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The product translational energy distributiB(E;) and the recoil anisotropy paramej&(E;) for acetylene

(and isotopic variants) photodissociation at 121.6 nm have been obtained by detecting the H(D) atom fragment
using the Doppler-selected time-of-flight (TOF) technique. A strong propensity toward the formation of the
C,H(A 2IT) fragment was revealed. The resolution of this technique is sufficiently high to resolve the vibrational
structures of a small polyatomic molecule. The vibrational spectroscopic constants of the@ C-C
stretching modes for th€,H(A 2IT) state were obtained for the first time, and the mode-specific vibrational
state distributions were deduced. It is conjectured that two distinct dissociation pathways, arising from the
Rydberg-valence surface intersections, are involved in the title processes. The branching of these two pathways
is governed by the initial absorption step.

I. Introduction dissociation dynamics offers an opportunity to elucidate the
. . . Rydberg-valence interactiod$ 15 and to explore the photo-
Acetylene (GH,) is one of the simplest hydrocarbons with chemical consequence of Rydbergizatfkin a complementary

chemistry highly relevant to a number of natural or man-made manner to the spectroscopic means which are sensitive only to
phenomena occurring in interstellar processes and combustion P cop y
the Franck-Condon region.

and as such its spectroscopy and photochemistry in the UV and i ) ]
VUV regions have received considerable attention. The-190  Although the photochemical behaviors oftG in the VUV
250-nm absorption region is assigned to a weak, linear to trans-"€gion are more poorly characterized than in the UV region, it
bent transition & A, — X ’54).12 The spectrum is dominated 1S anticipated that th(_a majority, if not all, of those exc[ted states,
by a long progression of the in-plane bending ang@ evgntually lead to d|§somgt|on with the ethynyl radicajHC _
stretching modes. Fluorescence from fastate has also been ~ P€ing one of the major primary products. The understanding
observed# A sudden falloff of the fluorescence quantum yield ©f the photodissociation of £, and the subsequent reactions
occurs around 214-315.8 nm, which was initially attributed ~ ©f C2H are of central importance in photochemical models of
to the predissociation of &1, to CH + H. A value of 132.97  Planetary atmospher€s’ and in hydrocarbon combustion
+ 0.48 kcal/mol was then inferred f@q(H—CzH), which is chem|stry%8_ Fo_r e_xample, in combuann of fossil fuels the
just slightly larger than the most accurate value of 13H73 ethynyl ra}dlcal is mvolvgd in the formanon of polyacetylenes
0.02 kcal/mol obtained more recently by the Rydberg H-atom @nd possibly of polycyclic aromatic hydrocarbons (PAHSs) and
TOF measuremefit. A recent reinvestigatiéhcombining the ~ hence of soot. The reaction o€ with NO may also be of
fluorescence quantum yield and photofragment yield measure-importance to NQchemistry:® In modeling interstellar clouds
ments confirms the earlier fluorescence quenching data, which,and planetary atmospheres, such as Titan's, the reactiogbf C
however, casts some doubts on the original interpretation. With acetylene to form diacetylene &), 2°-2? which is a key
Instead, the involvement of the triplet manifold in tAestate ~ Precursor to the formation of polyacetylene hazes andfdes,
predissociation is suggested. of particular importance. The reaction opfC with CH4 has

the B 1B, — X 3 transition? spectra become richer at even The recombination of two methyl radicals then produces ethane,
g L

shorter wavelengths and several (ro)vibrationally resolved Which is an abundant species in Titan's atmosphere. Further
Rydberg series and valence states have been iderftified. ~ reactions of GHg with C;H and CH can lead to the formation

Because both £, and GH,* are linear in the ground states ©f CsHs; similarly for the formation of a host of larger
and only the G-C bond length changes significantly from 1.20 hydrocarbons. In addition, the participation ogtCin the

A (C2H2) to 1.26 A (GHz"), all Rydberg transitions of &, networks of organic chemistry of interstellar medium could also
exhibit a strong, progression (totally symmetric=eC stretch- have relevance for events leading the origin of life on Eé#rth.
ing mode). Near the hydrogen Lyman{L-a) transition at ~ Hence, the photochemistry 0%k, among a few others such
121.6 nm the vibronic Rydberg state denoted Ia’$(3i'lu)2$ is as CH, plays a decisive role in our fundamental understanding

most relevanf. This band is diffuse because of predissociation. Of Present interstellar atmospheres and possibly their past
With 10.2-eV photon energy three fragmentation channels, the €velution.

formation of G + H,, 2CH, and GH + H, are energetically In all these chemical models the reaction rate coefficients
accessible. This work focuses on the characterization of H-atomused to date assume thattCis in the electronic ground state,
elimination. Because the excitation of# at 121.6 nm  X?)*. However, in a recent communicatSnve reported that
involves a vibronically resolved Rydberg state, the study of its the photodissociation of £l, at 121.6 nm yielded predomi-
nantly the low-lying, electronically excite@,H(A 2IT). This

€ Abstract published ilAdvance ACS Abstractguly 1, 1997. remarkable propensity against the formation of electronic ground
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state of GH at L-o. has also been found by Wittig and co- @ Doppler Selection on Vz © TOF Measurement of Vy
workers using the Rydberg H-atom TOF technig®eln X @ Slit Restriction on Vx
addition, they also reported the same propensity for the excited
A-state of GH, using an elegant IRUV excitation schem@?
It appears that the preferential formation of ®gH(A) fragment
may be quite common when,B; is irradiated by a VUV
photon. The reactivities of £l in the A 21 state are unknown |,
at the present time but can be quite different from those in the
ground state. Since chemical models of interstellar clouds and
combustion processes are based on the knowledge of the rates
and products of important reactions, the astrochemical and
combustion implications of this finding await further investiga-
tions and model analysis.

