. Absolute frequencies are
obtained with respect to 3 R(2), R(3) and R(4) transitions
acetylene47 at 3301.848040, 3304.166740, and 3306.476227
cm™, respectively. The uncertainty of the spectral measure-
ments is experimentally determined to be 7 MHz (0.00023
cm™'), obtained from the standard deviation of repeated
absolute frequency measurements over several weeks of data
collection/analysis.

The jet-cooled diacetylene molecules are generated by
discharge of a mixture of 0.1% of acetylene in a 70%:30%
Ne—He (Ne-70) buffer gas through a pulsed-slit (300 ym X 4
cm), with a 19 Hz repetition rate and 1 ms pulse duration.
From a sudden approximation perspective, the desired adduct
species is formed via barrierless attack®”'® of the ethynyl
(CCH) radical onto acetylene, followed by prompt ejection of
the adjacent H atom to form highly bend and stretch excited
diacetylene.**** For typical quantum state resolved densities in
the slit jet expansion, peak absorption strengths for diacetylene
are 0.4%, which, at near shot noise limited sensitivities of 2 X
1075, yield typical signal-to-noise ratios in excess of 100:1.

lll. RESULTS AND ANALYSIS

A. Spectroscopic Background. Diacetylene is formed in
the slit jet discharge from rapid reactive collisions of ethynyl
radical with acetylene to form HCCCCH + H. This newly
formed diacetylene cools rotationally down in the Ne-70
expansion diluent to low rotational temperatures, which results
in an intense progression of lines in the 3333 cm™' region of
the v, fundamental. As shown in Table 1, only vibrations with
X, and II, symmetry are infrared active. For the X—-X
transitions, only P and R branches have oscillator strength,
which display the characteristic intensity alternation due to 3:1
ortho (J = even) and para (J = odd) nuclear spin statistical
weights for equivalent H atoms. For II-II and A-A
transitions, the rotational levels can exhibit additional structure
due to excitation of a 2-fold degenerate bending mode.
Coupling between vibrational (/) and rotational (N) angular
momentum results in [-type doubling for each rotational level.
Specifically, the rotational states for each J =7 + N are split into
two components with ¢/f** energy separation characterized by
qJ (J + 1), where q is the I-type doubling constant. We also see
additional spectral progressions due to other unsaturated
polyyne species in the jet. However, these are typically at
much reduced concentrations and can be cleanly distinguished
from diacetylene by rotational spacings.

B. Asymmetric CH Stretch (v,) Fundamental and
Perturbations. We begin with spectroscopic analysis of the jet
cooled sub-Doppler v, asymmetric stretch spectrum. Although
this band has been studied extensively with Fourier transform
and supersonic jet methods, the present detection under sub-
Doppler resolution conditions reveals the presence of
perturbing level shifts not observed previously.””** As shown
in Figure 3 (upper panel), the spectra provide clear evidence for
an “avoided crossing” due to coupling to a perturbing rotational
progression, which yields systematic positive and negative shifts
in the fitted residuals. The location of this perturbation is
confirmed by observation of identical shifts via both P and R
branch access to the same upper N, which unambiguously
implies the interaction takes place in the vibrationally excited
state.””* Given the small residuals and highly rotationally
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Table 2. Least Squares Fitting Results” (cm™") for —II Coriolis Deperturbation Analysis of the Antisymmetric CH Stretch (v,)

Mode of Diacetylene (See Text for Details)

ground level” v, (Z*,)
B 0.14641118 0.1461926(2)"
D 1.56825 x 107% 1.477(13) x 1078
v 3333.66338(2)
bo
c 0.00014

“Uncertainties in the parentheses are one standard deviation.
“Comparison results from Zhao et al.*®

bGround state constants fixed at the precision FTIR values of Bizzocchi et al.

Vpere (I1) vy (2°,) (previous)*
0.146255(18) 0.1461929(4)
1.506(24) x 1078
3333.6518(33) 3333.6634(1)
6.9(9) x 107°

132

“local” nature of this crossing, the perturbation arises from
2—II (K =1 « 0) Coriolis coupling between the v, upper state
(X) with a dark IT,, vibrational manifold, the shifts from which
can be analyzed with a simple 2 X 2 Coriolis Hamiltonian
matrix. >

BNIT + 1)

vs + BgJ(J + 1)
— DyJ*(J + 1)

BNITJ + 1) ®)

