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Abstract

Low-temperature Ar matrix isolation has been carried out to investigate the infrared spectrum
of ethyl cyanide (CH;CH,CN), molecule present in the atmosphere of Titan. The A>120 nm
and A>230 nm photolysis in Ar matrix of ethyl cyanide were also performed in order to
compare the behaviour of this last compound when it is submitted to high and low energetic
radiations. These different wavelength have been used with the aim to reproduce the radiation
reaching the various parts of the atmosphere. Several photoproducts were identified during
photolysis such as vinyl cyanide (CH,=CHCN), cyanoacetylene (HC3;N), ethylene/hydrogen
cyanide (C,H4/HCN), ethylene/hydrogen isocyanide (C,H4/HNC), acetylene/hydrogen
cyanide (C.Ho/HCN), acetylene/hydrogen isocyanide (C,H,/HNC), and
acetylene:methylenimine (C,H,:HNCH;) complexes. Ethyl isocyanide (CH3;CH,NC) and a
ketenimine form (CH;CH=C=NH) have been identified as well. Photoproducts identification
and spectral assignments were done using previous studies and density functional theory

(DFT) calculations with the B3LYP/cc-pVTZ basis set.
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Introduction

Titan, the biggest Saturn’s satellite, was discovered in 1655 by the Dutch astronomer
Christian Huygens. It is an unique case in the Solar System because it is the only satellite with
a dense atmosphere composed of two major constituents: nitrogen (N2)
"2 and methane (CHy).” A photochemistry of these main components occurs at high altitude in
the atmosphere by solar photons, cosmic rays and a heavy bombardment of electrons from
Saturn’s magnetosphere.4 Since then, Titan became more and more interesting as numerous
species were identified in its active atmosphere thanks to detections performed from Earth or
during different spatial programs (Voyager I and II, Cassini-Huygens). Most of them are
hydrocarbon and nitrile species like diacetylene (C4H,), dicyanoacetylene (C4Ny),
cyanoacetylene (HC3;N).™® The Cassini orbiter and the Huygens probe performed in situ
analysis which permitted the identification of CH;CH,CNH*" present in gas phase and a
recent study confirms the detection of ethyl cyanide (CH3CH,CN) in the atmosphere of Titan
via its emission lines® thanks to the Atacama Large Millimeter/submillimeter Array (ALMA).
The identification of solid phase ethyl cyanide in Titan was suggested by Khanna’ and the
molecule was also detected in the dense molecular clouds Sagittarius B, and OMC-1 (in the
Orion’s nebula).10

Its gas phase formation has been envisaged by Krasnopolsky11 using the work of
Herron'?, showing that ethyl cyanide can be formed by recombination processes including
both electronically excited states of nitrogen, see reactions (1) and (2), in which kinetic
reaction rates have been determined at room temperature. These reactions can occur in the
atmosphere of Titan (reactants obtained from the photolysis of N, and the presence of C3;Hg)

such as they were included in recent models for the atmospheric photochemistry in Titan''.

(1) N*(°D) + C3Hg = C,HsCN + H* ; &, (298 K) = 6.6 x 10! cm® molecule™ s
(2) N*(°P) + C3Hg = C,HsCN + H* ;. k> (298 K) = 1.9 x 10™"? cm® molecule s

Spectroscopic investigations of ethyl cyanide (Cs symmetry) have been published in

13,14,15

L , , 13,14,15,16,17
liquid and vapor phases with infrared ™ ™, Raman and

. 18,19,20,21,22,23,24,25,26,27
microwave

techniques. Solid phase infrared spectra have been carried out
by Dello Russo and Khanna**and Khanna.” No detailed infrared analysis of ethyl cyanide in

cryogenic matrix has been found in the literature.
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The VUV spectroscopy was first studied by Cutler® in the 100-180 nm region. Only a
small absorption band was pointed out at 134.2 nm and might be corresponding to the C-C
absorption. Using electron impact spectroscopy to study ethyl cyanide, Stradling and
Loudon™ found a first structure at 193.7 nm that could be due to triplet excitation and three
Rydberg transitions series converging to the first ionization potential (101.5 nm) in the 91-208
nm region. Lake and Thompson31 determined the vertical ionization potential from the CN =
group at 102.5 nm (95468 cm’™). The 0-0 transition is at 104.7 nm with a progression interval
of about 2100 cm™. Later, Kanda et al.*? calculated the first ionization potential to be 108.0
nm and found more transitions between 99 and 134 nm.