Reported here is the full account of our previous communica- Doppler Profile
tion25 The details of our experimental approach, Doppler-
selected TOF (a 3-D mapping) technique, will be given. The Y
improved results for gH, will be presented. In combination \
with those extended for D, and GHD isotopic variants, a
clearer picture about the photodissociation mechanisms emerges. -

Y
(TOF)

5 0 5 10 05 1 15 2 25 3 35 4
Aw (cm-) Time of Flight (1s)

IIl. Experimental Section Figure 1. Schematics illustrating the basic concept of the Doppler-

o selected TOF technique. The hatched slice represents a Doppler-
(A) Methodology. A complete characterization of the selected 2-D velocity distribution for a certain The gray strip on

dynamics O_f phOtOd'SSOC'at'On or CO”'S'O_naI processes Involyes the 2-D slice is the 1-D distribution measured by TOF technique under
the determination of the state-to-state differential cross section. the restriction of a slit. The corresponding collective and TOF-dispersed

Toward this goal an approximately “single state” ofH3 signals are illustrated in the lower parts by a square mark on the Doppler
reagent is prepared by supersonic expansion means in this studyprofile and two TOF spectra, respectively.

and the product state-resolved differential cross section is

achieved by a 3-D mapping method for characterizing the C;HD and GD; (Cambridge Isotope Lab, 90% isotopic purity
product H-atom c¢.m. (center of mass) 3-D velocity distribution and 98% chemical purity for £1D, and 99% D for GD), were

with resolution sufficiently high so that the internal state used directly from the gas cylinder, whereasHg was used
distribution of the polyatomic cofragmenti can be revealed  either with or without a freeze-and-thaw procedure for the
as structures in the H-atom measurement. The 3-D mappingremoval of the acetone impurity. In the latter cases no
method, Doppler-selected time-of-flight (TOF) technidbiés differences in the resulting TOF spectra could be detected. To
essentially a “core-sampling” approach by combining three minimize the chemical interferences for clustering, which could
independent 1-D projection methods in an orthogonal manner: readily be observed as VUV photoionized cluster peaks when
the Doppler shift (frequency dispersion) foy selection, the the spectrometer was operated in the mass mode, mild expansion
ion time-of-flight (temporal dispersion) fay, measurement, and  (neat and<1 atm backing pressure) was used in all cases. To
the slit (spatial dispersion) fak restriction, as depicted in Figure  minimize the difference between the c.m. and laboratory velocity
1. In brief, at a certain probe laser wavelength ions generatedframes, the beam was directed nearly collineaf\h8th respect

via a REMPI detection process represent a 2-D product velocity to the laser propagation axis.

distribution in anX-Y plane with a constant, component The detection of H/D photofragments was achieved by using
selected by the Doppler-shift technique. lons within this 2-D (1+1) REMPI via L transition at 121.6 nm. The 121.6-nm
slice are conventionally collected as one data point in a Doppler photon, which also served as the photolysis light source (i.e., a
profile, as indicated with a square mark in Figure 1. Rather one-color experiment), was produced by the third harmonic
than collecting all those ions, a slit is placed in front of the ion generation scheme in a Kr gas égknd then recollimated by
detector (where the plane of space-focusing lies) to restrict a LiF lens—rather than the LiF window used in the previous
detection of ions withux ~ 0, which leaves only a 1-D  report?®> This lens implementation significantly improved the
distribution ofuy to be dispersed and measured by using an ion TOF resolution by reducing the higher order effects from the
TOF method. A complete recovery of the 2-D distribution can initial spatial-spread of the ion packet. The change of polariza-
readily be achieved by a rotation operation of the measuyed tion of the VUV photo was accomplished by inserting./2
distribution around provided that the cylindrical symmetry is  waveplate after a Glan laser polarizer in the UV beam path.
preserved along th2 axis, as demonstrated in a recent crossed- The so-called “parallel” and “perpendicular” polarizations are
beam scattering experimefit. In case such a symmetry is referenced to the ion TOF axis. A single-stage TOF arrange-
absent, as in some configurations for photodissociative studies,ment was devised for measuring the ion speed distribution.
the loss ofwy information can still be recovered by a proper Figure 2 depicts the current TOF device, which differs from
combination of TOF spectra obtained with different photolysis the old version reported previoudhin dimensions. It consists
laser polarizations (i.e[] andll with respect to the TOF axis),  of a repeller, an extractor, and a field-free region (D) and is a
vide infra. Scanning the probe laser wavelength allows suc- rather simple and compact device. The temporally dispersed
cessive 2-D distributions to be obtained for the subsequently ions were then detected by a chevron MCP, signal amplified
vrselected slices. The recombination of these 2-D slices will and recorded on a 500-MHz transient digital oscilloscope
then directly reproduce the desired complete 3-D velocity (LeCroy 9350). The overall temporal resolution of our ap-

distribution. paratus, including lasers and electronics, was measured to be
(B) Apparatus. The experiments were conducted in a pulsed, about 3 ns.
crossed-beam apparatus detailed previotfslifor the present A few comments are worthwhile mentioning about the present

work, only a single beam was employed. The isotopic samples, setup. First, the approach of our ion TOF measurement is to
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Figure 2. Schematic of the single-stage TOF device. B/eV

