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V acuum ultra violet  radiation disp ersed from a 

synchrotron onto a Ne matrix sample near 3.0 K con-

taining ethene (C2H4) yielded photoproducts of which 

C2H, C2H2, C2H3, C4, C4H and C4H2 were identified from 

their characteristic infrared absorption spectra.  The 

efficiency of photolysis of ethene and the nature of the 

photoproducts depend on the selected wavelength.  IR 

absorption lines of seven vibrational modes of vinyl in 

solid Ne are observed and assigned; four of them were 

recorded first time.
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Free radicals  play impor tant roles in var ious 

processes and fields; for example in combustion chemistry, 

atmospheric chemistry, astro-environments, etc.  However, 

these species have extremely brief existences under 

typical  condit ion and are di f f icult  to  prepare in 

sufficient numbers to allow detection.  Capability of 

preserving transient species indefinitely in the solid 

noble gas matrix, the matrix isolation technique has 

become recognized as an excellent method to store and 

to accumulate transient species, and has been successful 

in research on transient species since its inception in 1954.  

Taking the advantage of matrix isolation technique and 

the unique properties of synchrotron radiation (SR), we 

have recently set up a 3 K matrix-isolation/FTIR end-station 

coupled to a VUV undulator beam line to investigate the IR 

spectrum of transient species; in which we photolyze the 

precursors to form transient species using VUV irradiation 

from synchrotron, as shown in Fig. 1.

By this means, we explore the spectroscopy of 

transient species and photochemistry of solid interstellar 

molecules with exciting prospects.  Here, we report the first 

target radical, C2H3, from this new system.

Fig. 1:  The scheme of matrix-isolation technique.

Unraveling IR Spectrum of Vinyl Radical
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The vinyl radical (C2H3) plays an important role in 

combustion of hydrocarbons.  It is a key intermediate 

in the addition reaction of an acetylenic bond and 

the decomposition of ethenoid compounds; in these 

reactions the vinyl radical also plays an important role 

in stereochemistry.  The vinyl radical was found also in 

extraterrestrial planetary atmospheres at low temperature. 

Being the simplest open-shell olefinic radical, the vinyl 

radical also serves as a crucial test molecule to quantum-

chemical calculations.  Extensive experimental and 

theoretical efforts to characterize the structure and 

properties of vinyl have been made for more than 40 

years.  Vibrational spectroscopy provides information 

of its molecular structure; however the IR spectra of vinyl 

are very limited.

In gas phase, the major channel for photolysis of 

vinyl halide (C2H3X, X= F, Cl, Br) at 193 nm is fission of 

the C–X bond to form vinyl radical (C2H3) and a halogen 

atom.  Kanamori et al. used an infrared diode laser to 

measure rotationally resolved IR absorption spectra of 

gaseous vinyl generated on photolysis of vinyl halides 

at 193 nm; a c-type band with origin at 895.4 cm-1 was 

reported forν8.  Letendre et al.  photodissociated several 

precursors including vinyl halides, methyl vinyl ketone, 

and 1,3-butadiene at selected wavelengths to produce 

vibrationally excited species and then monitored 

its IR emission with time-resolved Fourier-transform 

spectroscopy.  They assigned these emission bands to all 

nine vibrational modes of vinyl, but observed line positions 

and relative intensities of these IR bands differed much 

from theoretical predictions on corresponding vibrational 

modes of vinyl.

In contrast, in an Ar matrix, photolysis of vinyl chlo-

ride at 193 nm produces predominantly C2H2 and HCl 

because of the cage effect; absorption of adducts of 

C2H2 and HCl dominate.  Jacox and Olson produced vinyl 

radicals by codeposition at 12 K of a stream of Ar subjected 

to microwave discharge with a gaseous mixture of C2H2/Ar. 

They observed a similar line for ν8 at 900 cm-1 in solid Ar. 

Shepherd et al. produced C2H3 via vacuum ultraviolet (VUV) 

photolysis of ethene isolated in solid Ar and assigned 

this line at 900.8 cm-1 to an out-of-plane bending mode 

(ν8 ).  Tanskanen et al. generated vinyl radicals via the 

annealing-induced reaction of an H atom with ethyne 

(C2H2) in various solid noble-gas matrices and assigned 

an additional band at 1356.7 cm-1 to the CH2-bending (ν5 ) 

mode of C2H3 isolated in solid Ar. 

Synchrotron radiation has advantages of a widely 

tunable range of photon energy and higher photon flux. 

The undulator beam from synchrotron radiation is much 

more intense than the conventional VUV light generated 

from a flow of H2 or inert gases subjected to a microwave 

discharge; we thus expect to form more vinyl in these 

photolysis experiments on C2H4 so that weaker absorption 

lines of vinyl may be observed.  We tuned photon energy 

for irradiation of matrix samples and monitored the 

intensity of the known vibrational mode (ν8 ) of C2H3 

to find the proper photolysis wavelength for formation 

of C2H3.  Among our photolysis wavelength tested, 

photolysis of C2H4 at 120 nm yielded the largest amount 

of vinyl radicals.