In eq 2, (i) vy + ByJ(J + 1) — DyJ*(J + 1)* describes the
unperturbed rotational energy levels of v, mode, (ii) vq; and By
are parameters representing the perturbing vibrational levels,
with (iii) the J-dependent (S,(J(J + 1))1/2) matrix element
relevant for K = 1 <> 0 Coriolis interactions.”* Finally, we also
include in this least-squares analysis of the previous cavity
ringdown® and Fourier transform spectral measurements”
utilized in the earlier fits (see Supporting Information of Zhao
et al.**), appropriately weighted by the inverse square of the
reported measurement uncertainties. To be consistent with the
previous analysis of Zhao et al,** we furthermore fix the lower
state B, D rotational constants at values well characterized by
the low frequency Fourier transform studies of Bizzocchi et al.**

The deperturbation results for the v, antisymmetric C—H
stretch mode of diacetylene are summarized in Table 2. The
band origin for the antisymmetric CH stretch is determined to
be 3333.66338(2) cm™, in excellent agreement with the results
of Linnartz and co-workers (3333.6634(1) cm™), despite
evidence for small but systematic red shifts (—8 X 107* cm™)
in the low J data from the early FTIR results.*”** Similarly, the
band origin and rotational constant for the perturbing level is
determined from the fit to be vy = 3333.6518(33) cm™ and By
0.146255(18) cm™!, with a small Coriolis coupling
coefficient, f, = 6.9(9) X 10 cm™. Noteworthy is the
significantly positive fractional change in AB/B (+0.043%) with
respect to the unperturbed excited state, which would be
consistent with a vibrational bending of the linear CCCC
backbone and therefore decreased projection of atomic masses
along the A inertial axis. Although the large density of states in
diacetylene at 3300 cm™" precludes definitive assignment of the
perturbing vibration, this density is dominated by the lowest
frequency bending modes (vg v, Vg Vo) that systematically
decrease the effective moment of inertia for end over end
rotation. Indeed, the observed increase in rotational constant for
the perturbing vs deperturbed manifold is entirely consistent
with these expectations.

C. II-II Hot Bands and Bending Vibrational
Populations. What makes the slit discharge spectrum for
diacetylene of particular dynamical interest, however, is the
spectral evidence for extensive hot vibrational state populations

vy + BgJJ + 1)
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in the spectra. Specifically, in addition to the strong progression
noted above due to fundamental excitation of the antisym-
metric C—H stretching mode (v,), the region between 3328—
3340 cm™' reveals a rich set of rotationally resolved spectra
associated with v, hot band excitation built on top of doubly
degenerate bending vibrations populated in the expansion.
Assignment of these hot bands to the four low frequency
bending modes 46, 47}, 4481, and 409; is stralghtforward
both based on the previous work by Guelachvili et al.*® as well
as the recent study by Zhao et al.**> A sample portion of the slit
jet cooled diacetylene infrared absorption spectra near the
fundamental v, band origin is displayed in Figure 1, which

04 1 1 1 !
1
_ 03] Py 4, R(0)
§ R(“") R(ls) 4;71 R([7) R(zs)|
8 02_R([Z) Rﬁ3) R(|4) 4'g’ R(ls)
S ’ 01
© 101
2 4 6. Q branch
01
2
2 01 1
) t Li
0.0 I Lul me me/L* Mm\ M,,‘ ol
33332 33336 33338 33340 33342

IR Frequency (cm' )

Figure 1. Sample sub-Doppler IR hot band spectra of diacetylene built
on the v, antisymmetric CH stretch fundamental, with rotational
assignment indicated for the 437} and 4¢8] hot band progressions.
Symbols (%), (@), and (') highlight additional progressions due to
the v, bend (4¢9}), 2 quanta of v, (4575(A—A)), and a previously
unobserved £—2 hot band built on a collinear CC stretch vibration
(assigned to 42} or 4335 based on AB), respectively.

highlights a small portion of rotational progressions observed in
4371, 4481 bending hot bands. It is important to emphasize that
these high steady state populations of excited bending states are
formed and remain inefficiently cooled in a slit 1D expansion,
which has a 1/r versus 1/r* density drop off and therefore ~
orders of magnitude higher collisions than experlenced in a
traditional ZD pinhole nozzle expansion environment.**~>?
Due to [-type doubling in each of the II-II bending hot
bands, each of the sub-Doppler rotational progressions appears
as unresolved transitions at low ] values, which then split into
two resolved components at sufficiently higher J = 10—15 (e.g,,
see Figure 2). The intensity ratios displayed for the two R(11)
line components arise from 3:1 nuclear spin weight alternation,
which reverses ordering for ] = even and odd lower states. The
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Figure 2. Sample blowup of R(11), R(12) 4)7} rotational lines
exhibiting I-type doubling due to e/f components in a IT symmetry
vibrational state. Intensity alternation (3:1) in the resolved e/f
components is due to (ortho/para) nuclear spin statistics for the
identical H atoms. The strong peak near 3336 cm™" is R(S) of the 4;
fundamental band.