X

use a large ionization volume for reducing the space charge
effects and then to take advantage of the space-focusing
technique to compress the spatially spread ion packet for
recovering the temporal, thus translational energy, resolution.
The dimensions of the single-stage TOF device were set up by
the first-order space-focusing conditionU@+ 2SEs = ED,
where Uy is the initial kinetic energy to be measures, the
distance between the ionization center and the extragtdhe

ion draw-out field, and the ion free drift distance. The actual
dimensions used in the time-to-speed transformation were
determined from the calibration experiments. Thus, contrary CH, +Lo>GH+H

to the widely accepted WileyMcLaren two-stage setti the T T e e T
space-focusing condition here is largely fulfilled over a range Vi, (10° cmysec)

of Up by the geometrical factors. By simply varying the !

extraction voltage the best compromise between the resolution™2*'* °- S .
an SIN ratio can readly be achieved, as ilustated in Figure "1 181 extacton feld sengihs The best enery resalton
3a for a portion of the spectra under different extraction voltages. first-order space focusing equation. (b) TOF-dispersed velocity
Second, although an unfocused laser was used, to our surpriseiistributions illustrating space charge effects. The higher UV laser
the power density was still intense enough to make the spacepower (13 mJ) results in a broadened profile and loss of the structural
charge effects discernible, as shown in Figure 3b, presumablyfeatures.

due to the large absorption cross sections. Systematic examina- . .

tion of the space charge effects reveals that the resolution getsVith 2z = 0 £ Av, (Av, determined by the laser bandwidth)
worse first, followed by a broadening of the overall TOF profile. will be |on|z_ed in the REMPI process and the s_Ilt restricts fur_ther
Third, in addition to the mentioned 3-D velocity mapping ©nly those ions withy ~ 0 £ Aux (Avy determined by the slit
scheme, the more familiar 23band 1-03233 spectra can also width and the ion arrival time) to be detected, then one has a

be obtained. By using a boxcar to integrate the ion signals while Nominally 1-D speed distributicifvy; v, ~ 0, s~ 0). Recasting
scanning the probe laser, the resulting, low-field Doppler €4 1 in Cartesian qurdlnates _ano! omitting therlfdctor, it
spectrum corresponds to the central-strip distribution obtained P€comes fol = 0°, i.e., Il-polarization,
from the 2-D image technique. On the other hand, operation
of the TOF device under a high extraction field, say 700 V/cm (v, v ~ v, ~ 0) = g()[1 + B(v)] 2)
in the present case, will permit detection of all ions without
vdvy discrimination. Then, it acts as a usual TOF mass for 9 = 90°, i.e., U-polarization,
spectrometer and the conventional Doppler (1-D projection)

rofile will then be measured. Hence, the present single-stage O, 0 ar ar ) — _1
'[I)'OF arrangement is intrinsically simple aFr)1d erxibIe,gwhichg Py o v~ 0) = gL = 7)) 3)
allows 1-D, 2-D, and 3-D measurements to be performed all in
a single setup.

(C) Data Analysis. The c.m. differential cross section for a

REMPI —»

Figure 3. (a) P(E) distributions for the photolysis of £l,, obtained

and for@ = 54.7, i.e., magic-angle,

single-photon, dissociative process can be expresséd°as fm(”y? v~ v,~0)=g(v) (4)
R dco 1 Hence, one has
f(7) = 5 = = 200 + B@IPLcosO)] (1) -
g(v) = "= (' + 2f)/3 (5)
where6 is the angle between the fragment recoil velocity and — o — f9y(f! o
the polarization axis of dissociating light aid(cos 6) = (3 Blv) = 2(f — F)I(F + 27) (6)

cog 6 — 1)/2. The goal is then to determirgéy) and 3(v) ) o
experimentally. Three experimental configurations are particu- And the product translational energy distribution becomes
larly informative using the Doppler-selected TOF technique. If

the probe laser wavelength is chosen such that only those ions P(E) = do/dE, O g(v)/v (7)
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wherekE; is the product translational energy and is related to
the translational energyE} of the fragment being detected by
E: = E(M/(M — m)) with m being the detected fragment mass
andM the molecular precursor mass.

The remaining task is to relate the desirédy) to the
corresponding TOF profil®i(T), where the origin of the flight
time (To) is set atvy = 0. It should be noted that both Doppler-
shift (v;) and ion TOF {) act directly in the c.m. velocity frame,
and the smalby-component of the parent molecule speed (2.7
x 10* cm/s) makes the difference between the c.m. and
laboratory frames negligibly small. Furthermore, what is
measured in this experiment corresponds to the density of the
distribution in the c.m. velocity spac®(vyuy,v,). Since the
density is invariant with respect to the coordinate systems used
in the velocity space, i.e.,7d= dvy dvy dv, = 22 dv dQ, in
terms of the differential cross section one BY{sy,y,v,) = d®a/
dux doy dv, = d® /2?2 dv dQ = f(7)/»2. Under the core sampling
conditions, i.e.px =~ v, ~ 0, the measured TOF profile is then
given approximately by

D(TAT = f f@ )dz/ =~ f(U VR U, O)AUXAUYAUZ/UZ
v
®)
or

2
4

Av Av,

f(v,; v~ v,~ 0) ~ )

