THE JOURNAL OF CHEMICAL PHYSICS 133, 014307 (2010)
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Photodissociation of acetylene has been studied using the H-atom Rydberg tagging time-of-flight
technique at two excitation wavelengths (148.35 and 151.82 nm) in the vacuum ultraviolet region.
Product translational energy distributions have been obtained from the H-atom time-of-flight

spectra. Experimental results indicate that the C,H product is mainly populated in the A state. Clear

trans-bend v, and C-C stretch v; vibrational progressions of the C,H(A) product in the product
internal energy distribution were observed. The anisotropy parameter obtained from experiment is
clearly translational energy dependent for both photolysis wavelengths. The anisotropy parameters
at the two photolysis wavelengths were also found to be significantly different from each other,
suggesting different dissociation dynamics for the two photolysis wavelengths. © 2010 American

Institute of Physics. [doi:10.1063/1.3456738]

I. INTRODUCTION

Acetylene (C,H,) has received considerable attention
because of its importance in the field of planetary
atmospherel’2 and hydrocarbon combustion chemistry3 in
past several decades. The photochemistry and dissociation
dynamics of acetylene in the ultraviolet (UV) region has
been extensively studied. However, photochemistry of acety-
lene in the vacuum ultraviolet (VUV) region has not been
well studied because of the lack of intense tunable VUV
sources. In the region below the first ionization limit, differ-
ent photodissociation processes can lead to the following dis-
sociation channels:

C,H, - C,H+H Dy=46074 cm™, (1)
C,H, - C,+H, Dy=50000 cm™, (2)
C,H, > CH+CH D,=79800 cm™!. (3)

Among the above channels, previous experimental studies
performed at different excitation wavelengths have shown
that the dissociation of acetylene is dominated by process
(1.4

Spectroscopic studies of acetylene are abundant in the
UV and VUV region. The 190-240 nm spectrum is assigned

to the A IAMH)? 128 electronic transition.”® The C—C stretch
mode v and the trans-bend mode v} of C,H, are both ex-
cited as the transition from linear ground state to trans-bent
first excited state.” Photodissociation of C,H, via excited
A 'A, state at 193.3 nm has been carried out separately by
means of mass spectrometric detected time-of-flight (TOF)
method®’ and H-atom Rydberg tagging time-of-flight
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(HRTOF) technique.'® The ground state C,H(X 23*) product
was found to be dominant,g_11 while a few vibrational states

of CZH(Z 1) were also observed. Experimental results also

indicate that vibrationally excited C,H(A *II) products are
more prominent at shorter Wavelengths.lz’13 In the 165-190

nm VUV region, absorption spectrum is due to the

B lBu<—)? IEg electronic transition.'*

The hydrogen Lyman-« photodissociation of C,H, at
121.6 nm has been studied using Doppler-selected TOF
technique15 and the H Rydberg atom TOF technique16
separately, both experiments have confirmed that the
transition near this wavelength can be assigned to the

GR'('I)—X 'S o) (Ref. 17) transition 1n which 3R”('IL,) is
interpreted as a case of Rydberglzatlon 8 At this excitation
wavelength, more vibrational modes (C-H stretch mode v,
C—C stretch mode v, and trans-bend mode »,) of the C,H
radical are excited and some of those vibrational excited
states could be assigned undoubtedly. For instance, two vi-
brational progressions (C-H stretching and C-C stretching)

of C,H(A) are observed, similar to C,H(A) in a neon matrix
study.19 Additionally, according to both observations the
stretching vibrational modes (v, and ;) of the C,H radical
seem to be excited preferentially, in comparison with the
bending levels v,. This is quite different from the previous
results at long wavelength excitation.'”

Experimmtal”’mL22 and theoretical spectroscopic

studies concluded that the C,H, spectra of near ~150 nm is
162628 po_

23-25

due to the C 'II, <—X 12 electronic transition.
cently, Ashfold er al.” p01nted out that the predissociating of

11—[“ state of C,H, at 157 nm was undergoing the
3s0™«+ 17 Rydberg transitions which correlates diabatically
with H plus C,H(A) products. The acetylene absorption
spectrum around 150 nm is shown in Fig. 1.2*% The stron-
gest peak around 152 nm in the spectrum is assigned to the
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FIG. 1. Absorption spectrum of C,H, molecule at the range of 142-153 nm.
The solid line is for measurements of acetylene under jet-cooled condition
with tunable VUV laser radiation (Ref. 19) and the dotted line is for the data
recorded at room temperature by using synchrotron radiation (Ref. 26).