4 4
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8 IT-% Coriolis fit
's g B =6.9(9) x 105 cm!
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Figure 3. Upper panel: Least squares P/R branch fitting results for the
antisymmetric CH stretching mode (v,) of jet cooled diacetylene,
clearly revealing a “local” rotational crossing with a dark state of Il
symmetry centered around J' = 12. Lower panel: P/R branch residuals
from deperturbed fits that include X—IT Coriolis coupling explicitly in
the Hamiltonian (see text for details).

rotational energies for the ) (I =0) or IT (I = 1) manifold can
be accurately characterized by a simple effective Hamiltonian

E(N) =v +BJJ+ 1) - '] -DJ(J + 1) - I’}

+q/20J + 1] (3)
where vy, B, and D represent band origin, rotational, centrifugal
distortion constants, respectively, ] is the total angular
momentum, and g is the -type doubling parameter.22

It is worth noting that the spectroscopic parameters for each
of these four bending hot bands have been previously
determined with the combination of low temperature/cavity
ring down and high temperature/FTIR data of Zhao et al. and
Guelachvili et al, respectively.””>* Indeed, our interest in these
bands is mainly for the information on vibrational populations
they provide. In the interest of completeness, however, we have
performed weighted least-squares fits of the current sub-
Doppler hot band transitions to eq 3, combined with the
transitions reported by Zhao et al.>* and Bizzocchi et al.,>* with
results summarized in Table 3. Rotational, centrifugal distortion
and I-doubling constants for each of vg, vy, vy lower bending
states have been taken from recent FTIR studies of Dore and
co-workers®* and are held fixed. Inclusion of the current sub-
Doppler transitions frequencies yields slightly more precise
spectroscopic parameters (e.g, typically 2X improvement in
vibrational band origins), but in essentially all cases within
experimental error of the values reported previously.*

D. Z-X and A—A Hot Bands. There are two additional
bands observed to slightly lower frequencies, with weaker
absorption intensities in comparison to those of the other hot
bands mentioned above. Based on the close proximity to the
other spectra, it is reasonable to presume that these two
additional progressions are also associated with low frequency
vibrational hot bands built on the antisymmetric CH stretch v,
mode. However, these bands reveal no resolved l-type doubling
structure, which even for jet-cooled low J states is qualitatively
different from the spectra noted in Section C and therefore
eliminates II—IT bending hot bands from consideration. The
first band contains a weak Q branch feature and is missing
P(1), P(2), R(0), and R(1) lines in the P/R branch rotational
progression, i.e., characteristic of a A—A band type for which I-
type doubling is present but too small to resolve under sub-
Doppler jet cooled conditions. Indeed, comparison of the
transition frequencies confirms this as a band previously
observed by Linnartz and co-workers, which by ab initio
analysis of the strong positive vibrational shift in B with respect
to the vibrationless ground state (AB = +5.4 X 10~* cm™) was
assigned to the 4575 A—A hot band.*® The absence of lines in
the present data with J < 1 provides further confirmation of the

Table 3. Fitting Results (cm™') for v, Bend/Stretch Hot Bands of Jet Cooled Diacetylene”

band A B D’ x 10 q X 10°
4361 3333.75595(5)%  0.1462555(2) 1.572(3) —8.117(9)
471 3332.36315(4) 0.146462(1) 1.61(2) —11.5(2)
4381 3331.57275(11) 0.146260(3) 1.0(15) -7.9(1)
4391 3333.08585(5) 0.1466151(5) 1.63(4) —20.59(6)
4273(A-A) 3331.07440(10) 0.146753(3) 3.3(4) —0.0031(15)
42 (z-zY  3332.97420(5) 0.145602(2)

B’ D" x 10° q’ x 10° o’ x 10* AB°x 10*
0.146478937 1.57471¢ —8.2897 22 +0.668
0.146681(1) 1.61(2) —11.5(2) 2.1 +2.698
0.14647473¢ 1.57479° —8.037397 29 +0.636
0.146831(3)%  1.62887 —20.5327 1.7 +4.186
0.146955(3) 1.568° —0.0055(15) 25 +5.434
0.145822(2) 1.6 —5.895