Hudson and Moore® studied the photochemistry of CH3;CN and molecules with
sequential substitution of each H atom by a methyl group (CHs) such as CH3CH,CN (ethyl
cyanide), (CH3),CHCN and (CHj3);CCN. This study was performed in solid phase and in N,
or H,O matrices induced by proton bombardment and VUV irradiation. In the case of ethyl
cyanide, they observed the formation of hydrogen cyanide (HCN) and ethyl isocyanide
(CH3CH,;NC). A ketenimine form (CH;CH=C=NH) and vinyl cyanide (CH,=CHCN) were
also identified.

In this work, we report a detailed infrared analysis of ethyl cyanide when it is trapped
in Ar matrix. We also present the results about the photolysis of Ar matrix-isolated ethyl
cyanide with an hydrogen-flow lamp (A>120 nm) and a mercury lamp (A>230 nm) in order to
simulate the different energies for photodissociation processes available at high and low
altitude in the atmosphere of Titan. The identification of the photoproducts obtained is

performed using previous experiments and calculation.

Experimental section

Ethyl cyanide (hereafter 1) is available commercially (from Aldrich, 99%) and was degassed
several times with nitrogen and nitrogen-ethanol baths in order to avoid the presence of
impurities. The experimental technique and the apparatus were already described earlier.”*
The matrix was obtained by mixing 1 with argon (Ar) or nitrogen (N;) in a pyrex line and
then deposited onto a golden copper plate cooled at 20 K thanks to a 21 CTI cold head model.
The dilution ratios (1/gas) were approximately 2/500 and were determined by standard
manometric techniques. Spectra were recorded at 20 K using a Fourier transform infrared
spectrometer (Nicolet serie II Magna System 750) in the 4000-650 cm’ region with a MCT

detector in reflection-absorption mode. Each spectrum was averaged over 100 scans with a
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0.125 cm™ resolution. The UV-Visible spectrometer is a Lambda 20 Perkin-Elmer. The
spectrum was acquired between 300 and 700 nm (1 was introduced in a quartz cell) with a 1
nm resolution.

High energetic photolysis experiments were carried out with a microwave discharge
hydrogen flow lamp (Opthos Instrument, A>120 nm) through a MgF, window connected to
the cryostat. The total flux of this last lamp has been calculated earlier with the actinometric
method to be 4.79 (+1.37) x 10" photons em? s Photolysis experiments have also been
performed using an Osram 200 W high-pressure mercury lamp equipped with a quartz

envelope (A>230 nm) with an estimated flux of about 2.75 x 10" photons cm? s 307

38,39,40

Density functional theory (DFT) was used to calculate the vibrational spectra of
the reactants and the reaction products. The Gaussian 09! program package using the
B3LYP*** procedure with a cc-pVTZ basis set was used for these calculations. TD-DFT
calculations was used to simulate UV spectra and to determine the molecular orbitals (MO)

. . . 4344
involved in each transition.™™

Results

1. Infrared spectroscopy of ethyl cyanide 1 in Ar matrix

17 (on 21) of the fundamental modes of vibration of 1 (Cs symmetry) are located in the 4000-
650 cm™ region and some harmonic and combination modes are also observed. A’ and A”
symmetry fundamental modes are assigned from v; to vi3 and from vy to v respectively.
Figure 1 shows different regions of the infrared spectrum of 1 trapped in Ar matrix (2/500)
and all the values concerning the infrared absorption bands (wavenumber and relative
intensities) are listed in Table 1 and compared with the work of Klaboe and Grundnes'* which
is the most detailed previous analysis and those of Wurrey et al.'>0 In the matrix-isolated
spectrum, a few bands can correspond to one vibrational mode which is characteristic of
different trapping sites of the molecule within the matrix.

We performed calculation in order to determine the theoretical infrared spectrum in
gas phase of 1 and compared the results obtained with our experiment in matrix and other
previous experiments performed in gas phase.13 A1

The most intense bands of the infrared spectrum of 1 in Ar matrix are located in the
area of the vcy stretching modes. For the band at 3006 cm’! a shoulder is located at 3001 cm™.

13,14,15,16,17

Numerous authors attribute theses bands to both v; and vy4 in gas phase. According

4
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to our calculation, in which the v;4 and v; modes are predicted to be separated by only 4 cm'l,
we attribute respectively to vi4 and v; modes the bands observed at 3006 and 3001 cm™, the
most intense of the whole infrared spectrum being the vi4 mode. In the same area, another
band (2961 cm™) is very intense and it corresponds to the v, mode.

