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A high-resolution gas-phase spectrum of a molecular absorption band around 604 nm is assigned as
due to an electronic transition of a nonlinegyHz" planar species starting from 4" electronic

ground state. The spectrum is observed in direct absorption by cavity ringdown spectroscopy
through a supersonic planar discharge through a mixture of acetylene in helium. The spectrum has
a clear rotational andK-type structure. This allows an accurate determination ofBhand C
rotational constants and an estimate forAretational constant in ground and electronically excited
states. The resolved spectrum of the fully deuterated spegizs Gas been obtained as well. The
results are compared both to the outcomelbfinitio geometry optimizations and low-resolution
absorption spectrani 6 K neon matrices obtained after mass-selective deposition20G3
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I. INTRODUCTION drogen atoms. Final identification becomes possible follow-
ing semiempirical andb initio geometry optimizations for a

In recent years many experimental studies have been rewumber of species. These indicate that the band at 604 nm is
ported presenting high-resolution spectra of pure and highlylue to the carbon chain cationg€,” with a nonlinear
unsaturated carbon chain radicals. Microwaviafrared? H-C=C-C=C-CH=CH," planar molecular geometry.
and UV-VIS spectrd® are available both from matrix and This is confirmed by the observation of their transition in the
gas-phase studies, all of them having in common that thebsorption spectrum obtained after mass-selective deposition
major part of the observed geometries is linear. Even for verpf C¢H,* ions generated in a hydrocarbon plasmaai6 K
long chains, such as B@1 (Ref. 5 and HG;N (Ref. 6, neon matrix.
linear structures have been found. Theoretical studies, how- Spectroscopic data for species of the forghg™ are so
ever, predict for longer chains cyclic structures as Wéil.  far missing. Only a photodissociation study has been re-
the case of @, for example, theofy predicts a cyclic ported in which GH," was generated following a ring open-
ground-state structure, but the experimentally observed Ifhg reaction in cyanobenzen&ln the latter study geometry
spectrum is clearly that of a linear chair reason for this optimizations are reported usingNDO calculations, which
discrepancy might be simply that the experimentalresult in a series of equilibrium structures for the cation in
techniques—supersonic jet expansions or matrix depositiowhich the heat formation of the possible acyclic structures is
experiments—favor the production of linear species, becausgbout 150 kJ mol* lower than that of benzene-type struc-
large-amplitude bending motiorithat are necessary to close tures. Among these is a geometry that is confirmed in the
the ring are frozen in the production process. A similar situ- present study, a linear noncyclic structure that is very close
ation might apply to the interstellar medium, where manyto the geometry proposed for the neutral species:
linear carbon chain species already have been identified andhexene-3,5-diyn& 13
the number of cyclic structures is still rather limit&d.

In this work the electronic spectrum of a member of a;; ExXPERIMENT
so-far-unstudied class of carbon chain radicals is presented: a . .
nonlinear and noncyclic species. The spectrum was observed 1he experimental method has been described and uses
more or less accidentally around 604 nm when scanning fofavity rmgdowr:(CRD) spectrometer sampling a supersonic
coincidences with diffuse interstellar band features in a hyPlanar plasma’ The plasma is generated by a discharge
drocarbon plasma. The observed spectrum has a clear rotfough a gas pulse-300 V, 30 Hz repetition rajeof a
tional andK-type structure. Simulation of the spectrum al- 0-5% GH; (and/or GD,) in He mixture with a backing pres-
lows an accurate determination of the molecular constants iuré of 10 bars in the throaf @ 3 cmx100 um multilayer

the carrier. Study of the partially and completely deuterated!it N0zzle geometry. Rotational temperatures of the order of
species gives information on the number(efuivalent hy- 20—_40 K are routinely achieved. The r_10;z|e is mounted in an
optical cavity where the expansion is intersected approxi-
mately 2 mm downstream by the pulsed light of a tunable

dAuthor to whom correspondence should be addressed. Fat 61 ; =1 ; ;
2673855. Electronic mail: mitsunori.araki@unibas.ch dye laser(resolution 0.15 cm'). The light leaking out of the

bpresent address: Department of Physical Chemistry, Vrije Universiteit, D€Vt IS detegted with a phptodiode, and the result?ng ring-
Boelelaan 1083, NL 1081 HV Amsterdam, the Netherlands. down event is used as input for a standard ringdown
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FIG. 2. Spectrum for the fully deuteratedsir,* species, blueshifted by

Ko=1 m | w‘ approximately 67 cm' with respect to the gH," cation. Lines marked with

K =2 X are due to another carrier.
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K, =4 wi — atoms, respectively. The one-, two-, and threefold-deuterated
Wummuwmﬂ—am species should have four, six, and four peaks by statistical

: i AT arguments, but three, four, and three peaks are observed.
K=6 This indicates that two of the four hydrogen atoms are rather
K=7 - similar.