“Includes all transitions with nonzero weights from Supporting Information from Zhao et al.** and Gualechvali et al.>® Uncertainties in parentheses
represent 1o. “Standard deviation of the fit. “Change in lower state B with respect to vibrationless level. “Fixed at ground state values of Bizzocchi et
al.* “Fixed at values determined by Bizzocchi et al.** /Tentative hot band assignment to v, or 25 based on AB values and ab initio predictions.*®
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Linnartz assignment, with a combined weighted least-squares fit
to both sets of data yielding results summarized in Table 3. The
I-doubling information in such spectra arise from the 3:1
predominance for e/f transitions out of even/odd ] lower
rotational states due to nuclear spin statistics. Thus, the
observed A—A frequencies are fit to a linear molecule
Hamiltonian with ] even/odd energy levels shifted with a +
q/2(J + 2)(J + 1)JJ — 1) dependence of the I-doubling
appropriate for a lower state with [ = 2.5

By way of contrast, the second band clearly exhibits 3:1
nuclear spin intensity alternation, shows no Q-branch feature
and has a sub-Doppler progression which includes both P(1)
and R(0) lines, i.e, unambiguously characteristic of a X—X
band. This hot band does not match any bands reported
previously, despite the absence under our slit jet discharge
conditions of several other v, hot bands seen by Zhao et al.*
Consistent with a X—X band, least-squares fits of the transition
frequencies to a linear molecule Hamiltonian have been
performed, with the resulting band origin and rotational
constants listed in Table 3. The lower state rotational constant
for this £—X type transition is B = 0.145818(6) cm™, which is
now substantially smaller (AB/B —0.40%) than the
vibrationless ground state (B, = 0.146414 cm™"). This contrasts
dramatically with the uniformly positive AB/B values (see
Table 3) for all the bending hot bands observed above,”” and
thus rules out assignment to the ¥—% component of the 4375
hot band. A strong decrease in B means that the effective
moment of inertia along the molecular axis must increase
significantly, which supports hot band assignment out of a
collinear vibration with £ symmetry. For example, excitation of
the antisymmetric v, CH stretch fundamental by itself yields
AB/B —0.15%, which one expects to grow further in
magnitude for collinear stretching modes of the much heavier C
atom framework.

Of the possible X symmetry vibrations, the one most
comparable in energy to the four bending vibrations [see Table
1, 625(vs), 482(v,) and 627(vg), and 220(vg) cm™] would be
the symmetric C—C stretching mode (v;) with a vibrational
frequency of 871 cm™. Bizzocchi et al.’” have extensively
studied the v; band of diacetylene at high resolution, and report
that it is perturbed by Y: symmetry sublevels of the
combination vy + vg state and the v, = 2 level via three level
resonance and anharmonic coupling. Their deperturbation
analysis predicts B = 0.146100 cm™" in the v; excited state,
which, as expected, is substantially lower than the vibrationless
state but with AB = —3.11 X 10™* cm™, i.e,, & 2-fold smaller
than the AB —5.89 x 107* cm™' value observed
experimentally. However, accurate ab initio vibration—rotation
interaction coeflicients have been calculated for diacetylene by
Schaefer and co-workers,®> which, as shown by Zhao et al,®
can be nicely exploited to identify the hot band assignment
from shifts in precision rotational constants for the lower state.
From the observed AB value, the potential vibrational
candidates are therefore 432 (symmetric triple CC bond
stretch, AB ~ —6.5 X 107* cm™) or 4433 (single CC bond
stretch, AB & —6.3 X 107" cm™), though absence of the
corresponding single quantum 443} hot band in our spectra
would favor a 4p2] assignment. Of dynamical interest is that the
spectra provide unambiguous evidence for quite appreciable
internal excitation of the newly formed diacetylene in both X
(CC stretching) as well as IT (CCH, CCC bending) vibrational
symmetries, even under slit jet expansion-cooled conditions.
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E. Hot Vibrational versus Cold Rotational Popula-
tions. Observation of a series of v,-associated hot bands
indicates the presence of non-negligible populations in each of
the lower energy bending levels. Such a high degree of bending
vibrational excitation is quite unexpected for a slit jet expansion,
where the density drop off is much slower (« 1/r) than that of
a pinhole expansion (o< 1/7*) and thus providing many orders
of magnitude larger number of cooling collisions.>>*® Indeed,
slit cooling of vibrational populations for stable molecules with
similar bending frequencies have routinely indicated nearly
equilibrium behavior in slit jet expansions between rotational
and vibrational degrees of freedom. Specifically, study of the
bending vibration in jet-cooled CO,, as well as an extensive
progression of bending states in HF—CO, complexes, revealed
essentially complete equilibrium between rotational, vibrational
and even Doppler broadened translational temperatures as a
function of distance downstream of the slit jet expansion
orifice.*™>> What makes the present situation different, of
course, is that formation of diacetylene arises from reactive
collisions (HCCH + CCH) in the discharge environment with
potentially up to AH & —26 kcal/mol energy release into
products. Under these more enthalpically driven conditions, it
is less obvious that the internal vibrational populations remain
equilibrated with rotation/translation degrees of freedom and
indeed can provide additional insight into the reaction
dynamics.