The two other most intense bands are located at 1467 and 1460 cm™ and correspond to the
symmetric stretching CH (vs) and asymmetric CH (vi¢) deformations. These two modes (vs
and vy¢) are predicted by our calculation at 1462 and 1454 cm™ respectively. These modes are
observed at 1476 (1466) and 1462 (1457) by Wurrey et al.”” in gas phase (solid phase) .Two
other bands lightly less intense are also observed at 2255 and 1075 cm™. According to the
previous gas phase study'’, they are attributed to the v4 CN stretching (2255 cm™) and to the
vg modes (1075 cm’l). Nevertheless a difference is observed with this work concerning the v
mode. Indeed, this mode is observed respectively at 918 and 1000 cm’ by Klaboe and
Grundnes'* and Wurrey at al. ' In our work, we don't observe absorption bands in this area.
Nevertheless, a band at 1095 cm’! is observed. So we attributed this band to the v 1g calculated
at 1084 cm™. With our assignment (vig at 1095 cm’! and vg at 1075 cm'l), we respect the
calculated separation between the two modes (21 cm'l).

Trapping 1 in Ar matrix permits to observe many harmonic and combination bands as
mentioned in Table 1. By following the assignments made by Klaboe and Grundnes'*,we
noticed some differences. Based on the solid phase experiment, the band observed at 2895
cm’! is attributed to the 2vi6. The small band located at 2787 cm’! s assigned to vip+vy
combination mode by comparison with the raman spectrum in liquid phase. On the other side,
those observed at 2300 cm™ in argon matrix corresponds to the band observed at 2297 cm™ in
liquid raman and we attributed it to the vjo+vg combination mode counter to Klaboe and

Grundnes'.

2. C;H4:HCN complex (Cy) in argon matrix

2.1. Infrared characterization of C; in argon matrix

Based on our previous work concerning the photochemistry of vinyl cyanide® in which
C,H,:HCN and C,H,:HNC complexes (noted C; and C’; respectively, see Scheme 1) have
been obtained after photolysis and on the literature data, we expected the formation of
C,HyHCN and C,H4s:HNC complexes (noted C; and C’; respectively) from the

photochemistry of ethylcyanide. So we decided to perform an infrared study of a
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C,H4/HCN/Ar mixture in order to determine the spectral assignment of C; and C’; and to see
if they are produced during the photolysis experiment of 1 as expected.

A C;H4#/HCN/Ar mixture (1/5/1000) was deposited at 20 K and then irradiated with
the hydrogen flow lamp (A>120 nm). The deposition permitted us to define the bands
belonging to C; by comparing with the spectra of monomers at the same temperature as
shown in Figure 2 and by comparing also their evolution when irradiation occurs. The bands
noted with C; are assigned to one complex form (with a correlated evolution). We noticed the
presence of a band at 3188 cm™ that has not an evolution similar to the other ones and this
band remains unassigned.

Similarly to our previous work® and to previous work concerning complexes
involving ketene with HCN or HNC and the work of Kukolich et al.*, we envisaged two
plausible geometries for C; (Figure 3): the first one, called n-form, where the hydrogen atom
of HCN is in interaction with the double bond of C,H4 and a second one, a planar form (called
p-form), with an interaction between the nitrogen atom of HCN and one hydrogen of C,Hy.
After the BSSE correction, the m-form is more stable in energy by 7.1 kJ mol™ than the p-
form and it is stabilized by 1.75 kJ mol™ compared to monomers. The calculated and
experimental wavenumbers of both forms (n- and p-form) of C; are noted in Table 2. The p-
form implies lesser shifts for the HCN fundamental vibration modes than the n-form. The CH
stretching mode of HCN is predicted to be shifted toward lower frequencies by 62 cm’ for the
n-form and by 5 cm’ for the p-form while the observed experimental shifts are 60 cm™. The
degenerated deformation mode of HCN is shifted to higher frequencies by 39 and 35 cm™.
The calculated shifts of the m-form are 48 and 44 cm™ while the shifts are almost none for the
p-form. The comparison between experimental and theoretical wavenumbers allows us to
conclude that the n-form is generated (Table 2). Our result are in agreement with those of
Kukolich et al.*®® They obtained a "T-shaped" complex in which the HCN molecule is
perperdicular to the ethylene's plane with a HCN carbon atom located at 3.702 A above the

ethylene plan (3.707 A in our calculations).
2.2. Irradiation of C; in Ar matrix

We have to take into account the fact that we are in presence of C,Hs and HCN
monomers and will be also irradiated. When we submitted C; to high energetic irradiation
(A>120 nm), a decrease in intensity of the complex bands is observed and new absorption

bands grew up (Figure 4). Some of them are also observed during the irradiation of HCN/Ar

