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Near-Threshold Photodissociation of C;H,, C;HD, and C,D,
Studied by H(D) Atom Photofragment Translational Spectroscopy
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The photodissociation of jet-cooled CoH,, CoHD, and C,D, molecules following excitation within their respective
predissociated A-X absorption band systems has been investigated using the technique of H(D) Rydberg-atom photofrag-
ment translational spectroscopy. Analyses of the rotational structure apparent in the resulting total kinetic-energy release
spectra yields precise values for the DCC-H, HCC-D, and DCC-D bond dissociation energies: DY(DCC-H) =46144450
em ™!, DY(HCC-D)=46687+50 cm ™!, and DY(DCC-D)=46754:50 cm ™', respectively. The average internal excitation
of bending vibration in the C;H(C;D) fragments formed from these photolyses of all three parent isotopomers is shown to
scale linearly with the excess energy over and above that required for bond fission by ca. 540 cm™".

Acetylene photolysis, and subsequent chemistry involv-
ing the ethynyl (C,H) radical, both play important roles in
establishing the hydrocarbon balance in the atmospheres of
the outer planets and their moons.® Acetylene has a linear,
Xlng , ground electronic state; its lowest lying excited elec-
tronic states result from a n: <+, promotion; the resulting
excited states have planar, trans-bent equilibrium geome-
tries. The AlAu—f(12g ultraviolet absorption system of acet-
ylene exhibits a wealth of resolved rovibronic structure in the
190—240 nm wavelength range; not surprisingly, these band
systems in all three isotopomers (C,H,, C,HD, and C;D»)
have attracted much attention from spectroscopists.*—"

Although the A state of acetylene correlates adiabatically
with the products H+C2H(A2H), measurements of the par-
ent C,H,(A—X) laser-induced fluorescence (LIF) excitation
spectrum show a clear “breaking-off” at excitation wave-
lengths shorter than 216 nm, i.e. at energies well below the
energetic threshold for forming such electronically excited
fragments.'>!® The nature of the competing excited state
decay processes has been a subject of long-standing inter-
est. Predissociation to ground-state products H+C2H()~(22+)
is one obvious possibility. This could involve intersystem
crossing to near the resonant levels of the first triplet (T;)
state, and/or internal conversion to very high vibrational lev-
els of the ground state. The concensus view emerging from
several recent high-resolution LIF studies'®!” from quantum
beat measurements'®!® and from external magnetic effect
on fluorescence® is that intersystem crossing represents the
dominant nonadiabatic coupling mechanism in the energy
range studied to date. There now exists a reasonable body
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of evidence that the quantum yield for the simple C—H bond
fission channel, even at the wavelengths as short as 193.3
nm, is only 0.2—0.3.2—2® Metastable triplet-state acetylene
molecules®” and, more recently, vinylidene (H,CC) radicals
in their 3B, state® 2 have been proposed as sinks for that
fraction of the photoprepared C,H,(A) molecules which ap-
parently do not fragment. Clearly, a complete description
of the photophysics of the A state acetylene molecules re-
mains a considerable challenging one that is now starting
to be addressed by H(D) atom photofragment translational
spectroscopy.”

The first photofragment translational spectroscopy study
of CoH, photolysis in this wavelength region, at 193.3 nm,
was reported by Wodtke and Lee.*® These workers moni-
tored the C,H fragments, which they deduced to be formed
both in the ground, X, and first excited, A, electronic
states. They also saw clear evidence of facile secondary
photolysis of the nascent C,H products (yielding C, radi-
cals and another H atom), and deduced a value for the pri-
mary bond dissociation energy of Do(H-CCH)=46200£700
cm™!, in good accord with contemporary values determined
by other experiments®**? and by theory.*® Two groups®>>
subsequently reported significantly lower values for this
bond strength, which, in turn, triggered a flurry of both
theoretical®®*>® and experimental®—? activity. These more
recent studies all pointed to the general correctness of the
Wodtke and Lee value, a conclusion that was vindicated by
our recent preliminary high-resolution H-atom photofrag-
ment translational spectroscopy study of C,H, photolysis.*
Here, we report on the results of similar high-resolution stud-
ies of the C—H and C-D fission channels in C,HD and C,D;,
at a range of near-UV excitation wavelengths, and provide
some of the first quantitative data on energy disposal in the
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resulting C;H(C,D) photofragments.

