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Electronic absorption spectra 0§Cl, CsCl*, CsCl, and GCI™ have been recorded 6 K neon matrices. The

bands observed are assigned to thefB— X °I1 electronic transition of €Cl, 3=~ — X 32~ of CsCI*, and

I3+ — X 1=* of CsCI* with band origins at 545.8, 527.4, and 226.1 nm, respectively. Two electronic band
systems are apparent fos@ and these are tentatively assigned t&llh<— X 2I1 transition with a band

origin at 247.1 nm and t&" — X 2IT at 532.3 nm. For each of the four molecules, several transitions due

to the excitation of vibrational modes in the excited electronic states are observed. The spectral assignments
in each case are based upon the observation of clear, vibronic progressions with appropriate spaeig for C
and C-Cl stretching modes and by comparison with the absorption spectra of the isoelectronic sulfur-terminated
carbon chains.

Introduction recently investigated by using a combination of microwave

A number of neutral and ionic carbon chain molecules have spectroscopy and ab initio calculatiolsThe results of this

been studied by experimentalists and theoreticians due to theirStUdy support the presence of strong vibronic coupling between

" . . . .
proposed roles as intermediates in various terrestrial chemical'.[he ground ) and first excited{[]) electronic states resulting

reactions and their established presence in circumstellar and" 2 bent mo_IecuIar geometry. Earlier a_b initio calculations
interstellar bodies.Laboratory-based rotational spectra have similarly predicted .asmall'energy separation for the two lowest
proved integral to the identification of these molecules and their states but had their ordering reversée

electronic spectra may finally lead to the assignment of the ~ Recently, ground-state electronic structures and vibrational
carriers of the diffuse interstellar bands. In recent years, carbonfrequencies have been estimated for thelCC.CI*, and GCI~
chains terminated by second row elements, such as Si, P, andn = 1—7) series, using DFT (B3LYF}:2 For all but GCI,

S, have received increasing attention since several short chainghe lowest energy structures are predicted to be linear or
of this type have been positively identified in space. quasilinear chains terminated on one end by the chlorine atom.
Chlorine-terminated carbon chains are also candidates forIn the case of €CI, geometry optimization calculations suggest
astronomical detection, although to date, the only chlorine- that the ground-state structure is a cyclic triatomic carbon ring

containing molecules to be observed are (A@hd a small  with an exocyclic chlorine’,) although quasilineaPq’) and
number of metal chlorides (AICI, NaCl, and KEIp interstellar linear @IT) structures lie approximately 12 kJ/mol higher in
and circumstellar environments, respectively. The formation of energy?® For the larger species, the calculated-C bond
C—CI bonds under interstellar conditions is thought to be distances suggest that the most important valence structures are
feasible by reaction of HCI with €or by reaction of HCI* cumulenic although the observation of bond length alternation
with C to produce CClin both case&S8 It has been proposed, suggests that polyynic ones also contribute. For each of the
on the basis of an ab initio studythat the product of the latter ~ C,Cl neutral species, the ground state corresponds to a doublet
reaction is actually HCCl, which is a precursor of the CCl  state electronic configuration and the lowest lying quartet state
dimer. More recently, ab initio calculations have predicted the is more than 150 kJ/mol higher in energy. Tiveven GCI*
formation of the triatomic chain £l by dissociative recom-  cations have triplet ground states while thvedd clusters are
bination of HGCI* formed via the reaction of £1™ and HCI8 singlets. The @CI~ anions are characterized by singlet ground
As a result of these studies, it is expected that these moleculesstates for all values af (with the exception of CCI which is
along with longer QCI chains and their corresponding ions, 33) although then-odd species also possess low-lying triplet
are promising candidates for interstellar observation. states. Furthermore, a pattern of alternating stability of the
To date, the CCl radical is the most extensively studied of molecules was reported depending on the parityp.dfor the
these species in the laboratory and spectra have been reported,CI* cations, ther-odd chains are predicted to be more stable

in the microwavé, infrared!% 12 and ultraviolet region&3~15 than the n-even ones, while for the neutral and anionic
Emission spectra of the CCkation have also been reported  counterparts, the trend is reversed. These results can be
and rotationally analyzeH. The triatomic radical gCl was rationalized in terms of the corresponding electronic configura-
. — . - tions (orbital occupancies). Spectroscopic investigations of
» Corresponding author. E-mail: j.p.maier@unibas.ch. Phohél 61 chlorine-terminated carbon molecules thus provide a useful test
267 38 26. Fax:+41 61 267 38 55. f these {h ol oredicti o furth .
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elements at the end may establish interesting periodic trends in 20 T
their molecular properties.