08 band. The peak around 148 nm in Fig. 1 is assigned to the
24 and 4 vibronic bands, which correspond to C—C stretch
mode and frans-bending mode excitation. The peak at 144
nm is assigned to the 2% band. These spectroscopic studies

show that the C 'TI,, state is strongly predissociative. No
photodissociation study, however, has been carried out on
this electronic excitation.

In this work, we present the experimental results of our
recent photodissociation study at two VUV wavelengths us-
ing HRTOF te:chnique:,31’32 in combination with a tunable
VUV photolysis source.”> The H-atom TOF spectra were
measured at the two excitation wavelengths with different
photolysis polarizations, the product translational energy dis-
tributions, or the internal energy distributions of C,H, as well
as the product angular distributions are derived. From these
distributions, the dynamics of C,H, photodissociation at the
two wavelength excitations are distinctively different. The
origins of the dynamical differences between the two wave-
lengths are then discussed.

Il. EXPERIMENTAL

The photodissociation of C,H, is studied using the
high-n Rydberg H-atom time-of-flight (HRTOF) spectros-
copy. The experimental setup has been described in details in
a previous article,’ and only a brief overview is given here.
A sample of 2% acetylene in Ar is supersonically expanded
into vacuum chamber via a pulsed general valve at a backing
pressure of about 1100 Torr. The beam expansion goes
through a 2 mm diameter skimmer. The acetylene beam was
interrogated by the tunable VUV light beam (148.35 and
151.82 nm), as well as the Rydberg tagging laser beams
(121.6 and 365 nm). The nascent H atom products at the
ground n=1 level are excited to the n=2 state using the
121.6 nm VUV laser and subsequently to a high Rydberg
state with n=30-80 using the 365 nm light. The charged
species formed in the interaction region are extracted off by
applying a small electric field (~20 V/cm) across the inter-
action region. The neutral Rydberg H atoms then fly about
740 mm to reach a fixed microchannel plate (MCP) detector.
The Rydberg tagged atoms are immediately field-ionized by
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the electric field applied between the front plate of the
Z-stack MCP detector and the fine metal grid. The TOF sig-
nal detected by the MCP is then amplified by a fast pre-
amplifier, and counted by a multichannel scaler.

The laser system for generating the tunable VUV radia-
tion as photolysis source and for the two-step Rydberg exci-
tation is described previously.33 The VUV photolysis light at
148.35 nm and 151.82 nm is generated by difference four-
wave mixing of two 212.55 nm photons and one 352.94 nm
photon or one 374.33 nm photon in a pure Krypton gas cell.
The 212.55 nm used here is the same beam used for produc-
ing 121.6 nm light, which is generated by mixing two 212.55
nm photons and one 845 nm photon in the same Krypton
cell. The 212.55 nm laser is generated by doubling the 355
nm output of a Nd:YAG (yttrium aluminum garnet) laser
(Spectra Physics Pro-290, 30 Hz, 8-10 ns) pumped dye laser
(Sirah, PESC-G-24) operating at ~425 nm. A portion of the
532 nm output of the same Nd:YAG laser is used to pump
another dye laser (Continuum ND6000) which operates at
~845 nm. The 352.94 or 374.33 nm light for the tunable
VUV photolysis light was generated by another Nd:YAG
pumped dye laser system.

lll. RESULTS AND DISCUSSIONS
A. Product translational energy distributions

TOF spectra of the H-atom product from photodissocia-
tion of C,H, at 148.35 and 151.82 nm with laser polarization
parallel and perpendicular to the detection axis have been
measured using the experimental method described above
(Fig. 2). TOF spectra of the H-atom product at the magic
angle (54.7°) polarization are also measured to ensure that
the intensity ratio of the TOF spectra obtained at both paral-
lel and perpendicular polarization is correct. The TOF spec-
tra are then converted into the total product translational en-
ergy distributions (E;(H)+E;(C,H)) in the center-of-mass
(COM) frame (Fig. 3).