Avy )

where Av, arises from the finite laser bandwidth in Doppler
selection Av, = weAw/c,32 which is a constantA v, comes from
the finite slit width (Ah) which can be accounted for on the
1-D “solid angle” consideration a&vyx = Y,Ah/t with t being
the ion arrival time. The tern\T/Avy is the time-to-speed
transformation, which is usually a linear function under the
space-focusing conditiorf&32 However, a significant deviation
from linearity is observed when the ion extraction voltage
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Figure 4. (a) Two corresponding Newton spheres separate on the laser
axis by Av; (i.e., 1.34x 10° cm/s) due to the doublet nature ofd.-
transition. Notations, b, ¢, andd represent the velocity subgroups in
the elucidation of the subtraction/addition scheme for eliminating the
doublet complication. See text for detail. (BJE;) distributions for

the photolysis of gH, before and after the subtraction/addition scheme
was applied. After the removal of the doublet complication the resultant
single transition spectrum displays slightly improved energy resolution.

be expressed as

TOF> =TOF — Y/,TOF, . + %, TOF . —

l/BTO FD+3Aw

where the superscript S denotes the single optical transition,
the superscript D the doublet transitions, @ud the frequency

approaches or is less than the initial energy release, as in thegifference between doublet transitions (0.365&mn

present case. The exact transformation according to the overall

flight time of ions is then used in the data analysis.

What is outlined above is an inversion procedure to obtain
d(v) (or P(Ey)) andp(v) directly from the Doppler-selected TOF
spectra. However, lo is a doublet optical transition. Its
complication needs to be dealt with before one can proceed to
the inversion analysis. The &i-doublet splitting of 0.365 crt
corresponds tav, = 1.34 x 1P cm/s in speed. In other words
the situation corresponds to having two identical Newton spheres
separated from each other yv,. At a given wavelength,
Doppler selection actually samples two subgroups of H-
fragments with Doppler shifts differing bXv,. As illustrated
in Figure 4a, subgroupsandb are Doppler-selected atc, so
are subgroup andc atwg and subgroup andd atwa. Recall
that subgroupb contributes to both the Doppler-selected TOF
spectra obtained abg (2P32 < 2Sy, transition) andwc (4P
— 25y, transition) with an intensity ratio of 2 to 1. The
subtraction of the TOF spectrum obtainedvgtby one-half of
that obtained atvg will consequently cancel the contribution
from subgrough. The resultant TOF spectrum contains a major
contribution from subgroug and a remaining negative con-
tribution from subgroug. The contamination from subgroup

Alternatively, owing to the symmetry properties of photo-
dissociation from a one-photon dipole transition, a simpler
scheme can be obtained,

TOF) =2TOF, — TOF, _,, (11)
wherewg denotes the frequency corresponding to the center of
the Newton sphere for th®;, — 2S;, optical transition. The
necessity of this complication is demonstrated in Figure 4b, if
one seeks to achieve the high-resolution results.

The inversion procedure outlined above implicitly assumes
the validity of both space-focusing and core-sampling conditions.
The former requirement is largely met by the geometric factors
of the single-stage TOF spectrometer, while the latter needs
some practical considerations. The maximum speed of the
H-fragment in the photodissociation obld; at L-a is 2.89 x
1P cm/s, which will yield a Doppler width of 15.8 cm. The
probe laser bandwidth (FWHM) is about 0.3 thin VUV,
which corresponds to a Doppler-select®ed, of 5.5 x 10* cm/

s. The slit width of the current setup is 3 mm and the ion arrival
time ranges from 2.4 to 4 /s (Figure 6a)Auvy is thus no more
than 6.3x 10* cm/s. Accounting for the effects of bothuy

c can then be eliminated by successive addition of one-quarterand A, therefore, the core-sampling conditions should hold

of the TOF spectrum obtained @h. The subtraction/addition
procedure can be so forth repeated until the remaining higher
terms become negligible. The general form of this scheme can

for v > 8.4 x 10* cm/s orE; > 4 meV. Considering the
simplicity of the inversion procedure (no simulation!) and the
negligibly small range over which the core-sampling breaks
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Figure 5. Doppler profiles of H and D fragments from the photolysis
of C;H; and GD,, respectively. The narrow doublet at the center is
the Doppler profile of a supersonically cooled H-atom beam.
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Figure 6. Raw TOF spectra for the photolysis of (a}Hz and (b)

C,D,, obtained with two polarization configurations. The laser
frequency was set at the center of the Doppler profile, iwe.,
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Figure 7. Photofragment c.m. translational energy distributiR{i;)

and anisotropy distributioi(&;) for the photolysis of (a) &4, and (b)
C;D,. The arrows mark the energetic thresholds for the corresponding
electronic states of the fragmenttZC,D. The out-of-phase correlation
between the mild oscillations gfand the structures iR(E) is indicated

by vertical dashed lines.

the Experimental Section. Clearly, theconfiguration yields
slightly higher intensity than thi, and structures are seen in
both configurations for the fast-moving fragments with fhe
configuration far more prominent. The dips in the TOF spectra
(at about 4.1us ion arrival time, referred to a&) correspond

to the ions with initial kinetic energy §= 0. lons coming to

the detector later thafp are those with an initial velocity in
the opposite direction to the detector, so-called return ions. The
clip-off on return ions at-4.9 us was due to collision with the
repeller plate before turnaround occurred. Similar spectra for
C,D; are shown in Figure 6b, which differ substantially from
those of GH; in that they exhibit no clear structures and display
nearly identical shapes for the two polarizations. The complete
collection of return ions for €D, was due to the use of an old
version of the TOF setup which had different dimensions from
the current one. The experiment fosH; performed under the
identical condition as that shown in Figure 6b yielded a spectrum

down, all the results to be presented adapt the data analysisvith a resolution slightly better than that for 5.4 V/cm shown

described above.