A gaseous mixture of 0.03 mol of C2H4/Ne (1/1000) 

was deposited over 2 h onto a CsI window cooled to 

3 K before VUV irradiation.  IR absorption spectra were 

recorded at various stages of experiments with a Fourier-

transform infrared (FTIR) spectrometer (Bomem, DA8) 

equipped with a KBr beamsplitter and a Hg/Cd/Te 

detector (cooled to 77 K) to cover the spectral range 

500-4000 cm-1.  Typically 400 scans at resolution of 

0.5 cm-1 were recorded at each stage of the experiment.  

After deposition of matrix sample, we recorded the IR 

spectrum as shown in Fig. 2(A) exhibiting lines due to 

C2H4 at 950.3 (ν7 ), 1442.9 (ν12 ), 1890.3 (2ν7), 2989.5 (ν11 ), 

3079.6 (ν2 +ν12 ), and 3106.5 (ν9 ) cm-1.  After irradiation of 

matrix sample with 120 nm, intensities of lines due to C2H4 

decreased by ~75 % and intense lines appeared at 630.1, 

732.0, 1330.4, 1958.9, 3283.9, and 3332.1 cm-1; these features 

are readily assigned toν4,ν5 ,ν4 +ν5 ,ν2 ,ν3 , andν1 of 

acetylene (C2H2), respectively. 
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As shown in Fig. 2(B), Lines at 1357.4, 895.3, and 

677.1 cm-1 correspond well with reported vibrational 

modes of ν5 ,ν8 , and ν7 of vinyl, respectively.  There are 

additional features evident at 3141.0, 2953.6, 2911.5, and 

857.0 cm-1, as marked ν1 , ν2 , ν3 , and ν9 ; their intensity 

variations are similar to those of ν5 , ν7 , and ν8  bands 

of vinyl at various stages of photolysis and these line 

positions and line intensities fit well with the theoretical 

prediction of other vibrational modes of vinyl.  Observed 

lines of vinyl are displayed in Fig. 3, with theoretical 

prediction for comparison.

Isotopic substitutions (C2D4 and13 C2H4) were used for 

product identification based on isotopic shifts and splitting 

of lines.   The isotopic ratio is defined as the ratio of the 

vibrational wavenumber of isotopic species to that of the 

natural species.   To verify the experimental observation, 

we performed density functional theory calculations with 

B3LYP and PW91PW91 level of theory with aug-cc-pVTZ 

basis set to predict the vibrational frequencies, infrared 

intensities, and isotopic ratios of C2H3.  The three known 

vibrational wavenumbers of matrix-isolated C2H3 ,ν5 ,ν7, 

and ν8 , agree well with those predicted with PW91PW91 

and B3LYP.  Four additional related lines observed in this 

work at 3141.0, 2953.6, 2911.5, and 857.0 cm-1 are thus 

expected to be associated with other vibrational modes of 

C2H3.  The line at 857.0 cm-1 fits satisfactorily with the value 

ofν9  = 850 cm-1 predicted with the EOMIP/CCSD method, 

but is ~4.5 and 8.9 % greater than those predicted with 

B3LYP and PW91PW91 methods.  Observed wavenumbers 

of the three C-H stretching modes are 5.0-9.1 %, 1.3-4.0 %, 

and 3.1-6.2 % smaller than those predicted with EOMIP, 

PW91PW91, and B3LYP, respectively; these deviation are 

typical for C-H stretching modes.  Theoretically Predicted 
13C- and D-isotopic ratios for C2H3 futher support our 

assignments.  For 13C-substitution, the largest deviation 

between experimental and predicted isotopic ratios for 

seven observed modes of 13C2H3 is 0.0021, within typical 

errors of 0.003.  For D-substitution, the largest deviation 

between observed and predicted isotopic ratios for six 

modes of C2D3 is 0.0072 (ν5 ).

Based on observed 13C- and D-isotopic shifts and 

comparison of observed vibrational wavenumbers and 

isotopic ratios with values predicted with quantum-

chemical calculations, we conclude that observed new 

lines at 3141.0, 2953.6, 2911.5, and 857.0 cm-1 are due to 

Fig. 2:  (A) Partial IR absorption spectra of a C2H4/Ne 
(1/1000) matrix sample before irradiation; 
(B) difference spectrum after irradiation at 
120 nm for 1.5 h.  Ethyne (acetylene) is marked 
as a, ethene is marked as e, and vinyl is 
marked according to the assigned vibrational 
modes.

Fi g. 3 :  O b s e r ve d  l i n e  p o s i t i o n s  o f  C 2H 3 a n d 
displacement vec tors  and vibrat ional 
frequencies listed in parentheses predicted 
for all vibrational modes of C2H3 with the 
B3LYP/aug-cc-pVTZ method.
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vibrational modes of ν1 -ν3  and ν9  of C2H3 radical.

We irradiated matrix samples of C2H4/Ne near 3.0 K 

with synchrotron radiation at 120 nm and observed IR 

absorption lines of vinyl radical.  These features at 3141.0 

(ν1), 2953.6 (ν2 ), 2911.5 (ν3 ), 1357.4 (ν5 ), 677.1 (ν5 ), 895.3 

(ν8 ), and 857.0 (ν9 ) cm-1 are assigned based on observed 
13C- and D-isotopic shifts and theoretical predictions of 

line positions, infrared intensities and isotopic ratios of 

C2H3, as shown in Fig. 3.   Considering the unusually large 

deviations of these vibrational wavenumbers from those 

reported for gaseous C2H3, further work on vibrational 

spectrum of gaseous C2H3 is desirable.◆
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