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Polyynes are of astrophysical interest since they appear to be involved in organic chemistry in very different mediums. In
Titan’s atmosphere, the lightest polyyne,Hz, was detected by Voyager. RecentlyH; and GH, have been discovered in
a protoplanetary nebula, suggesting polyynes as a possible chemical pathway to PAH (polycyclic aromatic hydrocarbons).
Moreover, several experimental simulations and modeling imply their production from the photochemistry of methane and their
involvement in the formation of organic aerosols. After the study#1£and GH; spectra in the UV and IR wavelength range,
we report here the first spectrum of gaseogslOn the range 4084000 cnt! at room temperature and low resolution. The
task was hardly achieved because of the high instability of this molecule with temperature and pressure. To avoid exothermic
polymerization, the compound was mixed with a solvent. We have performed a separate spectroscopic study of the solvent to
determine GH, partial pressure within the mixture. This allowed us to calculaté integrated band intensities. In the studied
wavelength range, §&, presents three main bands similar to those gfi0n terms of vibrational type, position, and relative
intensity. To study the possible identification of these polyynes by spatial observatories (Cassini-Huygens, ISO), we have also
measured the 81, and GH, infrared spectra in the range 400-1500¢rat 0.35 cnt’ resolution.  © 2001 Elsevier Science
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INTRODUCTION Concerning the interstellar medium (ISM), the Infrared
Spatial Observatory (ISO) observations of the protoplanetan
This work is part of the SCOOP program (Spectroscopie @ebula CRL618, in the wavenumber range 22200 cnt?,
Compogs Organiques Oriegt” vers la Plagtologie), whose showed infrared absorption bands of two polyynegi£and
purpose is to study the organic chemistry of methane-rich plaBsH,, and two cyanopolyynes, H8 and HGN (8). Fur-
etary atmospheres (giant planets, Titan), through the analytsisrmore, radio survey towards several molecular clouds re
of spectroscopic observations. To achieve this task, we dewstaled the presence of longer cyanopolyynes(@+C),—N)
oped a detailed spectroscopic database of planetary intef8si4) up to HG3N (15). Both infrared and radio observa-
organic compounds, through laboratory measurements. Théeas strongly suggest the formation of longer polyynes in
data are used to detect molecular signatures and to detbe ISM (16), although no direct evidence can be obtained
mine abundances from observations. Furthermore, the resblgsradio detection due to the absence of a permanent electr
are integrated as parameters to constrain planetary atrdipole.
sphere modeling. Polyynes ((C=C),—H) are of particular  After the studies of diacetylene and triacetylene in our lab-
interest in Titan's atmosphere, where the photolysis of aatory (L7, 18, we report here the first spectrum of gaseous
methane plus nitrogen mixture leads to a rich organic chemetraacetylene in the infrared range (400 ¢m4000 cntl)
istry (1). Polyynes are considered as end-products of this cheamd the integrated intensities obtained for the main bands. |
istry and are possibly involved in the formation of the hazhe first section, the organic synthesis ofHz is briefly de-
particles observed in Titan's atmosphef. (Their presence scribed. The encountered experimental constraints and the
is confirmed both by observations and by experimental siradopted solutions are then emphasized. The second secti
ulations. Indeed, the lightest polyyne K>, has been ob- presents the main spectral features, their assignments and i
served on Titan by the infrared interferometer spectrometegrated band intensities. Finally, we discuss the possibility tc
(IRIS) of the mission Voyager3j and experimental sim- detect tetraacetylene (i) in Titan's atmosphere through future
ulations of Titan's atmosphere also revealed the preserafgservations by the composite infrared spectrometer (CIRS
of gaseous gH> (4, 5). Moreover, ultraviolet photochemical ex-of the Cassini-Huygens mission, and (ii) in the interstellar
periments on diacetylene showed the formation gfi£(6, 7). mediumin particular from the already available data of the short
All these results strongly support the involvement of polyynesave spectrometer (SWS) of the Infrared Space Observator
in Titan's organic chemistry. (1SO).
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EXPERIMENTAL 1.0+
(1) Synthesis of §H, 084 | Vu
The NMR spectra of the two synthesized molecules are given. 064 Ve
Precursor molecule: 1,8-bistrimethylsilyl-octa-1,3,5,7- § )
tetrayne. It has been prepared as reported by Veemad; (19). -g 044
'H NMR (CDCls, 400 MHz)5 0.23 (s, 18 H, CH); 3C NMR 2" ‘
(CDCl3, 100 MHz)-0.64 ((SiMs&),), 62.1, 62.1, 87.8, 88.0. < 024 s
Octa-1,3,5,7-tetrayne. Octatetrayneglfz) has been pre- Vg "",f'"ﬁl
pared as previously reported by Kloster-Jenseal. (20) from 0.0 bl / YL, N
the precursor molecule. To recotti and 13C NMR spectra, 500 1000 1500 2000 2500 3000 3500 4000
1 ml of C,D,Cl4 has been added to mixture containingHz and Wavenumber (cm”)