Experimental

The photofragment translational spectrometer and laser systems
used in this study have been fully described elsewhere.*® In brief, a
skimmed pulsed supersonic beam of acetylene (typically 5% HCCH
or HCCD or DCCD seeded in 95% A, at a total stagnation pressure
of ca. 1bar) is crossed at right angles by the output of various pulsed
laser systems used to effect the photolysis and to ‘tag’ the nascent
hydrogen atoms. The photolysis laser UV radiation was tuned
to absorption resonances located by a complementary resonance-
enhanced multiphoton ionisation (REMPI) study of acetylene.'>
The recoil kinetic-energy distribution of these tagged H(D) atoms
is determined by measuring their collision-free times-of-flight to
a detector (a Johnston multiplier, type MM1-SG) positioned along
the third orthogonal axis with its front face either 825 mm distant
from the interaction region in the studies of HCCH photolysis or
425 mm in the case of the HCCD and DCCD studies. Increasing the
flight path improves the kinetic-energy resolution of the resulting
total kinetic-energy release (TKER) spectrum, by decreasing the
solid angle subtended at the detector from the interaction region.
However, the use of a longer flight tube was only possible for the
photolysis of HCCH, where signal strengths were sufficiently high
to cope with the concomitant loss of signal associated with the
smaller detector acceptance angle.

The UV photolysis studies of acetylene presented here require
three laser systems. The photolysis laser system consists of a
Nd-YAG pumped dye laser system (Quanta-Ray GCR-5, PDL-
3) operating on DCM dye, producing light in the 660—615 nm
wavelength region. This radiation was frequency tripled, i.e. the
fundamental dye-laser radiation was frequency doubled in a KDP
crystal; then, the doubled and fundamental dye laser radiation were
mixed in a BBO crystal, yielding tunable coherent light in the 220—
205 nm range. A home-built Soleil-Babinet compensator was em-
ployed to reorient the polarisations of the doubled and fundamental
beams, before entering the BBO crystal, in order to optimise the
mixing process. The light was then focused with a lens (f=500 mm)
50 as to overlap spatially, and immediately precede within 5 ns, the
hydrogen-atom tagging pulses described below, in the interaction
region.

Tagging of the H(D) atoms is achieved at the source using two
additional laser systems. One provides radiation at the Hiy_ o and
Dyy— o wavelengths, 82259 and 82280 cm ™, respectively, to excite
at the line centre of the n=2+«n =1 transition of the nascent H(D)
atoms. The second laser system operates at wavelengths ca. 365
nm, to further promote the H(D) atoms in n=2 to high Rydberg states
(n~270) lying just below the ionization threshold. As before,*” the
necessary vacuum ultraviolet (VUV) radiation was generated by
frequency tripling, in krypton, 364.6 nm (364.5 nm for D atoms)
light, which in turn was produced by sum-frequency mixing the
1064 nm fundamental output of a Nd—YAG pump laser (Continuum
YG 682-10) with dye laser radiation at ca. 554.7 nm (554.5 nm).
The 365 nm light used in the second step of the double-resonant
excitation of the H(D) atoms was produced by frequency doubling

in a DCDA crystal the output of a second dye laser (Spectron

SL4000G) pumped by the same Continuum Nd-YAG laser.

The various ultraviolet and vacuum ultraviolet beams were fo-
cused into the interaction region, with a crossing angle of ca. 6°,
so as to overlap in time and space. Rydberg atoms excited in this
way fly from the interaction volume; those that happen to recoil
along the time-of-flight (TOF) axis are field ionized immediately
prior to striking the Johnston multiplier. A pair of suitably biased
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annular electrodes that provided a field strength of ca. 2 Vmm™!,
positioned at either side of the interaction volume, ensured that any
ions formed by the initial laser excitations were extracted at the
source, and, thus, did not contribute to the measured TOF spec-
trum. Checks were made to ensure that all of the observed signal
depended on the presence of all three laser beams, i.e. to ensure that
neither probe beam caused any detectable photolysis.

The output from the multiplier was amplified and sent to a digital
storage oscilloscope (LeCroy 9450, 350 MHz bandwidth) for visual
display. The signal was also transferred on a shot-by-shot basis, viaa
parallel interface, to an IBM PS/2 for accumulation and subsequent
data processing.

DCCD was prepared by reacting D,O with calcium carbide on
a glass vacuum line, that had been previously exposed to D,0, in
order to deuterate the glass surfaces of the vacuum line. HCCD
was prepared by a similar method, but a 50:50 mixture of D,O
and H>O was used. No attempt was made to purify the resulting
mixture of HCCD, DCCD, and HCCH since the jet-cooled UV
absorption spectra of the three isotopomers are sufficiently sparse
and structured™ that it is possible to excite selectively the HCCD
isotopomer. HCCH and the argon carrier gas were obtained com-
mercially and used as supplied.