Since the H-atom product has no internal excitation, the
energies of the whole system can be described by the equa-
tion below

Ej, =Do(H - C,H) + Er(H) + Ef(CH) + E;p(CoH),  (4)

where Ej, is the energy of photolysis laser, Do(H-C,H) is
the bond energy of C-H which was determined to be
46 073.6(x7) cm™' by previous experimental study,”
E;(H), E;(C,H), and E;,(C,H) stand for the translational
energy of H atom, the translational energy of C,H radical
and the internal energy of C,H radical respectively. E4(H) is
related to E;(C,H) by the momentum conservation law in
the COM frame,

myEr(H) = mc yE7(CoH)). (5)

Using above equation, internal state distribution of the C,H
radical can be determined from the total product translational
energy distributions. Possible vibrational assignments of the
C,H radical have been made in the translation energy distri-
butions shown in Fig. 3. From the translational energy dis-
tributions, it seems that there are three main vibrational pro-
gressions. The two main peaks at about 17200 and
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FIG. 2. TOF spectra of the H atom product from the photodissociation of
C,H, at 151.82 and 148.35 nm with photolysis laser polarization parallel
and perpendicular to the detection axis.

17550 cm™' can be clearly assigned to the C,H
A 11(0, v,=0, v3=0) and A A1(0, 1, 0) levels, where Uy
is C—C—H bending vibration (~400 ¢cm™') and v5 is the C-C
stretching vibration (~ 1800 em™1),% which is similar to the
photodissociation  results observed by Zhang and
co-workers'® at 193 nm photolysis; while structures at
16000 and 14000 cm™' can be assigned to the
KZH(O, v,, 1) and KZH(O, vy, 2) vibrational progres-
sions. These assignments show that the dominant channel of
the C,H, photodissociation at both excitation wavelengths
via the C 'II,—X lEg transition is the C,H(A II) product
plus an H-atom. Weak signals are also seen for
E;=17900 cm™'. These structures are possibly due to the
C,H(X 23*(0, vy,=4, 1)) structures, suggesting that the
C,H(X ?S%)+H channel is very minor. It is also possible that
these small structures are from the secondary photolysis of
C,H(A *11) fragments.’

From the translational energy distribution, the

C,H(A TI) product is obviously less vibrationally excited
for photolysis at 151.82 nm via the 08 band excitation, than
at 148.35 nm via the mixed 2} and 43 band excitation. An
extra structure assigned to the progressions of
A2T1(0, v,, 2) is clearly observed at 148.35 nm photodis-

sociation. Vibrational population in the A ’11(0, vy, 1)
states is also significantly enhanced. This means that the vi-
brationally excited C,H, precursor in the C 1, state pro-
duces more vibrationally excited C,H radical products in the
C-C stretching and C—C-H bending vibrations. From the
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FIG. 3. Total translational energy spectra for 148.35 nm (a) and 151.82 nm
(b) photodissociation with laser polarization perpendicular to detection axis
and the assignment on the vibrational level of C,H product.

transitional energy distributions, the rotational excitation for
the C,H A ’T1(0, 0, 0) and A *T1(0, 1, 0) product states
seems to be not very hot, suggesting that the transition state
to produce these products are not very far from the linear
geometry.

B. Product angular anisotropy distributions

Since TOF spectra of the H atom products from the
C,H, photodissociation are measured for both parallel and
perpendicular polarization, the anisotropy parameter B for
the dissociation process is also determined from the equation

1(6) = (1/47)(1 + BPy(cos ), (6)

where 6 is the angle between the polarization direction and
the detection axis, the P,(cos 6) is the second Legendre
polynomial, B is the anisotropy parameter. Figure 4 shows
the translational energy dependent product anisotropy param-
eter obtained at 148.35 and 151.82 nm photolysis. Clearly,
the anisotropy parameters for the two photolysis wavelengths
are translational energy dependent. The distributions for the
two wavelengths are very different from each other. For
148.35 nm photolysis, the anisotropy parameter around
E;=17 500 cm™! is about —0.74. This suggests that the pho-
toexcitation is a perpendicular transition and the dissociation
time is very fast in producing these low vibrationally excited
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C,H radicals. As the translational energy decreases, the an-
isotropy parameter also decreases until it reaches zero around
E;=11000 cm™'. This implies that the vibrationally excited

CzH(g ’II) products are produced with much reduced angu-
lar anisotropy. For the 151.82 nm photolysis, the anisotropy
parameter is significantly smaller, suggesting that the photo-
dissociation process is a less direct process with a less vibra-
tionally excited precursor. The translational energy depen-
dence of the angular anisotropy is, however, quite similar for
photolysis at both wavelengths.