pentane. The SO!UtIOh was then mmer_sed &y C cold bath FIG. 1. Solid line: GHz spectrum in the range 4004000 thicorrected
and concentratetth vacuo.The purification was performed by from the solvent. The spectrum was obtained at 293 K, at a resolution of & cm
trap-to-trap distillation: tetrachloroethane and octatetrayne wevigh an optical pathlength of 10.6 m, and at a pressure.85110-2 mbar.
trapped together at40°C at a pressure of 1® mbarlH NMR  Dotted line: the solvent (tetrabutyltin) spectrum at a pressurexol6-3 mbar.
(C2D,Cly, 7°C) 8: 2.13 (s, 2H)3C NMR (C,D,Cls, 7°C) §:
61.0 (d, AJCH = 1.8 Hz, CEC—CEC—H); 61.4 (d, SJCH =
7.0 Hz, C-C=C—-H); 68.3 (d,'Jcy = 2624 Hz, C-H); 68.4
(d,2Jcy = 51.8 Hz, C=C-H).

the mixture into a cold bath at20°C. In addition to its annoy-
ing habit of polymerizing, gH, is strongly adsorbed by the cell
walls. Consequently, uncertainty of the pressure was limited to
few percent (about 5%) by averaging 10 scans for each spectrul
corresponding to a total scanning time of about 2 min.

Due to the high instability of gH, at room temperature  We determine the band intensi§through the relation bet-
(296 K), this compound was mixed with a solvent, namely tetrgreen the gas pressupethe pathlength and the band integrated
butyltin, (C4Hg)4Sn. The solvent lowers the vapor pressure efbsorbance. This relation is linear as long as the compound fe
CgH> during the vaporization in the cell, preventing polymertures are not saturated:
ization in the tube containing the sample. Moreover, our choice
was motivated by the fact that the tetrabutyltin spectrum cannot / In(lo/1)dv =S | p. [1]
hide that of tetraacetylene due to a lower vapor pressure. How-
ever, the solvent proportion must be adjusted to avoid inhibition
of CgH, vaporization. For this purpose, we had to perform col
distillation to remove part of tetrabutyltin. Two tubes were fitte

line. The first tub taining the mixt round intensity.
on a vacuum fine. 1he Nrst iUbe, containing th€ mixure, was rp, procedure is: (1) to measure spectra at various pressur
cooled at OC, allowing the vaporization of a sample concen

: (2) to build the diagram of integrated absorbance versus pressul
:LaetigggrQHz' The second tube was cooled-a50°C to trap (3) to define the linear region, and (4) to finally determine the

slopeS of the observed straight line.
In Figure 1 we show the solvent spectrum as a dotted line. Th
two bands near 1500 cmhdo not overlap the gH, features and
Spectra were measured on an IRTF Perkin—Elmer 17#fus were used to determine the solvent partial pressure in ea
equipped with a multireflection Sirocco gas cell, with a varispectrum of the gaseous mixture containing the polyyne.
able pathlength fixed here at its maximum: 10.6 m. This long
pathlength is essential to the measurement of a spectrum with RESULTS
a low-pressure gas (ranging fromx<910~3 to 2 x 1072 mbar)
avoiding exothermic polymerization inside the cell. All the spec- CgH; has 17 vibration modes. Eight are degeneratatbdes.
tra were obtained at a resolution of 2 thibetween 300 and The nine modes OEJ andI1, symmetry are infrared active. To
4000 cntt and at 296 K. get the wavelengths of fundamental vibration modes we pel
The first step of this study was to determine the solvent spdormed DFT calculations using the SVWN functional and the
trum from which we were able to correct the spectrum of tHeunning cc-pV-TZ basis set. DFT calculations (Table 1) show
mixture and thus reveal the polyyne spectrum. Tetrabutyltin wHsat within the investigated wavenumber range two fundamer
injected into the cell by vaporization of the solvent at roortal modes with strong intensity;4 andvg, should be observed
temperature. experimentally. In the spectrum, three bands stand out clearl
In the case of the §H»/tetrabutyltin mixture, more precau-by their intensities (Fig. 1). The band observed near 621*cm
tions were taken. The vaporization was controlled by dippirig easily associated to the bending mogleregarding its strong