Results and Discussion

1. Bond Dissociation Energies. Figure 1 shows a
TOF spectrum of H Rydberg atoms resulting from the pho-
tolysis of jet-cooled HCCD at 210.868 nm. This photol-
ysis wavelength, using the assignments and nomenclature
of reference,'” excites the overlapping, predissociated A-X
V36¢K{ and 2 VEK] transitions of HCCD. An analysis of
this and the other TOF spectra recorded in this study was
carried out, following past procedures,* by transforming
the TOF data into a spectrum of total kinetic-energy release
(TKER) of the fragment as shown in Fig. 2, using the rela-

tionship
d 2
TKER = 2y (1+ i ) <-> , o
2 mpcc tH

which assumes conservation of the total energy and linear
momentum. In this equation, #y is the measured H-atom TOF,
and d is the flight distance. Considering energy conservation
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Fig. 1. TOF spectrum of H atms resulting from the linearly

polarised (&not perpendicular to the TOF axis) photolysis
of a jet-cooled sample of HCCD at 210.868 nm. This pho-
tolysis wavelength excites the overlapping, predissociated
A—X V364K) and 25 VeK} transitions of HCCD.'®
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Fig. 2. Total kinetic energy release (TKER) spectrum of the
H+CCD fragments resulting from photolysis of jet-cooled
HCCD at 210.868 nm.

for photolysis,
RV + Epgent = DY(DCC-H) + Epcc + TKER, 2

where hv is the photolysis energy and Epcc is the internal
excitation of the DCC fragment. Epaens, the parent inter-
nal state, is well-defined, since the jet-cooled absorption
spectrum is sufficiently structured that the photolysis energy
defines a very narrow subset of rovibronic transitions.
Clearly, in order to determine the internal energy distribu-
tion of the DCC fragment we require the bond dissociation
energy, DJ(DCC-H). At threshold, i.e. when Ein pcc=0

DY(DCC-H) = hv + Epaen: — TKER. 3)

Thus, given that Epareqn is small and that the photon energy is
well-defined, establishing the bond strength simply requires
an accurate determination of the 1~nzaximum TKER that corre-
sponds to the formation of DCC(X"Z*, v=0, N=0) fragments.
As in previous studies,” we determined this threshold by
fitting the observed spectrum to the known DCC rotational
eigenvalues*” (Fig. 3). The combs superimposed on Fig. 3
confirm that this is the case. Similar analyses of the TOF
spectra of D atoms resulting from the 205.950 nm photoly-
sis of HCCD and from the 209.266 nm photolysis of DCCD
(Fig. 4) yielded values of Dg(HCC—D)=46687:i:50 cm~! and
DY(DCC-D)=46754+50 cm™!, respectively.

We now proceed to demonstrate that these values
are wholly consistent with the earlier determination*® of
Dg(HCC—H)=46074i8 cm~!. Tables 1 and 2 list the har-
monic vibrational wavenumbers for the various normal vi-
brational modes of the parent isotopomers (HCCH, HCCD,
and DCCD) and of the fragments (HCC, DCC), respectively.
D.(H-CCH), which in the Born—Oppenheimer limit, should
be independent of the isotope substitution, and is given by

D.(HCC-H) = DY(HCC-H) + &(HCCH) — £,(HCC), (4

where & is the zero-point energy of the particular species.
Given the vibrational wavenumbers listed in Tables 1 and
2, we obtained the zero-point energies for the various
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Fig. 3. Internal energy spectrum of the C;D fragments de-
rived from the total kinetic energy spectrum shown in Fig. 2
(210.868 nm photolysis of HCCD). Combs superimposed
above the spectrum indicate the energies of various rota-
tional states of the Co,D(X) fragment in both its ground
(v2=0) and first excited bending (v,=1) levels. In construct-
ing the latter comb we assume the rotational constants for
the v,=1 level to be the same as those for the zero-point

level.
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Fig. 4. Internal energy spectrum of the C;D fragments de-

rived from a D atom TOF spectrum resulting from the
linearly polarised (&not perpendicular to the TOF axis)
photolysis of a jet-cooled sample of DCCD at 209.266
nm. This photolysis wavelength excites the predissociated
A—X 1}V3K] transition of DCCD. Combs superimposed
above the spectrum indicate the energies of various rota-
tional states of the C,D(X) fragment in both its ground
(v2=0) and first excited bending (v2=1) levels.

parent molecules and fragments shown in these tables.
Given g&(HCCH) and &(HCC), we thus obtained a value
D.(HCC-H)=48795 cm™!. This D, value, together with the
other &’s, allows a calculation of DJ(DCC-H), DY(HCC-D),
and DJ(DCC-D). These calculated values are in excellent
agreement those determined in the present study (Table 3).
2. Dissociation Dynamics.  TOF spectra of the H(D)
atoms have been recorded at a series of different excitation
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Table 1.  Harmonic Vibrational Frequencies® and Zero
Point Energies (&) for HCCH, HCCD, and DCCD
HCCH HCCD DCCD
cm™! cm™! cm™!
[ 3373 3335 2701
) 1974 1851 1762
w3 3295 2584 2427
o 612 519 509
ws 729 683 538"
& 5662 5087 4492

a) Ref. 45. b) Ref. 46.