6
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and C,H4/Ar and we are not interested with these last ones. Among the products formed are
found C,H,:HCN, noted C, (3281, 3234, 2094 and 753 cm’l) and C,H,:HNC, noted C’,
(3441, 3276, 2031 and 751 cm'l) complexes (Scheme 2), based on our previous study45 where
we showed that the two complexes are formed by irradiating vinyl cyanide (3). Their
geometries are known to be analogous to the case of C;: the hydrogen atom of HCN (or HNC)
is in interaction with the triple bond of C,H,. The presence of bands located at 3315, 2269,
2076 and 667 cm™ shows that the formation of cyanoacetylene (HC3N, 5) has been obtained
by irradiating C; and the produced C,. Since § is well known to induce izomerisation process
under UV irradiation, we have considered the formation of some of them. Thus we have
identified the formation of isocyanoacetylene HC,NC (3328, 2213 and 2033 cm'l), HCNG,
(3276, 2102 and 1920 cm™") and the carbene imine (3562, 2204 and 1906 cm™).*®

Two bands observed at 3449 and 2028 cm™ have the same evolution during the
experiment. Since the complex C,H,:HNC is formed during the photolysis, we attributed the
band at 3449 cm to vnu and the one at 2028 cm’! to vnc when the HNC is complexed to
C,H4 (Cy). These adsorption bands are shifted by -171 and -1 cm’ to lower frequencies with
respect to vnu and vne modes of HNC monomer respectively (Table 2). For the vny of Cy' the
theoretical shifts are predicted to be -165 and -1 cm™ for the 7 and p complex respectively,
while it is -171 cm™ experimentally. Therefore, we can assume that these frequency shifts are
due to the formation of a complex noted C;' between C,H4 and HNC with a n form trapped in
the same cage during the photolysis of Cj. (Scheme 1). At last, three bands located at 3298,
3260 and 1968 cm™ (Figure 4) appeared during the irradiation, but they are too small to be
properly integrated in order to perform a correlation. Nevertheless the vicinity of the bands
with the C;Ho:HCN/HNC (C,, C,') complexes led us to suppose the formation of a new

complex involving C;H,.
3. Irradiation (A>120nm and A>230nm) of ethyl cyanide

When we submitted 1 to VUV irradiation during 1267 minutes with the help of a hydrogen-
flow lamp (A>120 nm) in Ar matrix, we observed a decrease in intensity for the bands
attributed to 1 and noticed the appearance of new absorption bands (Figure 5). By checking
the evolution of their integrated absorbance during the irradiation, we are able to group them

in sets of bands (the bands belonging to the same photoproducts will evolve the same way).
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All the structures of the products formed during the photochemical experiment are
summarized in Schemel.

Isonitrile are well-known products in nitriles’ photolysis and the NC stretching mode
region is located between 2100 and 2200 cm’ approximately. Based on our previous work
concerning the photochemistry of acrylonitrile45 , we attributed the band located at 2151 cm’
to ethyl isocyanide A weak band at 2152 cm™' with the same evolution during the irradiation
is found. The vicinity of these two bands leds us to suggest that there are two trapping sites in
the matrix (rather than two different modes belonging to the same product). During their
work, Hudson and Moore™ identified ethyl isocyanide, CH;CH,NC (hereafter 2), as a product
of 1 when photolyzed in solid phase with a band at 2160 cm™. Bolton et al.*’ published
rotation and infrared spectra of 2 and the vNC stretching mode is located at 2148 cm’ (liquid
phase) and 2155 cm™ (vapour) and is found to be the most intense in the infrared spectrum of
2. Calculation predicted the NC stretching mode of 2 to be located at 2147 cm™. We are able
to conclude that the isonitrile 2 was photoproduced by the irradiation of 1 even if no other
band of 2 was observed.

In an earlier work™, we studied the photolysis of vinyl cyanide, CH,=CHCN
(hereafter 3) in Ar matrix. The most intense modes of 3 and specially those at 974 and 953
cm’ are observed in Ar matrix. We noticed that two bands appeared at 972 and 955 cm’
during the irradiation of 1 and are attributed to 3. A small difference in wavenumber is usual
when we compare infrared spectra of matrix-isolated and photoproduced product within a
matrix.*® Another band, located at 881 cm'l, could be attributed to 3 but this last band is too
weak to be properly integrated. Since 3 is a known product of the photolysis of 1, the
photoproducts of 3 are suspected to be formed during our experiment. Based on our previous
work and on the results obtained in the 2.2 section, we identified cyanoacetylene (HC3;N)
noted 5 4930 and three of its isomers: HNC349’51’5 2, HC2NC49’5 3 and HCNC249’53. The products
obtained from the photochemistry of 5 are noted 5’. The photolysis of 3 also gives the
generation of vinyl isocyanide (CH,=C(H)NC, noted 4) and a set of bands located at 2125,
1629, 1116 and 921 cm™ agrees with the formation of 4 from the photolysis of 1.