(2) Preparation of the Studied Sample

Band

pand lo are respectively the spectrum intensity and the back

(3) Spectroscopic Protocol
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TABLE 1 TABLE 2
Theoretical Vibrational Wavenumbers, Normal Modes, Experimental Values of Band Positions and Integrated
and Symmetry Species for Tetraacetylene Intensities for Tetraacetylene
Mode Symmetry species SVWN/cc-pvtz (ch) Int (km- mol—1) Main bands Sinatmt.cm2 Intensities rati®
(cm™1) (£20%) Mode (GH2/CgH>)

vy Dk 3387 0
2 2218 0 6215+ 0.2 496 V14 1.1
V3 2138 0 12267 (P)
e 1375 0 { 12326 (R) +0.5 256 V10 + V14 1.2
Vs 492 0
v6 = 3386 454.93 { 38266(P) 45 595 V6 11
vz 2251 2.75 33322(R)
vg 2047 4.93 .
o 955 761 Minor Bands
V10 Mg 600 0 20233+ 05 ~10P V8
V11 537 0
V12 441 0 a CgHy band intensities from Shindat al. (25).
Vi3 164 0 b Error of about 50% due to pressure uncertainly and noise level.
V14 Iy 600 91.3
V15 514 1.07 i .
V16 289 3.76 According to DFT calculations (Table 1), the other funda-
17 62 2.43 mental IR-active modes have an intensity 100 times weake

than the two stronger modes. Thus, they are certainly too fain
to be detected in our spectrum, except perhapsghmode at
2023 cn1! (Table 2). Besides, all modes below 500 Cntie

Q branch (Fig. 2) characteristic of[@-X transition. The two in a strong noisy area, preventing their detection. As shown ir
other bands exhibit intensB and R branches (Fig. 2) typi- Fig. 1, unassigned features remain after solvent removal from th
cal of aX—X transition. There is no doubt that the band nealgH, spectrum. We were not able to assign them to the polyyne
3320 cnt! must be assigned to the stretching magdeThe or the solvent, since they could be artifacts due to solvent suk
remaining band at 1220 crh cannot be attributed to a funda-traction. Other minor bands which do not coincide with solvent
mental mode, since theoretical calculations do not forecast astyuctures and theoretical location of fundamental modes mus
mode close to this value. Previous work on triacetyldife 2  be combination involving several modes.

25) allows its identification as a very intense combination band, The profile ofvg andvyo + v14 bands, typical of parallel bands,
involving g and s, modes. The combinationgw, produces gives a means to calculate a rough value of thdyround ro-
the sumX + =, + Ay (26), where the ternk allows the tational constanBy. Indeed, our resolution is sufficient to sepa-
¥-¥ transition. Thus, we assign this band to the combinatigate the two brancheR andR, and to measure the wavenumber
V10 + V14 distanceAv between their respective maximum. According to
Herzberg’s formulae26)[2], Av and By are related by

8kT By

1.5- .. B )
] T -G ngn—u-(fg GO a Ay = ho (Cm l), [2]
.,| C=C-Hbend ~ Combination ~  C-Hstretch
‘ ¥ (P) 33266 cm'” and from our spectra we deduced a ground rotational constal
8 [SyeeiSem \ 33322em'®R) ©f (20£0.3)x 10-? cm~1. We can calculate a theoretical ap-
E ] | 1 \ proximation ofBy from the GH, moment of inertia through the
;- |\ (P 12267 cm 2326 cm’ R) \ / formulae
* 061 /
[v] “Up
Z | / /\ lo = ) mir 3
0.3 IlI |I| |
[\ ﬂf“'., . ||I and
0.04— _/'J II“‘\ Sty _/ \._. ._/\’II Ikw e 1
600 620 640 1220 1240 3300 3330 3360 Bo = 8nicly (em™), [4]

Wavenumber (cm”)
_ __using the Planck constantthe speed of light, atomic mass;,
FIG. 2. Main CgH» bands between 400 and 4000 thhat a resolution d atomic dist f th ¢ ¢ fth | |
of 2 cm1, at room temperature, at a pressure @ 2 10-2 mbar, and with and atomic distance from the symmetry center of thé moleculs

a pathlength of 10.6 m. The involved vibration and transition symmetries dre USiNg the theoretical polyyne bond lengths of Tetoal.
indicated for each band, as well as the positioPoR, andR branches. (27) in Eq. [4] gives for GH, a By value of 187 x 102 cm ™2,
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information on Titan’s atmospheric composition and dynamics
by remote sensing anid situ analysis. The IR spectrometer
of this mission, called CIRS, will work in a large wavenumber
range (1500-10 crt) with a maximum resolution of 0.5 cm.
Consequently, among the three intengkl&bands studied here,
only two are of interestv;4 andvig + via.