C. Photodissociation dynamics

The electronically excited c 'T1,, state of acetylene is a
Rydberg state that has a very fast predissociation. The equi-

librium geometry of the acetylene C 'T1,, state is linear, so is
the C,H(A 2II) product (Fig. 5).* From the spectroscopic

studies, the C T, state is a strongly predissociative
state.”>*” The 151.82 nm peak (08 band) has a linewidth of
112 cm™!, which corresponds to the predissociation lifetime
of about 47 fs. The fast dissociation dynamics observed for
photolysis via this band in the above experiment is clearly
consistent with the fast predissociation lifetime. For the
148.35 nm peak, the spectral width is 308 cm~'. This peak
consists of three components. The lifetime of these three
components is from 22 to 39 fs.?? This means that the pre-
dissociation for this peak is faster than that for 151.82 nm

A t
®_¢_c_® CoHy(O)
' '
%
®@.
\\\ *
©® 0o un
' '

FIG. 5. The trans-bending vibration of the acetylene molecule and its likely
effect on the dissociation process.

peak. This is consistent with the more negative product an-
isotropy parameter observed in the 148.35 nm photodissocia-
tion dynamics (Fig. 4). The photolysis experiment for this
peak was carried out at 148.35 nm excitation, which is on the
top of the 43 (trans-bending) vibronic band. From a dynami-
cal point of view, trans-bending vibration excitation will
make the dissociating H-atom moving away from the acety-
lene in a nonlinear geometry (Fig. 5), and the moving in the
opposite direction of the partner will enhance bending exci-

tation in the C,H(A II) product, which has been observed in
the experiment. For the 148.35 nm photolysis, the C-C
stretching vibration is also excited via the 2] vibronic tran-
sition, this stretching excitation could also produce more

C-C stretching vibrationally excited C,H(A *IT) product.

The extra peak assigned to the A *TI(0, v,, 2) progression
in the translational energy distribution for the 148.35 nm
photolysis is an indication of the effect of the C—C stretching
vibration excitation. Another interesting observation in the
dynamical measurement is that the anisotropy parameter get
closed to zero as the translational energy decreases for both
excitation wavelengths. The possible explanation is that the
C,H products with high internal energy are produced via a
more bent transition state.

As for the dissociation route, it is not exactly clear which
dissociative state is primarily responsible for the C 1, pre-
dissociation. Previous spectroscopic study suggested that the
C' lAg state might be responsible. This is unlikely the case
since the “g” symmetry state cannot couple to u symmetry
states via r0V1bron1c couplings according to symmetry rules.
Only nuclear spin effects can cause g/u mixing.3 ¥ Further-
more, the C' 1Ag state is 7.7 eV above the ground state and
only slight below the C 'T1, state, it is not likely correlated
with the C,H(A *I1)+H limit. In addition, the C' 'A, state is
bent, if dissociation occurs through this state, it should give
much high rotational and bending vibration excitation, which
is not the case in this work. Therefore, we believe that a
valence dissociative state with # symmetry should be respon-

sible for the C 'TI,, state predissociation. More clearly, the
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FIG. 6. Schematic photodissociation pathway for the acetylene molecule via
the C IHM<—)? IEg electronic excitation (Ref. 18).

dissociative state responsible for the C 1, state predissocia-
tion must be the excited state arising from 7— 3s/0™ exci-
tation, which correlates diabatically with H+C,H(A) prod-
ucts, as discussed in the recent review of Ashfold er al”
From the experimental results, it is possible that the energy
of 148.35 nm is more close to the nonadiabatic region, and
the dissociation process is more fast and direct than that at
151.82 nm. It is, however, still not clear the detailed potential
energy surface of the dissociative state how to effect the

C 'TI,, predissociation. Further theoretical studies are cer-
tainly needed in order to clarify this issue.

IV. CONCLUSIONS

Photodissociation dynamics of acetylene have been stud-
ied by means of HRTOF technique at laser radiation of
148.35 and 151.82 nm. The total translational energy distri-
butions and angular distributions have been determined by
measuring the H atom TOF spectra. The experimental results

indicate that the H+C,H(A) product channel is dominant
process, while the C,H(X 23*)+H channel is a minor chan-

nel at most. The C,H(A) product is excited in the C-C-H
bending and C-C stretch vibration. Effect of precursor vibra-
tional excitation on the product translational energy distribu-
tion has also been observed. The angular anisotropy for pho-
todissociation (Fig. 6) at both wavelengths is found to be
translational energy dependent; while the angular anisotropy
distributions at both wavelengths are considerable different.
This difference was also attributed to the effect of the C,H,
vibrational excitation on the dynamical process. The detailed
pathway for the dissociation process is, however, not clari-
fied, further theoretical studies are needed.
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