‘ ‘ — The rotational analysis of the spectra withH; and

16540 16542 16544 16546 16548 cm’ C,D, as precursors allows the determination of the number

FIG. 1. Band observed at 604 nm using CRD spectroscopy through a squ carbon atomsr() in the chain. The stick d|§granﬁ§|g_. 1)
personic planar plasma expansion. The rotationalkatype structure thatis ~ SNOW how the observed spectrum can be dissected into rota-
observed experimentalljop tracé can be simulated with a rotational tem- tional transitions belonging to individu&{ values. TheP
PhEFaturel_Of 40 KI using C;’”S‘ams I‘_’egﬁd ffog‘ geor:“_e”y OP“:("'Z""“OES fohranch consists of a series of transitions that are closely over-
the nonlinear planar and noncyclicgd,* carbon chain catior(secon - : ; : ; :

trace. The assignment is indicated in the figure and further illustrated bylap_pmg’_ causing Spm,e ﬂgCtuatlonS in overa}II m}’ensny, but
stick diagrams of each individua{,. Lines marked withx are due to  Which give a go.od indication for the value Bf '(C )- The .
another carrier. Change in rotational constants upon electronic excitation is
reflected by a change of line distances, particularly for higher
J levels on theP branch and gives values f& (C’). The

analys!sl. A speptrum IS recor(_jed by determining an aver- R-branch region consists of a series of unresolved bands with
aged ringdown time as a function of the laser frequency angIear bandheads correspondingKoe-0—7 as indicated in

calibrated by simultaneously recording an iodine spectrum.Fig. 1. The distance between the bandheads is a good indi-

cation for the valueAA—AB=(A"—-A’)—(B"—B’"), and

the intensity ratio can be used to estimate The Q-branch
The CRD gas-phase spectrum of the band around 60dands are rather weak and cannot be assigned directly. The

nm is shown in Fig. 1. A series of overlapping rotational overall pattern indicates a rotational temperature of the order

transitions is observed as well askatype structure K of 40(5) K.

=0-7), typical for a nonlinear species. Usingd5 instead The spectra of (H,"" (C,D,™) can now be rather well

of C,H, yields a 67 cm? blueshifted spectrum with nearly reproduced with rotationa andC constants of the order of

identical spectral features, as shown in Fig. 2. This indicate§.045 cm™* (0.040 cm!) and anA constant of approxi-

that the carrier is of the form (i, or C,H,, "'~ .*®In order ~ mately 1.2 cm® (0.9 cm *) usingwanG.'” In view of the

to determine the values far andm, a GH,/C,D, mixture  available constants for different kinds of carbon chain radi-

has been used. A low-resolution scan, in which mainly thecals determined in previous studi#&s® this makes it very

strong peaks fokK =0 and 1 will be visible, gives five broad- likely that n=6 or 7. Therefore possible equilibrium struc-

bands including bands originating from fully H16 546 tures have been calculated for isomers quQﬁ” and

cm 1) and fully D- (16 613 cm}) substituted species. Three C7H4(+) (and fully deuterated isotopesusing MOPAC

remaining bands located at 16 500 ¢ha), 16 560 cm* (Ref. 21) (PM3/UHF. The structure that gets closest to

(b), and 16 595 cm! (c) are due to partially deuterated spe- the observations is that of the nonlinear chain

cies. From this it can be concluded tmat=4: thea, b, and ~H-C=C-C=C-CH=CH," (Fig. 3 for which A”=1.230

¢ bands correspond to species with one, two, and three Bm %, B"=0.0465 cm', andC”=0.0448 cm™. This struc-

Ill. RESULTS AND DISCUSSION
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a rather low energy of 604 nm. In this case electronic tran-
sitions are expected in the UV. Indeed, the experimental con-
ditions are in favor of a charged species. Second, it is not
clear whether the band observed here is the origin band or a
band that involves excitation of a vibrational mode in the
. - e upper electronic state—even though such bands are generally
1759 179.9° TPA e rather weaki.e., the origin band may be redshifted by a few
thousands cmt. The change in rotational constants upon
FIG. 3. Optimized molecular structure offd," usingab initio calculations. ~ €l€ctronic excitation is minor and reflects a small elongation
The bond lengths are given in A. of the molecule in the upper electronic state. It is hard to
conclude from these values that no vibrational excitation is
involved. However, the present band is close to the well-
ture corresponds to one of the geometries calculated istudied and closely relatedl 21‘[g_x 211, electronic origin
Ref. 11 and is close to the previously proposed geometrpand transition of the linear triacetylene cationsig") that
of the neutral @H,. Other isomeric structures yield sets of has been located at 600 rfthin analogy with the latter
substantially different constants, particularly for the system, which is due to a transition from.awgwﬁ to a
fully ~deuterated species, whereas the corresponding .3+ configuration, it is very likely that the upper state of
D-C=C-C=C-CD=CD," gives A"=0.889 cm*, B"  the observed band of the nonlineagHz" will have 2A”
=0.0414 cm*, and C"=0.0395 cm*, close to the simu- symmetry. In this case the origin band oftG" is expected
lated values for the spectrum observed here. to be rather close to that of;8,", as is observed.