In their study about solid phase photolysis of 1, Hudson and Moore®® demonstrated the
formation of a ketenimine form (CH;CH=C=NH, noted 6). The formation of 6 is
accompanied by the growth of a band at 2032 cm’ in the parent nitrile in solid phase. This
product is also formed in N, and H,O matrices by both proton bombardment and UV
photolysis. In our case, a band (not yet assigned) grew at 2043 cm’ (along with a weaker one

at 2037 cm™) during the photolysis in Ar matrix. This value is still in agreement with the one

8
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obtained by Hudson and Moore (shift observed between matrix-isolated and solid phase) and
with the calculation (see Table 3). But, another band located at 857 cm™, not found by
Hudson and Moore, grew with a similar evolution with the band at 2043 cm’. One
fundamental mode is predicted by the theory to be located at 851 cm™ in gas phase (Table 3).
So, we can conclude that 6 is photoproduced by irradiating 1 and the band at 857 cm’ belongs
to 6.

We observe four bands located at 3243, 2093, 1441, and 958 cm™ which are very close
to those obtained during the C; trapped in Ar matrix experiment (previous part (2.1.)). These
very small shifts are indicative of the C; formation (Table 2). The formation of C’; is also
observed and the bands are located at 3467, 2026 and 967cm’!. It is of interest to compare
present C;' spectrum with those obtained during vacuum-UV irradiated C; complex in Ar
matrix (Table 2). Small spectral shifts, usually different for the two types of precursors
(bimolecular and propionitrile), are observed. These are due to the specificity of Ar matrix
cages inhabited by photochemically generated species C;' from_1, with other possible reaction
products (in particular H,) remaining in their close vicinity. A good agreement is found
between experimental and theoretical shifts between complexes and monomers. C, and C’,
complexes were also formed as for the irradiation of C;.

At last the five bands (3298, 3260, 1969, 1068 and 740 cm'l) previously observed in
very small amounts during the photolysis of C; have the same evolution during the photolysis
experiment of 1 (Figure 6). Taking into account the proximity of these bands with those of the
C,H/HCN or HNC complexes, we have considered the formation of a new complex. Since
the UV irradiation of 1 can induce the formation of C,H, trapped with HCN/HNC and H, we
have supposed that the irradiation of 1 can led to the generation of C,H, with HNCH; noted
Cs (Scheme 1). In order to model the complex structure and its vibrational spectrum,
theoretical calculations were performed on different starting geometries. Only one energy
structure minimum is obtained. The optimized structure is shown in Figure 3. This complex
exhibits two hydrogen bonds between the acetylene C=C triple bond and two of the
hydrogens of the methylenimine (2.89 and 3.41 A respectively). This complex is not planar,
the two partners are located in perpendicular planes. After BSSE correction this complex is
stabilized with regard to the monomer molecules by 3.45 kJ/mol. The calculated frequencies
of this complex and the monomers are summarized in Table 4. The comparison between
experimental and theoretical frequencies allows us to conclude on the C3 formation during the
1 photochemistry. The bands observed at 3260 and 1969 cm™ are shifted to lower frequencies

1 1

by 3 and 5 cm™ respectively, while 2 and 3 cm~ are predicted by the calculation.

9
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Nevertheless, the band located at 3298 cm™ is shifted experimentally to higher frequencies
through it is predicted to be red shifted by the calculation. This fact is well known since the
photochemically generated complex exhibits frequencies lightly different from those of the
deposited complex.

The photolysis of 1 in Ar matrix with a less energetic irradiation source (mercury
lamp, 2>230 nm) has been investigated. An UV-Visible spectrum of 1 was recorded with our
means between 200 and 800 nm showing very weak absorptions at 325, 520 and 630 nm.
After 1620 minutes of photolysis, we didn’t observe any decrease of 1 absorption bands but

only the appearance of very weak bands belonging to impurities.

UV calculation

Since no UV data have been found concerning 2, TD-DFT calculations were used to simulate
the UV spectrum and to determine the MO's involved in each transition. These calculation
were performed in argon with B3LYP method. The calculated UV spectral data are given in
Figure 7 for 1 and 2.