To quantify this further, we consider a Boltzmann analysis
for the vibrational ground state and each of the hot band lower
vibrational levels, as determined by summation over the entire
rovibrational band. For a system in thermal equilibrium, the
intzezgrated intensity for each rovibrational transition is described
by

S o p(v, J")g, (2" + 1)-AQ', J)-¢ Eo Iy 1Ty )P

where the relevant parameters are (i) lower rotational state
population, (ii) nuclear spin weight, Honl-London factor,
Boltzmann factor, and vibrational transition moment, respec-
tively. Note that the signals are summed over both ¢ and flevels
for unresolved or partially resolved lines in a II-II band. The
resulting log—linear rotational Boltzmann plots for each of the
vibrational bending manifolds are shown in Figure 4, which are
consistent with a rotational temperature of T, & 15 + 5 K.
Similarly, relative vibrational populations can be readily
obtained by summing up all rotational populations for a given
vibrational manifold, where the v, hot band transition dipole
moment is assumed to be independent of the lower state. The
resulting normalized populations for each vibrational level
indicate that the ground state level clearly contains the
dominant fraction (70%) of the total population, with the v,
1, Vg, and vy bending modes populations estimated to be about
5.3%, 9.1%, 6.2%, and 1.7%, respectively. For the 2—% band
type progressions, the populations are estimated to be about
1.4% for v, = 2 and 3.6% for the tentatively assigned v, or 2v;,.
These data can also be converted into a Boltzmann plot in
Figure S, which displays, with notable exception of lowest
frequency (vy) bend excitation and the highest frequency CC
stretch (v, or 2u;) excitation, a behavior remarkably consistent
with a vibrational “temperature” of Ty, ~ 358(16) K. Though a
somewhat different set of hot bands are observed and the
vibrational temperatures reported are substantially higher (T,
~ 580(50) K), these results are nevertheless in good qualitative
agreement with conclusions of Zhao et al. for hot band
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Figure 4. Boltzmann plot for the v, fundamental mode as well as
several of the many associated hot band bending levels. Note that the
rotational temperature is quite consistent (T, = 15 + S K) and well
equilibrated between the multiple lower bending vibrational states (v,
Uy, Ug, and vy).
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Figure S. Boltzmann vibrational analysis for the various low lying II
bending states (14, 17, g, and 1), as well as the overtone 21, state and
a previously unobserved collinear CC stretching vibration of X
symmetry, which from band symmetry and AB for the lower state
would indicate either 432} or 4333. Note the remarkable linearity to the
data for subset of states v, L, Uy, also noted by Zhao et al.>* Though
the solid line through this subset of vibrational states correspond to
~358(16) K, the dashed lines for both lower (vg) and higher (v, or
2u;) frequencies would be consistent with a wider spread of
“temperatures” from 85K to 430 K and thus incomplete equilibrium
even in the vibrational manifold.

populations observed and assigned under different expansion
conditions.> It is worth noting that the lowest (v, 220 cm™)
and highest (v, or 2v;, 1700—2200 cm™") hot band frequencies
deviate most significantly (T, ~ 85 K vs 430 K) from this
trend, which would indeed be consistent with differentially
greater cooling efficiency in the slit jet expansion for lower
versus higher vibrational frequencies. However, the key point of
dynamical interest is that the degree of internal vibrational
excitation for nascently formed diacetylene is substantially out
of equilibrium with the much colder degrees of freedom
associated with end-overend rotation, despite the much higher
density of cooling collisions and eflicient rovibrational
equilibration routinely observed under slit jet expansion
conditions.** ™3> This clearly points to a propensity for
extensive internal vibrational excitation of the nascently formed
diacetylene, ie., in good agreement with the molecular beam
studies of Kaiser et al. and ab initio theoretical support for
which is discussed below.®”"°
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IV. DISCUSSION