Ill. Results and Discussion

(A) C,Hz and CyD,. The (1-D projection) Doppler profiles
of H and D fragments from the photolysis obl; and GD,,

in Figure 3a, thus, the lack of structures for thgbgcase is
not due to the different experimental setups.

The data analysis follows the inversion procedures described
earlier. The final results for the product translational energy
distribution P(E;) and recoil anisotropy(E;) for the GH, and
C.D, cases are shown in Figure 7. Clearly, the two cases differ

respectively, are shown in Figure 5. As readily seen both sjgnificantly in both aspects. Contrary to the case g the
fragments’ profiles are broad and structureless. The difference product translational energy distribution fosT is structureless,
in widths, however, cannot be entirely accounted for by the \which indicates very different dissociation mechanisms from

simple mass ratio, which suggests significantly different frag-

C.H.. In spite of that, both distributions show a clear propensity

ment 3-D velocity distributions of the two processes. Arfows gagainst the formation of,H(X) from photodissociation. The
marked in Figure 5 indicate energetic ||m|tS aSSOCiated W|th the behaviors of the reco" arusotropy parameté(‘Et) a|so d|ffer

electronic ground state of 8/C,D cofragments, which appear
to be slightly larger than the maximal Doppler shift of the
corresponding profile.

The angular distribution for the 2D, case is isotropic except
near the onset of the formation of ti@D(A) state, whereas
the 3-values for the @H, case exhibit a distinct dependence on

The two profiles were obtained back-to-back and under product translational energy, ranging from zero for slowly
otherwise identical conditions, which allowed the relative yields moving products to about0.8 near the observed, energetic

of H and D fragments to be estimated, H3)/D(C2D,) ~ 25.

threshold. The negatiy@value is consistent with the previous

Using the photofragment action spectroscopic technique, Welgespectroscopic assignment of a perpendicular transition for the

and co-worker® recently showed that the absorption ofHz
at the H-atom Le line is in exact resonance with theR3—
X)25 transition, whereas that of D, at the D-atom Le. line

initial excitation of GH, (X 123 — R'(MIy)),2 and its
magnitude suggests a rather prompt dissociation process. As
argued previously, at least two possibilities can result in such

lies in the broad, weak continuum spectral region. Thus, the an energy dependence gfvalues. It can be attributed to a
observed large disparity in photofragment yield of the H- vs range of dissociation times compared to the parent molecular

D-atom can be attributed to the difference in the initial

photoexcitation step of two isotopic molecules.

rotation time scale, resulting in a more effective energy
randomization and more rotational depolarization of the frag-

Figure 6a displays raw TOF spectra of H-atom fragments ment spatial distributiof*3” However, considering the light
for two different polarization configurations. The spectra were mass of the H-fragment this possibility seems unlikely for a

obtained with an ion extraction field of 1.85 V/cm @d wo,
i.e., nominallyy; ~ 0. The two spectra were normalized to

supersonic cooled parent molecule. Alternatively, there are in
fact two distinct dissociation pathways with differghparam-

each other by using high field measurements as mentioned ineters and the energy dependence of the obsgtwatlies arises
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Figure 8. PartitionedP(E,) for the photolysis of (a) &1, and (b) GD>
under the assumption ¢f; = 0 andf, = —0.8. The upper panels
show the resulting branching fraction, while the lower panels display
the fragment translational energy distributions of the two corresponding
pathways.
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Figure 9. Raw TOF spectra for the photolysis oflfD when the (a)

H- or (b) D-fragment was detected with two polarization configurations.
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Figure 10. (a) Mass spectrum of £D at 121.58 nm. (b) Photof-
ragment action spectra of,8 and GH for the photolysis of gHD.
Solid lines are the Lorentzian fit, on top of a constant continuum
background, of the spectra.

fragment, rather than O cofragment. The isotopic purity of
the GHD sample is better than 90% according to the manu-
facturer. Since the absorption cross section gfi{at 121.6

nm could be substantially larger as alluded to earlier, a small
amount of GH; in the sample can make a significant contribu-
tion to the observed H-fragment yield.

from the energy dependence of the branching ratio of these two  Considering a gHD sample with small amounts of,Hy, f
pathways. As presented previously the observed correlationrelative to GHD, andf amounts of GD», the photofragments

between the structures fhvalue and those iR(E;) distribution
reinforces this scenario.
Accordingly, eqs 5 and 6 can be shown to be

9(v) = 6(v) + Gu(v) (12)

Bw) = x(@) pr+ (1 — x(v)) B,

respectively, where/(v) = g1(v)/(gi(v) + gz(v)) denotes the
branching fraction of two dissociation pathways. With the
assumption off; = 0 and 8, = —0.8, the results of two
dissociation pathways, i.egs, g2, andy, are shown in Figure

(13)