The theoretical UV spectrum of 1 has been calculated in order to verify that it is in
agreement with the experimental data. We observed on the theoretical spectrum all the
absorption previously obtained with experimentszg’3 03132

The theoretical UV spectrum of 2 presents two intense absorptions. The most intense
vertical TD-DFT B3LYP/6-31g** calculation predicts a band at A=122 nm, with allowed
electronic transition from Sy with a high oscillator strength (f= 0.3557). In this transition four
single-electron transitions contribute. The molecular orbitals responsible for these transitions
are shown in Figure 8. As it appears in this figure, the single electron transitions from
molecular orbitals 12 and 13 move electron density from CH; fragment onto isonitrile
substituent. The second one is predicted at 151 nm and corresponds to two different
transitions from Sy to S, and Ss which have oscillator strengths very close (f=0.0570 and
0.0580 respectively). The main molecular orbitals responsible for these transitions are 15 to
16 (with a small contribution of 13 to 16 and 14 to 17) and 15 to 17. For the 15 to 17
transition, the electron density moves in the opposite direction from the o planar. As a
consequence, since 2 absorbs at A>120 nm it is not surprising to observe an equilibrium

between the formation and the destruction of 2.

10
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4. Discussion

Here, we demonstrate the formation of the isonitrile 2 and this work corresponds to the first
identification of this compound in Ar matrix. The C-C bond dissociation energy of CH3CH,-
CN has been calculated to be 32870 cm™ or 304.2 nm.”* So, the irradiation with A>120 nm
and A>230 nm could permit the C-CN cleavage and a rotation of the CN terminal group to
give 2 as observed in numerous studies concerning nitriles photochemis‘[ry.45’46’49 The
evolution of the integrated absorbance of the band at 2151 cm™ (Figure 9) concerning 2
evolves as an intermediate species. By means of photoelectron spectroscopy, Wang and
Qian™ studied the isomerization reaction of 2 turning into 1. They showed that 2 is a quiet
stable compound at room temperature and determined isomerization rates at different
temperatures leading to an activation energy (E,) of 38.36 (+0.32) kcal mol™ which is in good
agreement with previous results.”® This E, value indicates that at A<745 nm this reaction is
possible. So, the isomerization of 2 to 1 can be easily considered in our cases (A>120 nm)
since 2 absorbs in this range of wavelength (predicted bands at 122 and 151 nm (Figure 7)).

During the first part of 1 photolysis, the photochemical reaction leading to 2 is much
more efficient than the reverse reaction (from 2 to 1). The ethyl isocyanide starts to decrease
after 300 min of irradiation (Figure 9). In the second part, there is a competition between
production and consumption of 2. We supposed the photogeneration of a lot of compounds
(Scheme 1). 3, 4, C; and C’, from 2. Vinyl cyanide 3 and vinyl isocyanide 4 have been
identified. The evolution of 3 and 4 bands versus time (Figure 9) shows that these two
compounds are formed faster than they are destroyed. 3 is formed by dehydrogenation of 1.
This reaction is well-known and is applied industrially.”’ Based on our previous work®, when
3 is produced, it undergoes photodissociation processes and gives 4 with a similar process
than for the formation of 2 from 1. We can also suppose the formation of 4 from
dehydrogenation of 2. Other photoproducts of 3 were found: 5§ (HC3N), G, (CoH,:HCN), C’,
(C,H,:HNC) complexes.

In this work, we were interested with complexes implying C,Hs and HCN/HNC (C;
and C’;) in cryogenic matrices. We succeeded in identifying the geometry and the infrared

spectrum of C;. The irradiation of C; trapped in Ar matrix lead to the formation of C’; (i.e.

11
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from HCN to HNC), identified as a photoproduct of 1 using calculation. Its formation can be
due to the irradiation of 2 or Cj.

When trapped in cryogenic matrix, 1 is surrounded by rare gas. This permits
intramolecular rearrangement and we identified the ketenimine form 6 resulting from the CH
(of the -CH,- group) breaking and a 1,3-migration toward the CN terminal group. The
ketenimine grows during the first 300 min (Figure 9), thereafter it remains constant showing
that this compound is formed as fast as it is destroyed.

At last, C3 obtained in very small quantity during the C; irradiation is formed in bigger
amount during the 1 photolysis. This is coherent with the fact that the C;' complex is obtained
in bigger amount during the 1 photochemistry. With this consideration we can suppose that C3
is obtained from the C;' irradiation

C,H4:HCN (Cy) <« GHiHNC (Cp) —* C,H,:HN=CH,(C3)
This methylenimine complex Cj rose continuously during all of the photolysis experiments
(Figure 9) showing that this compounds is formed faster than it is destroyed. CH,NH is an
important molecule since its presence has been suggested in Titan's upper atmosphere.’