In this paper, we report the first spectroscopic study 2£IC
and GCI and their cations, &I" and GCI*, using mass-
selective neon matrix isolation spectroscopy. The band assign- o
ments of each molecule are based upon the observation of clear2
vibronic progressions of €C and C-Cl excited state stretching 8
modes which are slightly smaller than those predicted for the 5
ground state from ab initio calculations as expeéfe@he @
spectral assignments are further verified through comparison «
with the bands reported earlier for the isoelectronjS @nd

— i = 24

CnS™ speciesif = 5, 6): -0.5- 206! " 2|$ & 6 » oo
Experimental Section 450 500 550
Wavelength [nm]

co ol

The electronic absorption spectra of thgOCand GCI* (n
= 5, 6) species were recorded following mass-selective deposi-Figure 1. Electronic absorption spectra of the’H -— X 2I1 electronic
tion in neon matrice®® A gas mixture containing the appropriate  transition of GCl and the’~~ — X %2~ electronic transition of €CI*
precursor was prepared by passing helium over a heated Samp|éecordedm a 6 Kneon matrix. The upper trace shows the bands which

. S . . remain after UV irradiation of the sample which are assigned to the
of solid CCls or liquid CsCls. From these respective mixtures, CsCl neutral radical. The middle trace is the spectrum of the same

a series of @Cln" and GCln" cations were produced, along  sample before UV irradiation and contains absorptions due to both the
with the corresponding neutral and anionic species, using a hotneutral and cationic species. The lower trace is the difference between
cathode discharge source, and the cation beam was focused antthe first two traces multiplied by a factor of 2 for better visualization.
directed into a quadrupole mass filter by using a series of The peaks which point downward are those that vanish after UV
electrostatic lense§.The singly chlorinated carbon cations were €xposure and are thus attributed tgOC.

mass-selected and ion currents of 25 aan 18 nA were obtginedTABLE 1: Positions of the Band Maxima (0.2 cnr 1)

for CsCI™ and GCI*, respectively. The cations were deposited Opserved for the B2 < X 21 Electronic Transition of
simultaneously with neon on a rhodium-coated sapphire sub-C¢Cl in a 6 K Neon Matrix

strate over a periodf® h to produ@ a 6 Kmatrix. The sample

g ! - A0 Alnm vlemt Avlcm?t assignment

was irradiated with monochromatic light from halogen and 5158 18322 5
xenon arc lamps with beams running parallel to the substrate 533'7 18737 415 0<1)
surface. The absorption spectra of the trapped species were 523'0 19120 298 63
recorded between 220 and 1100 nm, using photomultiplier and ’ 6g
- . X . 510.9 19573 1251 6
silicon diode detectors. Following exposure to UV light5(.4 499.7 20012 1690 0
eV) from a medium-pressure mercury lamp, the same spectral ’ 39
: . : . 489.0 20450 2128 1

region was rescanned to identify the absorptions of the corre- '

sponding neutral speciesg@ and GCI. During co-deposition 479.3 20864 2542 196

ponding peciess - buring co-eep 713 21218 2896 162

of neon and the mass-selected cations, positive charge is quickly

built up in the matrix and subsequent cations are repelled. Theseexcitation within the bonding manifold and the band origins of

cations collide with nearby metals surfaces and liberate electronsthese two species are anticipated to be similar in energy. This

Wr:mh gre electrczstatlcz(ajllly attralloc;ted t.?r\]"’g:d th,? po?tl}/ely is supported by the observation of two band systems in Figure
charged neon matfix and recomboine wi € calions 10 10fM 4 \yithin 18 nm of each other in the visible region, one of which

neutral molecules. These electrons also form weakly bound disappears after UV irradiation.

anions with impurity molecules in the matrix. After UV The band centered at 545.8 nm in Figure 1 corresponds to
|rrad|at|oq, the electrons are photode’gag:hed frpm these Weakly,[he band origin of the BIT — X 2I1 electronic transition of
bound anions and netralize the remaining cations. CeCl. The position of the observed band maximum @€Cis
comparable to that attributed to the analogous transition of the
isoelectronic @S~ anion at 608 nm in a neon matdX.This

(a) CsCl and CeCl*. After mass selection, CIt was co- result is reasonable because these electronic transitions pre-
deposited with an excess of neon torfoa 6 Kmatrix and the dominantly involve electronic excitation within thebonding
electronic absorption spectrum of this sample was subsequentlysystems of the carbon chains. The terminal chlorine and sulfur
recorded. As shown in Figure 1, two clear vibronic band systems atoms make small contributions to thesystems via donation
are observed in the visible spectral range between 470 and 570f some electron density to the carbon chains, and thus it is not
nm. The higher energy band system disappeared after irradiatiorsurprising that the band origins differ by 62 nm. It is also
with UV light and is consequently attributed to thgGT" cation. interesting to note that the position of the band origin e€IC
The remaining band system is assigned to th€l@eutral. is only 16 nm higher than that observed for thélB— X 2I1