H- and D-atoms can be generated from
C,D,>CD+D CHD>CH+D

CHDSCD+H CH,>CH+H  (14)
The percentage of contamination due tgHgimpurities in
detecting the H-atom is thefiof/(o¢ + fod))n, whereo' is the
photodissociation cross section for tile process in (14) and
the subscripfy indicates the cross sections at the H-ator L-

frequency. Thus, three quantities are needed to correct for its

8. These two pathways are distinguished from each other by contribution to the observed spectra.

the different dissociation time scales with respect to the internal
motions of the photoexcited parent molecules. Not surprisingly,
the dissociation of €D, is almost entirely via the slow pathway.
On the other hand, for £, the prompt dissociation yields the
fast fragments with a highly structured translational energy

To achieve that, experiments were performed by operating
the spectrometer in the mass mode, i.e., using high extraction
voltage. Figure 10a shows the mass spectrum of $i¢DC
sample at 121.58 nm, which was tuned away from the L-
transitions (both H and D atoms) in order to eliminate electronics

distribution and the slow dissociation pathway produces slower ringing from the over-saturatedD™ signal in the vicinity of

fragments with a structureless distribution as febg In fact,
the twoP(E;)’s of the slow components for#8, and GD- are
nearly superimposable. IntegratiRg(E;) andP»(E;) for C,H,
yields the branching ratio of these two pathways, i.e., a ratio of
2.8 in favor of the structureless slow component.

(B) C,HD. Figure 9 shows the raw spectra of the H-atom
and D-atom channels from the dissociation gHD. A quick

neighboring mass peaks. Four fragment mass peaks can readily
be identified. The Hi is from the (1+ 1) REMPI process near

the Doppler wing. The observation of the other three peaks
deserves some comments. The ionization potentials (IP) for
C; and GH are 12.1 and 11.5 eV, respectivéfywhich are
higher than the VUV photon energy of 10.2 eV. Though one
cannot completely rule out the possibility of multiphoton (e.g.,

glance over these spectra indicates that they are in accord withUV + VUV) detection of these species, it is more likely that

the general trend observed in Figure 6 foHzand GD,. The

they come from the VUV photoionization of the internally

central dip in the H-atom TOF spectra is deeper than that for excited fragments produced in the photodissociation HflC

the D-atom channel. Likewise, the H-atom spectrum also

Note that the IP of gHD should be similar to that of £,

exhibits more pronounced structures. However, a closer inspec-(11.4 eV)38which is also larger than the 10.2-eV photon energy

tion reveals that the structures observed feHD + L-o. —
Co,D + H are in fact the structures characteristic of thgd1C

and no GHD™ was observed. With that caveat, integrating the
mass peaks of ££1T and GD™ yields an estimate for the D/
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(@ CHD+Lla~CD+H (®) CHD+La—>CH+D TABLE 1: Summary of the Atomic Fragment Yields and
' ' ' ' : ; the Corresponding Branching Ratios of the Fast and Slow
Dissociation Pathway3

relyields slowHorD fastHorD

P(E)

CH;+L-a—CH+H 1 74% 26%
CHD +L-a—CD+H 0.102 63.5% 11%

] CHD +L-a—CH+D 0.035 24% 1.5%
CD,+L-a—CD+D 0.039 100% ~0

aThe yield and branching ratio refer to the VUV laser at 82 259
cm™! (H-atom Lo transition) for the first two processes; similarly at
82 282 cm* (D-atom L transition) for the last two processes.

E/eV E/eV

Figure 11. Photofragment c.m. translational energy distributR{g;)
and the corresponding anisotropy distributjé(ft;) for the photolysis CH, +La—» G,H(A) +H
of C;HD when the (a) H- or (b) D-fragment was detected. The arrows T AN RN AARARARAN T ]

mark the energetic thresholds for the corresponding electronic states F (a) (v,,0,0 3
of the fragment @D/C_H. : =5 4 3 10 ]
(8) CHD+La—CD+H () CHD+La-CH+D

B=(0.0,-0.8)

P(Ey

9/(9,+9;)

= Py(E)

P(E)

2 3 :t

E/eV E eV
Figure 12. PartitionedP(E;) for the photolysis of @HD when either . .
the (a) H- or (b) D-fragment was detected under the assumpti@a of — DEASAAMAAMA
= 0 andf, = —0.8. The upper panels show the resulting branching (b) 88 40 42 44
fraction, while the lower panels display the fragment translational energy
distributions of the two corresponding pathways.
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C,H ratio of 2.9 at that detuned wavelengtti)( which from
(14) corresponds tast + f'0%)/(a® + fod); ~ o5/ob. Similar
expressions can readily be obtained for the relative H(D)-atom
yields for GHD sample and for pure £l, (C;Dy) at Ay (Ap).

To find out the photodissociation cross sections at various

AG(v,+%2) / 1000 cm™
w
P(E)

wavelengths the photofragment action spectra were taken, as a0

shown in Figure 10b. Both spectra can be fitted with a

Lorentzian function, on top of a constant continuum, centered M s 4 2 0

at 82162 cm! and with FWHM of 37 cml. This spectral o 1 2 3 4 Internal Energy of C,H

feature is assigned to theD, 3R'2; — X transition, which Y /1000 om’” .
compares favorably to the results obtained recently by Welge Figure 13. (a) Assignments of the vibrational excitation of tgH(A)
and co-workers for @, (at 82 260 cm? and 90 cm! wide) state from the photolysis of £,. (b) Birge-Sponer plot of the

1 1 s : assigned progression. (c) Expanded portiorP(#;) in comparison
and GD, (at 82 100 cm™ and 24 ™ wide) by detecting the with the theoretical results of Peric et“dl.The height of the vertical

H- or D-atom fragment in a two-color experiméfitintegrating sticks reflects the fraction of thE electronic state in the calculated
the Lorentzian part of the spectral feature yields the ratio of vibronic wavefunctions.