Figure 4 presents experimental and theoretical positions of th
CCH bending mode near 620 cfversus the number of triple
bonds in the polyyne chain. Whereas we have no experiment
0 : . . . . . information beyond tetraacetylene, two different theoretical cal

0.000 0.003 0.006 0.009 0.012 0015 0.018 culations have been done up to the polyyngHG. The firstones,
Pressure (mbar) which are DFT calculations (BP86/ccpV-TZ), are calibrated on
FIG. 3. Integrated absorbance versus pressure for the three main bad@é&asurements by a factor of 1.051, whereas the second on
Band intensities are obtained as the slope of linear regression, divided by ¥phich areab initio calculations (MP2/ccpV-DZ), are calibrated
pgthlength. Onecan seethatde§pite the dispersion, the spectrawere notsatlw%lfactor of 1.055. These calculations agree very well with ou
since each curve seems to be linear (see Eq. [1). measurements to highlight a convergence of the bending moc
band position with the growth of the molecular chain to a fixed

within the experimental error bar. Comparing the calculaté#avenumber. An exponential fit of the experimental data lead
bond lengths of Totet al. to the measurements of Herrettzal.  to @ wavenumber value of 621.09 ch Adding our spectra
(28) on diacetylene leads us to estimate an uncertainty of 20%CsH2 and GH obtained at 0.35 crt confirms the conver-
for this By theoretical value. gence of the band position to 621 th This implies that the
Integrated band intensities are determined from the skife  CIRS resolution will not be high enough to separate the twc
the linear law [1], giving band surface versus pressure. Expepielyynes (Fig. 5). Even the shape of the resulting feature doe
mental curves are plotted for the main bands in Fig. 3. Desphet offer an opportunity to guess the presence of more tha
dispersion due to adsorption 0§, on the walls of the gas cell one compound. The combination band lies in a region wher
and a small number of spectra involved in each measureméiign’s thermal emission is weak and only methane emissio
(10in average), the most intense bands obviously follow a lindgatures are discernible due to its stronger abundance. Ther
law, and no evidence of saturation is detected. The combinati®fe polyynes heavier thary@, will only be separated at lower
band seems to show less dispersion than the two other baeRvenumber, below 300 crh. To be more specific, tha, sym-
An explanation could be its location in a much less noisy regidhetry modes related to CCC bending are located at 220t cm
of the spectrum. Accounting for adsorption, solvent removdRr CaHz (vg), 105 cnvt for CeH, (v13), and 62 cm? for
and noise, a global uncertainty of 20% is estimated, affectifgH2 (v17). These modes are less intense than the CCH bendir
the measured band intensities (Table 2). We were not ablem@de, but they are in a wavelength range where Titan’s therm:
apply our study to the assigned mingy band because of its
weakness in regard to experimental uncertainty. Ttd,Gnd

N
e
ul
=

(om")
2

Integrated absorbance
-

CgH, bands of the same vibration type present similar intensi- 1050
ties, with a slight statistical advantage in favor of the heavier 1000+
polyyne (Table 2). 9501
In the framework of the SCOOP program, we attempt next to “‘g 900+
give cluestothe eventual planetary observations of polyynes. For 5 8501
this purpose, we have measured triacetylene and tetraacetylene g 800
spectra at a resolution of 0.35 chwhich is a little higher than § 7507
the spectral resolution of the ISO and Cassini—-Huygens mission = 7004
infrared spectrometers. These spectra were acquired with the 650
infrared spectrometer of the atmospheric simulation chamber 600 i , , : ‘,} ? ?
located at LISA (Laboratoire Interuniversitaire des 8yses T2 3 4 5 6 7
Atmospleriques). ninC,H,

FIG. 4. Position of the &CH bending mode near 620 crhas a function
IMPLICATIONS of the number of triple bondsj in polyyne. The black squares represent the
experimental positions. On the same figure are indicated results from two differ

As pointed outabove diacetylene isthe 0n|y polyyne detect@a theoretical calculations: BP86/ccpV-TZ (open diamond) and MP2/ccpV-DZ
' pen triangle). A fit of experimental values (solid line) is given by the equa-

S0 far on Titan by the V(_)y_ager mission _IR_spectr(_)metgr IRI#c,bn 62109+ 108 x exp[—(n — 1)/0.3616]. Thus, we deduce that the position
20 years ago. The Ca.SS|n|—HU_ygenS mission, ‘_’Vh|Ch will reaghhis band converges to a constant wavenumber of 621.09 amthe chain
the Saturnian system in 2004, is expected to bring more precigavs.
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