The production chemistry and detection of diacetylene has
been a subject of keen interest, due largely to its important role
in terrestrial combustion, soot formation, and astrochemis-
try. > 1257759 Successful spectroscopic detection of diacetylene
in Titan’s atmosphere was made possible by the strongly IR
allowed v, and v5 modes in the 3—5 um 1‘egion.20‘21’25’26 The
work by Guelachvili et al. provided detailed information about
these two fundamental bands, as well as a plethora of
combination and difference bands built on low frequency
bending vibrations populated under room temperature
conditions.”’ Indeed, based on the vibrational frequencies in
Table 1, the equilibrium population of the vibrational ground
state should be ~ 27% at 300 K, increasing rapidly to 92% for
100 K and essentially 100% for all temperatures below 50K,
respectively. Under slit jet expansion conditions, therefore, one
might expect the high density of cooling collisions to relax these
low frequency bending excitations in particular, and thus
collapse these extensive hot band spectra down to essentially
the v, fundamental. As evident in Figure 4, however, this is
clearly not the case, and the high degree of disequilibrium
between rotation (T, ~15(5) K) and low frequency X, II
vibrations (T, ~ 85—450 K) speaks to the extent of vibrational
energy being pumped into these modes in the diacetylene
formation event.

The reaction between the radical C,H and the stable
hydrocarbon C,H, is one of the simplest neutral—neutral
hydrocarbon reactions in chemical modeling of dense
interstellar clouds. According to CCSD(T)/VtZ ab initio
studies by Herbst and Woon® and confirmed by density
functional theory (DFT) calculations by Kaiser et al.” the
reaction of C,H with C,H, is initiated via enthalpically driven
attack of radical to one of the carbon atoms in acetylene to
form a stable C, symmetry radical adduct 57 kcal/mol below
the entrance asymptote. In particular, these theoretical studies
predicted the absence of any incoming barrier in the entrance
channel, which permitted calculation of temperature dependent
rate constants by Herbst and Woon from long-range dipole-
induced dipole capture theory.®

Of particular relevance to the present work, these CCSD(T)
and DFT calculations not only predict the presence of a finite
transition state in the exit channel, with a TS barrier height
significantly below the HCC + HCCH reactant asymptote
(—=17.8 keal/mol), but also significantly above (+7.5 kcal/mol)
the exit channel to form HCCCCH + H products.
Furthermore, the transition state geometry is planar (C,) but
with significantly bent (ZCCC = 159°) and both longer and
shorter (ACC ~ +0.017 A, —0.011 A) CC bond lengths than in
the product diacetylene (see Figure 6). For sufficiently
“sudden” H atom escape from the transition state, this would
be expected to result in Franck—Condon like vibrational
excitation of the nascent diacetylene, with up to 7.5 kcal/mol
excess energy stored in the TS geometry to be released into
bending and stretching modes. Indeed, the radical intermediate
is bent even further (ZCCC ~ 122°) from collinear and with
5—10-fold larger deviations (ACC ~ +0.112 A, —0.059 A)
away from the asymptotic product CC bond lengths (see
Figure 6), which would be dynamically consistent with a
significant portion of the overall 25.6 kcal/mol exothermicity of
the reaction funneling into bend and/or stretch vibration of the
HCCCCH product. Either scenario would clearly predict
anomalously high levels of vibrational bending and/or
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Figure 6. Potential energy critical points along the HCCH + CCH —
HCCCCH + H reaction coordinate, calculated from high level
MOLPRO CCSD(T) ab initio calculations using explicitly correlated
VnZ-£12 (n = 2,3) basis sets, with the correlation energies extrapolated
to the complete basis set limit (CBS).#0#606L Regults with the
improved basis set are fully consistent with previous work by Woon
and Herbst,® and indicate the presence of strongly bent (i) stable
HCCH-CCH radical intermediate (—62.6 kcal/mol) and (ii) a
submerged transition state HCC(H)CCH (—18.9 kcal/mol) on the
way to H atom ejection to form HCCCCH product (—25.6 kcal/mol).
Note the strong noncolinearity in radical intermediate and transition
state CCC bond angles, as well as deviations in CC single/triple bond
lengths from diacetylene, which offer a simple dynamical picture for
the extensive hot band structure observed experimentally.

stretching excitation in diacetylene, which is consistent with
spectroscopic observations as well as molecular beam
studies.”*> The presence of a submerged barrier in the ab
initio calculations also implies that, at sufficiently low
interstellar pressures and the absence of secondary collisions,
the energized radical intermediate will fall apart with nearly
unity quantum efficiency to form diacetylene.”’