C,D"/C,HT or H/D & 20, which is the “genuine” isotope ratio
when GHD is excited to the B”Zé state. From the knowl-  the isotopic variants at b- when either the H- or D-fragment
edge of the photodissociation cross sectionkatp, andA’, it is detected. Clearly, the relative yields reflect essentially the
can then be estimated tHat 0.03, a not unreasonable number, absorption characteristics which also govern the branching of
which yields about a 30% contribution o, impurity to the the fast or slow dissociation pathway in a decisive manner.
H-atom detection of the ££ID sample! Such a large effect is (C) Vibrational Assignment of C;H(A) and State Distribu-
due to the large disparity in the photodissociation cross sectiontion. The prominent structures observed in the product
of two isotopic molecules at k- translational energy distributioP(E;)) in the photolysis of gH,
Figure 11 shows th@(E;) and5(E;) results for GHD after reflect the internal state distribution of the,HC fragment.
the impurity corrections. The gross features lie in between the Readily assignable progressiong®H(A) vibrational excitation
C,H; and GD; results. Some minor structures remain infP(E  are shown in Figure 13a. Owing to the resolution limit, the
for the GD + H channel. Due to the sharpness of the spectral assignment of the bending excitations, i.e., the exact location
features (Figures 6a and 9a) and the high sensitivity to the exactfor v, = 0, is somewhat ambiguous. Nevertheless, the Birge
C,H, impurity contribution, it is not certain that they can all be  Sponer analysis of the-€H stretching progression as shown

assigned to the internal states of the cofragmeBx CA similar in Figure 13b yields the spectroscopic constant®odndweye
analysis was performed for the translational energy dependenceo be 3240 and 26 cm, respectively. And the spacing of about
of the 8 parameters. Figure 12 depicts the results. 1720 cnmt! between the two progressions is taken to be the

Table 1 summarizes the atomic fragment yields and branchingfundamental frequency of the=€C stretch of the electronically
ratio of the fast and slow dissociation pathways feHgand excited state€C,H(A). To our best knowledge this is the first
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C,H, + Lo — C,H (A) +H (@)
v 3A"
3d <— W
I'I n* <—G
g hv
H+CH(X) 5 1A
x's"
RH-C;H Bent Linear Bent
(b) 3dé ~
: : . . / A)
3 H-C=C6H ——H-C=C: +H
hv ~
2 (X
gef H-C=C-H H-C=C-+H
s I Figure 15. (a) Plausible PES’s involved in the photolysis ofH3 at
o 121.6 nm, adapted from the HCN analogue by Morley &f aSee
g text for detail. (b) Schematic representation of the electronic configura-
S+ tions and rearrangements involved in the photodissociation process.
[ : V20 All previous spectroscopic investigations indicated that around
| W) 121.6 nm the absorption spectra ofH; and isotopic variants
0'0 1' ; ; ) s are dominated by therR82; — X vibronic transition superim-

posed on top of a weak continudif3® The nature of this weak
continuum is unclear. To understand the fates and the dis-

vy

Figure 14. (a) Deconvoluted Gaussian peaks of the translational energy e - -
distribution of the fast dissociation pathway in the photolysis §.L sociation dynamics of a photoexcitedHs, one needs some

The caps denote the two assigned progressions. (b) Population analysiéNowledge about the potential energy surfaces (PES’s) that are
of the vibrational progressions of ti@H(A) fragment. involved in the dissociation. The calculation of the PES'’s

around the 10-eV region has not yet been done. However, such

experimental determination of those vibrational frequencies for a calculation has been performed for HEN* which is
theA-state in the gas phase. The 1720 ¢ifor the G=C stretch isoelectronic to gH,. Based on that calculation, Morley al4®
compares favorably to that of 1706 chobtained recently for have elegantly elucidated the dissociation dynamics of HCN
C:H(A) in a neon matri3® (DCN) at 121.6 nm in a beautiful experiment using the Rydberg

Since the observe@,H(A) vibrational structures are attributed H(D)-atom TOF detection scheme. There are, undoubtedly,
entirely to the fast dissociation pathway, a rough estimate of many differences between HCN angHz. We do expect,
their distribution is shown in Figure 14a by deconvoluting the however, the qualitative features of the PES’s of HCN to apply
translational energy distribution of the fast dissociation pathway in the case of gH. In particular, Morelyet al.’s interpretation
into separate Gaussian peaks. Not unexpectedly, the fit is notfor the production of the CN(A) fragment seems to be valid
perfect. On the other hand, it is not totally unrealistic. The here to rationalize the propensity toward the formation of
relative populations of two vibrational progressions thus ob- C>H(A). Part of their Figure 6 (ref 45) is reproduced here in
tained are plotted in Figure 14b. A clear mode-specific behavior Figure 15a for clarity. When the photoexcitation is in resonance,
is revealed. The excitation of the “pure™& stretching mode an excited R'Zé C,H,is formed. The Rydberg stat&3 s of
is inverted, peaking around; =~ 3, whereas that for the III, symmetry, arising from the 3d< z orbital excitation;
combination bands of €H and G=C stretches displays a rather thus, it is subject to Rennefeller (R—T) splitting into the
flat distribution. 1A" and!A’ surfaces as the molecule bends. (For a tetraatomic