Table 2.  Harmonic Vibrational Frequencies” and Zero
Point Energies (&) for HCC and DCC
HCC DCC

cm ! cm™!
o 3298.85% 2537.19
@ 371.60 2859
ws 1840.57 1743.18
& 2941 2425

a) Ref. 47. b) Ref.48. c¢) Value obtained from data presented
in Fig. 3, in good agreement with estimate presented in Ref. 48.

Table 3.  Comparison of Calculated with Experimental
Bond Dissociation Energies for the Various Isotopomers
of Acetylene

D{(Calcd) DY(Experimental)
em™! cm™!
DCC-H 46133 46144150
HCC-D 46649 46687150
DCC-D 46728 4675450

wavelengths for each of the acetylene isotopomers. Figure 5
shows three DCC internal energy spectra derived from the H-
atom TOF spectra resulting from the photolysis of HCCD at
210.868, 208.602, and 205.933 nm. These photolysis wave-
lengths correspond to, respectively, the overlapping V364K}
and 2JV¢K]{ transitions, the V363K) band and the 2365K}
band of the predissociated A« X system of HCCD.'> The
spectra show an increase in the DCC internal excitation as
the photolysis energy increases. The 1, bending-vibrational
mode in the DCC fragment appears to be particularly active,
as might be expected on Franck—Condon grounds, given the
planar trans-bent «+ linear change in equilibrium geome-
try of acetylene that accompanies the parent AIAM—XIZQ
transition. Similar trends are observed in the spectra result-
ing from the photolysis of HCCH and from DCCD. In an
attempt to quantify this trend, we calculated the average in-
ternal excitation (Ej,), as a function of the excess energy,
Eexcess=hv—DY. Figure 6 shows a plot of the deduced E;p
of the fragment versus Eexcess for the photolysis of all three
isotopomers. This correlation is linear and is coincidental for
all three species. The extent of fragment internal excitation
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Fig. 5. Internal energy spectra of the C;D fragments de-

rived from H atom TOF spectra resulting from the linearly
polarised (&nor perpendicular to TOF axis) photolysis of
HCCD at (a) 210.868 nm, (b) 208.602 nm, and (c) 205.950
nm. These photolysis wavelengths excite the predissoci-
ated A—X V36¢K{ and 20 VEK] (overlapping), V363KS and
2365K} transitions of HCCD, respectively.'” Combs super-
imposed above the spectra indicate a progression in the v,
(bending) mode of C,D(X).
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Fig. 6. Plot of average fragment internal excitation as a

function of excess energy for the photolyses HCC-H (1J),
DCC-D (A), and DCC-H (). Filled symbols indicate that
the excitation originated from vibrationally excited parent
molecules with v =1. The solid line indicates the best-fit
between all the points.

appears to be insensitive to the particular parent vibronic ex-
citation; also, we do not see any marked isotope effect in the
energy disposal. The gradient of the best-fit line through all
of the points provides the ratio Ejy/Eexcess=0.43, while the
plot intercepts the excess energy axis at a value of 540 cm~!.

As mentioned in Introduction, there now exists a large
body of evidence!*!*!5—23) pointing to the influence of sin-
glet-triplet interactions on the AlAu state of acetylene at ener-
gies somewhat lower than those relevant in the present study.
Pivotal amongst these are the studies of Ochi and Tsuchiya,'?
who showed the effect of a magnetic field on the decay pro-
files of the parent A—X emission, and the high-resolution
laser-induced fluorescence spectra of Drabbels et al.,'” which
imply a density of “background” states coupled to any partic-
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ular rovibronic level of the AlAu state that is fully compatible
with an assumed S;-T; coupling. Additionally, there now
appears to be a reasonable concensus that the low primary
fragment quamtum yield reported at shorter wavelengths, in-
cluding 193.3 nm (@=~0.2—0.3),?® can be attributable to al-
ternative non-dissociative processes, €.g. intersystem cross-
ing and isomerisation to the vinylidene structure on a triplet
potential energy surface.?>—® The present observations also
appear to be wholly consistent with a model in which the
AIAU state acetylene molecules predissociate via intersys-
tem crossing to near-resonant levels of the T triplet excited
state, whose subsequent fragmentation to ground state prod-
ucts involves passage through a rather tightly constrained
transition state, the saddle points, for which lies some 540
cm~! above the asymptotic energy associated with ground
state fragment products. A full discussion of the dynami-
cal implications of these findings, of the detailed rovibronic
energy disposal in the resulting HCC and DCC fragments,
and of the angular anisotropy of the recoiling H fragments,
is reserved for a future publication.
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