Under the much higher pressure conditions of a slit jet
expansion or internal combustion environment, however, it
becomes possible for collisions to remove this energy below the
HCCCCH + H product asymptote and thereby stabilize the
radical intermediate. Thus, it is of dynamical interest to
estimate this complex dissociation lifetime,'*'*'* and in
particular whether slit jet collision frequencies are competitive
with unimolecular rates for decomposition of the HCCH—
CCH radical adduct. We have therefore calculated RRKM rate
estimates for unimolecular dissociation over this submerged
barrier (E,) at some total energy E, = E — E,. Specifically, we
performed high level CCSD(T) ab initio calculations with the
MOLPRO quantum chemistry software package,** using
explicitly correlated f12 electron methods and specially
optimized correlation consistent f12 basis sets of Peterson et
al.® (VnZ-f12, n = 2,3) and a simple 1/n® extrapolation of the
correlation energies to the complete basis set (CBS) limit. %!
This permits us to extract zero point corrected energies and
harmonic frequencies (see Figure 6 and Table 4) for each of (i)
reactants (CCH + HCCH)), (ii) the intermediate radical adduct
(HCCH-CCH)), (iii) the submerged transition state (TS) and
(iv) diacetylene + H product species. These energy differences
and vibrational frequencies in Table 4 are then used with the
fundamental RRKM expression for unimolecular decomposi-
tion over a barrier, i.e., kppiy = GF(E — Ey)/hp(E), where E, =
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Table 4. Ab Initio Calculations (CCSD(T), MOLPRO
Quantum Chemistry Package) for Reactant (HCCH +
CCH), Intermediate Radical Adduct (HCCH—CCH),
Transition State (HCC(H)CCH) and Product (HCCCCH +
H) Species, Using Explicitly Correlated VIZ-f12 Basis Sets”

CCSD(T)/vtz-f12
frequencies HCCCCH
cm™! HCCH CCH adduct TS +H
618.1 3759 205.5 239.0 220.0
618.1 3759 322.7 242.9 220.0
7490 20227 498.0 482.5 481.1
749.0 34449 626.7 488.9 481.1
2006.9 656.5 551.8 642.1
3410.0 690.6 617.7 642.1
3501.9 866.3 641.8 643.0
870.0 643.7 643.0
994.3 646.3 891.4
1265.5 899.3 2057.3
1603.2 1981.9 2235.6
2153.0 22012 3457.0
3148.0 3435.4 3458.0
3249.1 3457.6

34572 1061.4i

ZPE (cm™) 5826.5  3109.8  10303.2 8264.9 8035.8
AE+AZPE 0.0 0.0 —58.69 —20.89 —28.34
(kcal/mol)

“Harmonic frequencies are reported in cm™!, with the critical point
energy differences corrected by harmonic zero point energies (AE +
AZPE) and referenced with respect to the zero point level of the
HCCH + CCH reactants. The imaginary frequency at the TS
corresponds to the reaction coordinate. Note that the TS has a
strongly submerged barrier with respect to incoming reactants and
7.45 kcal/mol above the product channel.

37.8 kcal/mol is the zero point corrected barrier height, p(E)
the density of radical adduct states at internal energy E, and
G*(E — E,) represents the number of vibrational quantum
states accessible at the TS barrier with an excess energy E —
E,, 2A4362-67

The resulting RRKM predictions for the unimolecular adduct
decomposition rate constant as a function of internal energy E
are displayed in Figure 7. If we treat the zero point corrected
energy release associated with falling into the attractive well
(—62.6 kcal/mol) as a lower limit on internal energy of the
radical adduct (E 58.4 kcal/mol), the corresponding
fragmentation rate is predicted to be kg & 2.8 X 10 1/
sec and ~3.2 X 10" 1/s for VdZ£12 and VtZ-f12 basis set
levels, respectively. Even for typical gas kinetic rate constants of
2 X 1071 cm®/molecule/s and strong collision assumptions,
stabilization of the radical adduct intermediate would still
require considerably higher pressures of &~ 4000 Torr or higher.
As our slit jet typically operates at an order of magnitude lower
pressures (300—S00 Torr), this would be consistent with quite
efficient (>90%) fragmentation of the adduct species to form
the diacetylene product. However, these lifetime predictions
also suggest that collisional quenching of the radical adduct
could become an important channel at only moderately (10-
fold) higher pressures, and therefore potentially important to a
more detailed kinetic modeling of internal combustion
dynamics.