In order to improve the geometry optimizatiab initio Proof comes from a mass-selective matrix study that was
calculations have been performed usBgMESS® In previ-  performed following the gas phase analysis. This experiment
ous work ROHF/6-31&" calculations have been reported combines mass selection and matrix isolation spectroscopy
on the isomerization of g, radical cationg® An identical  and has been describ®iThe GH," (C¢D,") cations were
method is applled here t0684+. Rotational constants of produced from a pheny|acety|ene_deuterated_z,4-
CeH, " were determined using thab initio optimized struc-  hexadiyne helium mixture in a hot cathode discharge
ture with bond lengths and angles as indicated in Fig. 3. Thgource. A 90° deflector and a quadrupole mass spectrometer
resulting constants are summarized in Table | and are closgre used to steer the ion beam onto the matrix, where the
to the MOPAC results, as may be expected. The simulatednass-selected ions are codeposited with excess of neon at 6
spectrum, using thab initio results, is pIotted in Flg 1 both k. The absorption spectra are recorded by gu|d|ng mono-
as stick diagrams for individu&{ values and as an overall chromatized light0.1 nm bandpagshrough the matrix onto
spectrum with an assumed resolution of 0.05 cnThe cal-  a photomultiplier. The resulting spectra for matrices prepared
culated and observed spectra match very well apart fronyith mass of GH," or C;D," are shown in Fig. 4. Two
minor intensity deviations and a few lines that may belong tOStrong bands are observed, one around 609 nm and one
another carrier. around 585 nm, for gH4,". No strong bands are observed to

At this Stage, however, two pOintS remain unclear. FirSt,|ower energy; i.e., the band at 609 nm Corresponds to the
it is not possible to discriminate between the neutral antyrigin band. The main structures to the blue of the dominant
cationic species from the rotational analysis alone. Howevelpeaks(609 nm for GH," and 606 nm for ¢D,,*) are matrix
the neutral GH, is a closed-shell system and as a consexgrtifacts, site structure. The 114 chblueshift of the gas-
guence it is unlikely that a strong electronic band is found abhase spectrum with respect to the matrix band at 609 nm is
typical for a chain of this size and in this frequency regitne.
The band at 585 nm is due to another isomer gL, since
the relative intensity of the two bands varies strongly with

TABLE |. Observed and calculated molecular constants gf,C and

CeD, " . .

T different precursors. Upon deuteration the band at 609 nm

CeH,* CeD," shifts by 623) cm™! to the blue—i.e., close to the 67 ¢t
Obs? Ab initic? Obs? Ab initio® shift observed in the gas phase upon deutgratlon. Trﬁ band
observed at 585 nm in the matrix only shifts(3)7cm

A" 124 1217 0.89 0.889 upon deuteration. Subsequent neutralization of the trapped
B 0.0467  0.0471 00416 00420  ghacies by irradiation of the matrix with a medium-pressure
c’ 0.0449  0.0453 0.0400  0.0401 . .
A A 00767 0.0450 mercury lamp leads to the disappearance of both bands. This
B’ 0.0452 0.0403 confirms that the carrier of the 609 nm matrix and the 604
c’ 0.0434 0.0387 nm gas-phase carrier is ad," cation, as was concluded
(A'-A")-(B'-B")" 0.0782 0.0463 from the gas-phase spectrum.
Too 16 544.980 16 611.91

%Expected errors of the rotational constants are 0.I'cim A and 0.001
cm ! in B and C, whereas 0.0006 cm and 0.001 crm® for B—C and IV. ASTROPHYSICAL RELEVANCE

A'-A")—(B'-B"). E .01 cr* f Hy . L .
(()1 Cmf)l fér c D+) xpected errors ofgo are 0.01 cm™ for CeH; and All the spectroscopic information is in favor of the iden-
. D

bEquilibrium values. tification of the band observed at 604 nm as due to the
SAssumingB’—B"=C’'-C". 2A"—X ?A" electronic origin band transition of the nonlinear
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620 610 600 590 580 nm band (DIB) positions?’?® A comparison with the hitherto
reported DIBs shows that there exists an overlap between the
band observed around 16 545 ¢hnand a broad DIBfull

+ width at half maximum(FWHM) ~14 cm ] reported at
CeHs 16 537.3 cm™. In order to check whether this discrepancy of

8 cm ! might be due to a temperature effect, a comparison
has been made between an artificial DIB spectrum in the 604
nm range and the ¢, spectrum for low(10 K), interme-
diate (40 K), and high(150 K) temperaturegFig. 5. Al-
though it is clear that for higher temperatures the spectrum of
the nonlinear gH,” might start filling up the broadband
around 16 545 cm', it is hard to account for the difference

in intensity of theP andR branches. This is not reflected in
the DIB spectrum.
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(indicated byO) exhibit an identical chemical behavior as the 609 nm band
on GH," and the 606 nm band ongB,* and are due to transitions to
vibrationally excited levels in the upp@A” state. The bands at 585.3 and
584.7 nm of GH," and GD," are due to another isomer.
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