(D) Photodissociation Dynamics.There are two remarkable  molecule there are two doubly degenerate bending modes, the
observations for the photodissociation ofHz and isotopic actual splitting is more complicated than shown héfe.)
variants at the Le wavelength in this study. First, the Asymptotically, the ground state of ethynyl radical has a triple
dissociation of a photoexcited molecule appears to be governedC=C bond with ac unpaired electron, schematically depicted
by two distinct pathways characterized by different dissociation in Figure 15b, which correlates with the ground state of
lifetimes and product energy distributions. In spite of the fact acetylene when a hydrogen atom approaches it. The excited
that at 121.6 nm different isotopic molecules exhibit very C,H(A) state is of2[1 symmetry in linear geometry with a
different photoabsorption features, which only determine the z-radical orbital and a lone pair electron of one of the carbon
branching of these two dissociation pathways, they all show a atoms. That state also is subject toe Reffects. For a collinear
strong propensity toward (against) the formation of @akl(A) approach of the hydrogen atom the repulsive interactions
(CH(X)) fragment. This is in sharp contrast to the photodis- between the lone-pair electrons and the H-atom electron result
sociation of GH, at 193 nn%41 Second, while the slower in a repulsive, valence-type PES, and avoided crossings with
pathway f ~ 0) yields a statistical-like product energy the Rydberg excited PES’s occur at shortertCdistances. This
distribution, the faster onef(~ —0.8) produces a highly  type of Rydberg-valence interaction is what Mullikan termed
structural and mode-specific distribution. the “MO-or-state Rydbergization® The avoided crossing is
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the quantum mechanical representation of the rearrangemenslow pathway peak around 1 eV, indicating the barrier height
of the electronic configuration along the reaction coordinate. for that avoided crossing “transition state”.

As cartooned in Figure 15b, the electronic configuration of an

excited R’ Rydberg state can evolve rather smoothly into that 1V. Conclusion

of CH(A) + H, hence intuitively a facile process. The  Thjis paper described in details a newly-developed Doppler-
propensity toward the formation @:H(A) is therefore inter-  sejected TOF technique for measuring the product angular
preted as a manifestation of this strong electronic adiabaticity, jstripution from a photodissociative or a collisional process.
just as the case for HCN dissociatith.The dominance of the  The first application of this exceedingly simple technique for
IT-character surface in the dissociation dynamics also manifestsy_atom detection is demonstrated here and the result is very
itself near the post-threshold region for the formation of the encouraging. Compared to the celebrated Rydberg H-atom TOF
C2H(A) state. It is known that th€;H(X) andC;H(A) states  technique, our resolution is no betfér.However, our goal is
are perturbing each other in this regiin®® The eigenfunction  not to develop an alternative way for interrogating H-atom but
is therefore a mixing of the two. Depicted in Figure 13c is the s rather a more general scheme with comparable resolution for
comparison between the experimerfgE;) and theoretically ~ many other interesting species, which only requires one probe
calculatedI-charactefg49i.e., the fraction of th&I electronic laser for REMPI detection. An on-going extension of this
state in the vibronic wavefunction, of the;k radical around technique to the O-atom detection in this laboratory already
the threshold region. A constant shift of tAestate origin from revealed several intriguing, previously unobserved dynamical
the calculated val#éof 3583 cnt? to the experimental valge features in the study of the NQhotodissociation proce$§.
of 3692 cm! has been applied for the theoretical results.  Using this technique it is found that the photodissociation of
Clearly, the gross features of the obseriA¢H;) are reproduced  acetylene at le exhibits a strong propensity toward the
rather well from this electronic character consideration only. formation of theC,H(A) fragment, similar to that for hydrogen

It is perhaps more intriguing that the same propensity was Cyanide. The involvement of a triatomic (rather than a diatomiC)
also observed for D, and GHD, for which the absorption of ~ fragment here and the additional measurements of recoil
the L-o. photon occurs in the continuum region. We speculate anisotropy parameter and isotopic variants provide an op-
that the weak, continuum absorption arises from the unfavorablePortunity to explore the dynamics further and to gain deeper
Franck-Condon transitions to the excited state in bent geometry; Insights. It appears that the dissociation mechanism originally
i.e., the excited state still possesses a large fractionRsf 3 Proposed by Ashfold and co-workers for HCNj.e., the
II-state characters near theaLregion. Hence, the electronic ~ Rydberg-valence surface intersections, plays a decisive role
adiabaticity is always invoked regardless of the initial excitation 1" determining the dissociation dynamics of acetylene as well.

wavelengths or whether the dissociation proceeds via collinear SiNCe acetylene exhibits rich, vib rrci)ggiltéally resolved spectroscopic
(say A’) or bent (&) surfaces. features in the 11:6150-nm regior? 19 the planned two-color,

Clearly. th lecules di it I ¢ tunable VUV experimeni€ will be very fruitful in elucidating
early, those molecules dissociating on riace preter further the role of Rydbergvalence interactions in a typical
a nearly collinear geometry. In accord with the observed large ; o
; 2 predissociation process.
B value (-0.8) the dissociation must be fast enough to compete
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