As a parting comment, this CCH radical attack mechanism
can continue further to form higher H-(CC),-H polyynes,
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Figure 7. Internal energy dependent estimates of RRKM unimolecular
decomposition rates for the HCCH—CCH radical complex formed by
barrierless attack of CCH on HCCH, based on ab initio CCSD(T)
calculations with explicitly correlated VnZ-f12 (n = 2,3) basis sets. The
zero point corrected energy barrier from the complex to the transition
state is E, = 37.8 kcal/mol, which for E = 58.7 kcal/mol internal
energy corresponds to kppiy = 3 X 10' 1/s and >10-fold faster than
gas kinetic collision rates in the slit discharge expansion region.

provided there is sufficient time/collision frequency in the slit
discharge expansion for additional CCH attack on diacety-
lene.">™® Indeed, we do see clear spectroscopic evidence in the
infrared absorption spectrum for triacetylene formation in the
relevant asymmetric CH stretch region, ostensibly via CCH
addition to the initial diacetylene product. However, the above
discussion raises an interesting point. The efficiency of such a
radical extension mechanism to form successively longer
polyynes depends on the ability of CCH (i) to insert in a
barrierless fashion into a terminal H—-C=C—R bond and (ii)
for the nascent radical adduct to dissociate over a barrier
sufficiently submerged (i.e., small E;) and with enough internal
excitation (i.e, large E) to compete with vibrational relaxation
processes via external collisions. This is clearly a highly efficient
process at typical slit jet pressures for small H-C=C-R
reactant species (e.g, R = H, CCH). For sufficiently extended
polyyne chain lengths, however, such a direct polyyne
formation mechanism would be expected to become slower
with respect to collisional relaxation.'*'* Thus, one predicts
under typical expansion and/or combustion conditions the
possibility of rate limited termination to the polyyne chain
extension kinetics, and thus the corresponding appearance of
stabilized polyynic radical adducts amenable to further high
resolution spectroscopic detection. However, theoretical and
experimental work will be necessary to test the validity of these
predictions.

V. SUMMARY AND CONCLUSIONS

In this report, the infrared spectroscopy of the C—H
antisymmetric stretching mode (v,) of diacetylene and
associated hot bands in the region of 3333 cm™" is investigated
with sub-Doppler resolution in a slit jet supersonic expansion
and spectral analysis building on previous FTIR and cavity ring
down studies.””*> The nascent species are formed in situ in the
slit jet environment by discharge fragmentation of acetylene
(HCCH) to form ethynyl radical (HCC) + H atoms, followed
by barrierless attack of CCH with HCCH to form diacetylene
prior to cooling in the subsequent expansion. Local rotational

7948

perturbative “crossings” in the v, (£—X) fundamental band are
observed for the first time and successfully analyzed based on
simple X—IT Coriolis coupling. Evidence for extensive bending
vibrational excitation of the diacetylene is also obtained,
specifically by detection of v, (II-II) hot bands built on
each of the low frequency v, v, 15, and vy bending vibrations,
with spectroscopic analysis based on a weighted least-squares fit
to a combined data set. Two additional hot bands of non-IT-II
vibrational symmetry are also observed and analyzed. One
A—A band is readily identified by comparison with Zhao et al.
as a v, hot band built on two quanta of the v, bend (4473), for
which the present work provides additional corroboration of
the assignment.>> In addition, a £—~X v, hot band is also
observed, which, based on the decrease in the lower state
rotational B constant (AB/B = —0.40%) and ab initio
vibration—rotation interaction calculations,> suggests assign-
ment to a hot band built on collinear CC stretching vibrations
(e.g, vy or 2u;) of ¥ symmetry. Lower state rovibrational
populations from these hot bands are analyzed via Boltzmann
analysis, which provides evidence for quite hot distributions of
IT and X vibrations in formation of the nascent diacetylene
considerably out of equilibrium with the observed rotational
temperatures (15 + S K) despite the much higher number of
cooling collisions in the slit jet expansion environment. The
results are in good agreement with the translational energy
distributions noted in molecular beam studies by Kaiser et al,
which indicate more than S0% (E;,, ~ 14 + 3 kcal/mol) of the
available exothermicity (E, = 26.7 kcal/mol) remaining in the
nascently formed diacetylene.”

Potential dynamical reasons for such highly vibrationally
diacetylene distributions are explored using high level CCSD-
(T) calculations with explicitly correlated VnZ-f12 (n = 2,3)
basis sets, for which correlation energies have been extrapolated
to the complete basis set limit (CBS). The results indicate
strongly bent radical adduct and transition state geometries,
supporting the work of Herbst and Woon® and Kaiser et al.”
and offer a simple physical model for funneling of the reaction
exothermicity into CH/CCC bending and CC stretching
modes of the nascent diacetylene product. Finally, CCSD(T)/
VtZ-f12 vibrational zero point corrected energies and
frequencies at the intermediate and transition state geometries
have been exploited for predicting RRKM dissociation lifetimes
of the HCCH—CCH radical complex. These lifetimes are
consistent with a high quantum yield (> 90%) of diacetylene
formation in a typical low pressure slit jet expansion, but also
predict collisional stabilization of the radical complex to be a
potentially important channel under the higher pressure
conditions relevant to internal combustion processes.
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