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Titan, the largest moon of Saturn, has a dense atmo-
sphere (1.6 atm) comprising N2 (~98.4 %), CH4 (~1.6 %) 
and other vestigial gases.  Apart from N2 and CH4, 
species identified on Titan include C2H2, C2H4, C2H6, 
C4H2, C6H6, C6N2, C2N2, HCN, and HC3N; these species 
are likely synthesized in photochemical reactions 
of highly abundant N2 and CH4.  When the propor-
tions of these trace compounds are sufficiently large, 
they begin to form aerosols.  The photochemistry of 
C2H2 plays an important role in Titan’s atmosphere 
because it absorbs light efficiently at wavelengths 
smaller than 200 nm.  C2H2 has been proposed to as-
sist the decomposition of CH4 in Titan’s atmosphere.  
Our investigation of the photodissociation of C2H2 at 
three photon energies and the formation and iden-
tification of large carbon clusters and hydrides at 
low temperature will be useful in the development of 
photochemical models to simulate the composition 
of the atmosphere of Titan and the source of aerosols.
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Ethyne, a simple unsaturated hydrocarbon, plays an 
important role in combustion and is a source of highly 
reactive radicals, and is also an abundant species in the 
interstellar medium, planetary atmospheres and comets. 
Its photochemistry and photodissociation in the ultra-
violet (UV) and vacuum-ultraviolet (VUV) regions have 
thus been investigated theoretically and experimentally. 
The photolysis of ethyne with solar radiation is proved 
to be the main source of ethynyl radicals in interstellar 
and planetary environments.  The photoproduct ethynyl 
radical is believed to serve as a trigger in the formation 
of large carbon clusters in comets and interstellar me-
dia.  Although the photolysis with VUV light of ethyne in 
the gaseous phase provides much valuable knowledge 
about its photochemistry, little effort has been devoted 
to the photolysis of ethyne in solid phases; because of 
the low temperature of outer space, ethyne is undoubt-
edly present in a solid state in that cold universe.  For that 
reason the photochemistry of ethyne in a condensed 
phase is worthy of investigation.

A sample of ethyne dispersed (1/1000) in solid neon 
was deposited onto a target and subjected to VUV ir-
radiation at an end station that comprises a refrigerator 
operated at 3 K coupled to a VUV undulator of a syn-
chrotron.  At various stages of our experiments, infrared 
absorption spectra were recorded with an interferomet-
ric spectrometer (Bomem, DA8) equipped with a KBr 
beamsplitter and HgCdTe detector (cooled to 77 K) to 
cover the spectral range 500 – 5000 cm-1.  Spectra from 
400 scans at resolution 0.5 cm-1 were typically recorded 
at each stage.  The absorption of solid ethyne dispersed 
in solid Ar exhibits three systems near 110, 130 and  
170 nm.  The photolysis of ethyne with VUV radiation has 
been little investigated; because of the difficulty of op-
erating conventional lamps or lasers in the VUV region, 
light at only two wavelengths – 193 and 121 nm – served 
for VUV photolysis of gaseous ethyne.  An undulator 
beam from a synchrotron has an advantage of the wave-
length becoming tunable through varying the gap of the 
magnets; by this means, the VUV undulator readily de-
livers intense radiation that facilitates an exploration of 
photolysis as a function of wavelength.  We investigated 
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bers as C10 and C12, appeared in the 
infrared spectrum upon photolysis 
at 130 and 114 nm. 

The photochemical behavior 
of species dispersed in a solid phase 
differs from that in the gaseous 
phase.  At a small density, gaseous 
fragments have little chance to col-
lide with each other upon photodis-
sociation, whereas photofragments 
produced in a matrix and with insuf-
ficient energy to escape are typically 
constrained within the immediate 
environment.  We detected strong 
infrared absorptions of C2H radicals 
upon irradiation at 171, 130 and  
114 nm.  These results indicate that 
radical C2H is the primary photo-
product of ethyne under these 
conditions.  This photoproduct C2H 
after irradiation at 171, 130 and 
114 nm might possess sufficient 
energy to migrate from the site of 
production to react with another 
C2H to form butadiyne C4H2.  The 
temporal profiles of the formation 
of C2H and C4H2 are all similar at the 
various wavelengths.  This depen-
dence implies that secondary pho-
toproduct C4H2 was generated from 
C2H.  Further photodissociation of 
C4H2 might produce the radical C4H, 
which might then react with itself 
to generate C8H2.  As another pos-
sible reactive route, butadiyne C4H2 
might combine with itself to form 
C8H2 and H2.  Other minor carbon-
containing photoproducts C4, C6 
and C8 were generated at wave-
length 171 nm.  These photoprod-
ucts containing four or six carbon 
atoms formed on irradiation of C2H2 
in Ne at 171 nm might result from 
photodissociation of a dimer or a 
trimer of ethyne within the same 
site of deposition, but the forma-
tion of the C8 species is less likely 
because a tetramer – four C2H2 in a 
single cluster – is unexpected at di-
lution C2H2/Ne = 1/1000.  These car-

the photolysis of ethyne with pho-
tons corresponding to wavelengths 
171, 130 and 114 nm.  Before a 
discussion of these experiments, 
information about the dynamics 
of photodissociation of ethyne is 
pertinent.  Excitation of ethyne at  
171 nm can break a C-H bond of 
ethyne to form C2H in the electronic 
ground and first excited states; an 
alternative dissociation channel 
produces C2 and H2 in their ground 
states.  Irradiation of ethyne at  
130 nm produces C2H in state B 2Σ+, 
whereas at 114 nm leads to the for-
mation of two methylidyne radicals 
in their ground state. 