Using an hydrogen-flow lamp (A>120 nm), we simulated the solar flux arriving in the
atmosphere of Titan at high altitude. 1 is present in traces form and is submitted to this
irradiation (along with cosmic rays and a heavy bombardment from Saturn’s magnetosphere).
Each molecule present in gas phase in the atmosphere of Titan is more surrounded by N, than
by other molecules due to the N, abundance. The cryogenic matrix isolation method is used in
order to see the becoming of each isolated molecule. Compared to the gas phase, it seems
clear that we cannot have the formation of the four complexes which is clearly a consequence
of the cryogenic matrix trapping. The formation of the ketenimine form 6 is neither envisaged
in gas phase because of the high volability of the H radical when it is produced (rather than an
intramolecular rearrangement) but this specie has been previously obtained in solid phase.
Titan is known to possess a characteristic halo of hydrogen at high altitude composed by
hydrogen liberated mainly from atmospheric CH,.”® We have also to take into account that the
temperature present in high altitude (>500 km) of the atmosphere is higher than 140 K>,
which is not compatible with a cryogenic matrix experiment.

Other photoproducts of 1 have already been identified in the atmosphere of Titan such
as vinyl cyanide 3", cyanoacetylene 5", hydrogen cyanide (HCN)*, ethylene (CoHy)* and
hydrogen isocyanide (HNC).”> The photoproduction from 1 of these compounds in the

atmosphere is highly envisaged. The isonitrile compounds formed (except HNC) may be not

12
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present in enough quantity to be observed and this can explain the difficulties to detect them
in the atmosphere of Titan.

By using the mercury lamp (A>230 nm), we simulate the processes occurring at low
altitude in the atmosphere of Titan. The abundance of 1 in the atmosphere is probably too low
to measure its vertical distribution yet. In the case of its presence in the troposphere of Titan
(altitude lower than 50 km), 1 can be submitted to longer wavelengths but with no occurring

photochemistry. 1 is stable upon this kind of irradiation and long-lived at low altitude.

5. Conclusion

Ethyl cyanide is a known component of the atmosphere of Titan. A detailed infrared analysis
of ethyl cyanide has been performed. Trapping in cryogenic matrices of Ar permitted to
obtain thinner absorption bands and avoided, for the first time, any ambiguity in the
assignment resulting from different previous results with infrared spectroscopyl3’14’15’16’17
concerning both vapor and liquid phases.

The photodissociation (A>120 and >230 nm) of ethyl cyanide has been investigated in
order to see the behavior of such a molecule in gas phase at high and low altitude in Titan’s
atmosphere. Concerning ethyl cyanide, its behavior changes with the range of wavelength
implied in the irradiation. This study revealed the formation of vinyl cyanide and a lot of
products are resulting from its photolysis. Compared to our previous study45, we characterized

a new complex implying C,H4s with HCN/HNC. This characterization was made with help of
a C,H4/HCN/Ar photolysis experiment.
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Wavenumber (cm’™)

Assignment solid® Gaseous phase™” Ar matrix Theory B3LYP/cc-pVTZ
(rel. Intensity) (sym./ rel. intensity)
Vg + Vg 3571° 3573 (1) -
Viz + V2 3259° 3259 (2) -
Vi3 + V3 3204* 3216 (1) -
Vi + vy 3098? 3087 (2) -
Vis 2997 3006 3006 (100) 3027 (A" /90)
Vi 3005° 3001 (27) 3022 (A'/94)
Vis 2973 - 2980 (A" / 6)
V2 2955 2963 2961 (42) 2956 (A'/ 100)
V3 2941 2950° 2943 (8) 2951 (A'/24)
Vs + Vg 2910° 2903(5)
2vis 2897 2895 (15)
2vs 2858* 2850 (<1) -
Via+ V4 2790° 2787 (<1) -
2v; 2757° 2754 (2) -
2vs 2636° 2628 (2) -
Vot Vs 2520° 2523 (<1) -
Vo+ V7 2462° 2457 (<1) -
Vot Vg 2395* 2390 (<1) -
Vio+ Vs 2297 2300 (<1) -
Vi1 + Vs 2269° 2270 (<1) -
V4 2244 2261 2255 (22) 2282 (A'/50)
vVii+ vy 2219° 2211 (1) -
Vig+ V7 2040° 2043 (<1) -
Vs 1466 1476° 1467 (38) 1462 (A'/ 30)
Vie 1457 1462° 1460 (37) 1454 (A" /37)
Ve 1430 1442° 1437 (17) 1432 (A'/27)
V7 1381 1394° 1387 (12) 1378 (A'/ 6)
Vs 1323 1323° 1321 (6) 1311 (A'/ 16)
Vi7 1268 1267° 1263 (<1) 1253 (A" /0)
Vao+ Vig 1164° 1161 (<1) -
Vig 918" ; 1000 1095 (6) 1084 (A" /2)
Vo 1077 1074* 1075 (31) 1062 (A'/ 18)
Vio 1014 1008* 1006 (3) 982 (A'/2)
Vit 835 835" 834 (<1) 814 (A'/ 1)
Vig 778 783" 782 (34) 768 (A"/18)
2vyg 731° 737 (1) -
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Table 1: Experimental and theoretical (B3LYP/cc-pVTZ, scaled with a 0.96 factor)
wavenumbers of 1. (a) =ref 14 ; (b) = ref 15.
Values in italic are obtained from Raman spectrum. Values in bold are obtained from liquid