Upon VUV photolysis, the in-
tensity of all infrared absorption 
lines of ethyne decreased with 
increasing duration of photolysis; 
the extent of depletion was de-
rived from ratios of absorbances as 
a function of time.  The curve for 
temporal depletion at 171 nm is al-
most linear up to 50 min, but there 
is no linear relation for 130 nm and  
114 nm for even a short period. 

After irradiation for 50 min, the 
intensities of lines due to ethyne 
decreased by ~40, 76, and 55 % at 
171, 130, and 114 nm, respectively. 
Figure 1 displays a partial difference 
IR absorption spectrum recorded af-
ter irradiation of a sample with VUV 
light for 50 min; in this spectrum, 
obtained on subtracting the spec-
trum recorded before VUV irradia-
tion from that recorded after irradia-
tion, lines pointing upward indicate 
production whereas those pointing 
downward imply destruction.  After 
photolysis of C2H2 in solid Ne, abun-
dant features appear in the IR spec-
tra as shown in Fig. 1.  Comparison 
of the effect of varied wavelength 
of VUV excitation indicates that the 
proportions of carbon hydrides C2H, 
C4H2, C8H- and C8H2 upon irradiation 
at 130 and 114 nm seemed gener-
ally to be less than at 171 nm, but 
lines due to carbon clusters from C3 

to C12 give an impression of the con-
trary effect.  Notably, lines due to 
carbon species with carbon atoms 
of odd number, and of even num-

Fig. 1:  Difference infrared spectrum of C2H2 in solid Ne upon irradiation at (a) 
171 nm, (b) 130 nm and (c) 114 nm for 50 min.  Some assignments are 
indicated.

a

b

c

13

同步年報-03單元.indd   13 2011/4/18   下午4:16



Molecular Science

bon clusters of even number might 
be created through complicated 
photochemical processes, but the 
fact that no carbon cluster with C of 
odd number is observed indicates 
that the growth of carbon clusters 
is mostly through the addition of C2 
step by step.

Upon photodissociation at 130 
and 114 nm, in addition to species 
generated at 171 nm, odd carbon 
clusters and other clusters up to C12 
as well as ion C8H− were generated.  
Temporal profiles of the formation  
of various even carbon clusters 
from C2H2/Ne = 1/1000 irradiated 
at 130 and 114 nm are depicted in  
Fig. 2 (a), (b), (c).  Upon irradiation at 
130 nm, only C6 and C8 show similar 
formation slopes.  In contrast, the 
trends of formation of C4, C6 and C8 
upon irradiation with 114 nm are 
similar.  The depletion ratios of C2H2 
at these three wavelengths might 
be the cause of the difference.  The 
large efficiency of photodissocia-
tion and saturated depletion ratio 
of C2H2 upon irradiation at 130 nm 

reflects the extensive formation 
of C2H or C2 in the early periods 
of irradiation and the rapid for-
mation of large carbon clusters, 
as well as the appearance of a 
maximum in the temporal profile 
of C4.  Odd carbon clusters were 
detected upon photodissociation 
at 130 and 114 nm; the temporal 
profiles of formation of C3, C5 and 
C7 appear in Fig. 2 (d), (e).  Upon 
irradiation of C2H2 at 130 nm, C3 
formed rapidly and abundantly 
relative to formation of C5 and 
C7.  In contrast, in experiments 
with photolysis at 114 nm the 
trends of formations of C3, C5 and 
C7 were similar and less C3 was 
formed.  There is no consistency 
in these temporal profiles of for-
mation of odd carbon clusters.  

Fig. 2:  Temporal profiles of formation of C2n(n = 2 - 4) after irradiation of C2H2/
Ne = 1/1000 at (a) 171 nm, (b) 130 nm, and (c) 114 nm, and formation  
of C2n-1(n = 2 - 4) after irradiation of C2H2/Ne = 1/1000 at (d) 130 nm and 
(e) 114 nm.
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Fig. 3:  Tholins, complex organic molecules fundamental to prebiotic chemis-
try, are apparently forming in Titan’s atmosphere.
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Further analysis of the temporal profiles of the formation 
of carbon clusters beyond C8 showed random behaviors.  
These results confirm that the mechanism of formation 
of carbon clusters from ethyne in solid Ne upon VUV 
photolysis is complicated.  The interactions between car-
bon atoms and molecules are far stronger than between 
molecules and Ne; molecules and atoms of carbon thus 
combine efficiently to form clusters.  The formation of 
carbon clusters and hydrides with a linear structure indi-
cates a synthesis involving an addition to a carbon chain 
of one or two carbon atoms at each step.

Figure 3 displays Tholins, complex organic mole-
cules fundamental to prebiotic chemistry, are apparently 
forming in Titan’s atmosphere.  At such temperatures, 
ethyne becomes condensed to a solid; information 
about the VUV photochemistry of solid ethyne from the 
laboratory is thus required.  We photodissociated ethyne 
in solid Ne at three VUV wavelengths through its elec-
tronically excited states that generated radical C2H as 
the major species; subsequent photochemical reactions 
formed various products including large carbon clusters 

and hydrides.  Among these products, we observed car-
bon hydrides with carbon atoms in even numbers in C2Hn 
(n = 1 - 3), C4Hn (n = 1 - 2), and C8Hn (n = 1 - 2).  We postu-
late that C2Hn is the source to form C4Hn, which is in turn 
the precursor of C8Hn.  From the absence of C6Hn in this 
VUV photochemical system of ethyne, a combination of 
C2Hn with C4Hn to form C6Hn seems less likely.
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