spectrum
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Experimental Calculation (B3LYP/cc-pVTZ)
Photoproduced
Monomer Deposited Avge, (Av) Monomer T p Av, Av,
from 1

CH, 3111 - - - 3095 3096 3094 1 -1
2995 2997 - 2(-) 3001 3002 2999 1 -2

1440 1442 1441 2(1) 1420 1422 1424 2 4

947 961 958 14 (11) 940 954 937 14 -3

HCN 3303 3243/3232 3243 -60/-71 (-60) 3313 3251 3308 -62 -5

2098 2092 2093 -6 (-5) 2113 2107 2116 -6 3

721 760 - 39 (-) 732 780 732 48 0

721 756 - 35() 732 776 731 44 -1

Photoproduced
from €, AvC; (Av])

C,H,4 3111 - - - 3095 3098 3093 3 -2
2995 - - - 3001 3003 2998 2 -3

1440 - - - 1420 1423 1423 3 3

947 - 967 - (20) 940 961 937 21 -3

HNC 3620 3449 3467 -171 (-153) 3657 3492 3656 -165 -1
2029 2028 2026 -1(-3) 2022 2022 2027 0 5

Table 2: Experimental (isolated and photoproduced in Ar matrix) and theoretical (B3LYP/cc-pVTZ, scaled with a 0.97 factor) wavenumbers
(cm™) of C; (C,H4:HCN) and C’; (C,H,:HNC) complexes
(AV=Veomplex = Vmonomer With Avdep for the C,H4/HCN/Ar experiment and Avl for 1 photolysis
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Wavenumbers (cm™) and relative intensities of 6

Theory (B3LYP/cc-pVTZ) Experimental

3338 (2) -
3063 (1) -
3012 (4) -
2970 (6) -
2929 (12) -
2053 (100) 2043 (100)
1463 (1) -
1441 (2) -
1375 (1) -
1367 (4) -
1131 (2) -
1057 (3) -
1041 (34) -
1025 (22) -
867 (3) -
860 (15) 857 (26)

Table 3: Experimental (in Ar matrix) and theoretical (B3LYP/cc-pVTZ, scaled with a 0.97

factor) wavenumbers (cm'l) and relative intensities of the ketenimine 6.
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Experimental Calculation (B3LYP/cc-pVTZ)

Monomer C; complex Av | Monomer C; complex Av

H,C=NH 3263° 3260 -3 3289 3287 -2
3036¢ - - 2981 2977 -4

2926 - - 2890 2892 2

1641¢ - - 1645 1643 -2

1453¢ - - 1433 1430 -3

1348¢ 1318 1326 8

1123¢ - - 1123 1138 15

1063¢ - 1057 1060 3

1059¢ 1068 9 1033 1039 6

CH, - - - 3378 3374 -4
3289 3298 9 3278 3275 -3

1974 1969 -5 1989 1986 -3

737 740 4 737 744
- - 737 740 3

Table 4: Experimental and theoretical (B3LYP/cc_pVTZ, scaled with a 0.97 factor)
wavenumbers (cm'l) of C3 (C,H4:H,C=NH) complex.

Wavenumber (cm™)

CH,CH,LNC2  H,C=CHCN3  H,C=CHNC4 HC,N5  H;C-CH=C=NH§6

2151 2235 2125 3315 2042
1413 1629 2269 857
972 1116 2076
958 921 667

Table 5: Experimental wavenumbers (cm™) of main photoproducts of 1 photolysis.
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Figure 1: Different regions of the infrared spectrum at 20 K of 1 deposited in argon matrix

(2/500). The band noted with an asterisk is attributed to an impurity.
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Figure 2: Infrared spectra for a 20 K deposition: (a) HCN/Ar 1/1000, (b) C;H4/HCN/Ar
1/5/1000, (c) C,H4/Ar 1/500. The band noted * remains unassigned.
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