For linear GCI, the ground-state electronic configuration is transition of GH in a neon matrix, which was reported at 530
doublet X2I1...57% and electronic excitation to the first excited nm27
state involves promotion of an electron from a lower energy  Analysis of the vibrational structure of the BI — X 2I1
orbital to the r orbital. In the case of the linearsCI™ cation, electronic transition of ¢CI reveals the excitation of three
the ground state is described by a tripletX ...572 electronic vibrational modes as indicated by the list of the observed band
configuration and the first excited state is likewise expected to positions in Table 1. These modes essentially correspond to
involve excitation to the & orbital. The electronic absorption  stretching motions of the €C bonds {1, v3) and to the C-ClI
spectra corresponding to the lowest energy transitions of bothstretch {) in the excited electronic state ogCl as well as to
CesCl and GCI™ are therefore expected to arise from electronic several overtone and combination bands. The experimentally

Results and Discussion



Electronic Absorption Spectra of,Cl Radicals J. Phys. Chem. A, Vol. 108, No. 19, 2004R21

T

TABLE 2: Positions of the Band Maxima (0.2 cnt?) T
Observed for the 3~ < X 38X~ Electronic Transition of
CeClT in a 6 K Neon Matrix

T
501 15

Alnm vlemt Avlcmt assignment

527.4 18961 o S
515.7 19391 430 6. S
504.3 19829 868 6; 2
480.0 20833 1872 2 3
476.1 21004 2043 1 2
470.1 21272 2311 2t 6}

determined vibrational frequencies are lower in energy than the
calculated values for the ground electronic stafe; = 2194, T T T
v3= 1917, andrg = 441 cnT?) as expected since the electronic 240 200 280
transition in question corresponds to promotion of an electron Wavelength [nm]

to an orbital with a greater number of nodes. Figure 2. Electronic absorption spectra of thet < X =+ electronic

e " . )
The peak centered at 527.4 nm in Figure 1 is assigned to thelransition of GCI" recordedn a 6 K neon matrix. The traces show
. — oy 3%-— . -, the observed absorptions both (a) before and (b) after UV irradiation
band 0r|g|n+ of the32 X 2 electro_nlc transition of the of the sample. The bands marked by asterisks are tentatively assigned
linear GCI™ cation. For the isolectronic ¢S molecule, the 5 5 higher excited electronic transition ok@ ([T — X 2IT) as
observed band origin in a neon matrix for the analogous described in the text.

transition lies 47 nm to the red at 574.2 At he blue shift of

the chlorinated species relative to the isoelectronic sulfur- cal

5

containing species is slightly smaller for theGT" cation (47
nm) than for the @l neutral (62 nm), suggesting that the former
has more energetically similar electronic states ¢8 @an the
latter has to €S~. Ab initio calculations involving population
analysis of the @CI™ cations suggest that the positive charge 2
is mainly carried by the carbon chain in these species but that &
a certain degree ofr donation from chlorine to the chain 3
produces a small positive charge on the terminal chlorine &om. <

In effect, the positive charge is, to some extent, spread over the

entire molecule resulting in electronic states with energies 090+
comparable to those of the neutrafSCmolecule.

The vibrational structure of the¢CI* cation is similar to T T r
that observed for the neutral molecule and the positions of the 40 50 %0
band maxima of the assigned modes are listed in Table 2. As Wavelength [nm]
with CeCl, the experimentally observed frequencies are lower Figure 3. Electronic absorption spectra of the < X ?II electronic
than the calculated ground-state vaﬁieéal = 21531, = 2139 transition of GCI recorded after mass selected deposition gﬁ_l@m_
andvs = 488 cnr?) as expected for suchza—x transition. A a 6 K neon matrix. The traces show the obs_erved _absorptlons in the

. ; . . visible region both (a) before and (b) after UV irradiation of the sample.
comparison of the observed spectrum with the vibrational modes tpe intensity increases after irradiation due to an increase in the
reported for the isoelectroniceS speciesy; = 2081,v, = concentration of €Cl in the matrix upon neutralization of someGt
1863, andvs = 452 cnt1)?4 shows agreement within tens of  cations.
wavenumbers for each of the observed modes. Furthermore, the
vibrational frequencies of &It are similar to those of £ClI, UV irradiation. The band system in the UV range has its origin
which suggests that there is little difference in their excited- at 266.1 nm and disappeared after irradiation with UV light.
state geometries upon electronic excitation to these particularThese transitions are thus assigned to tB€IC cation.
states. Ab initio predictions suggest that for the ground electronic  For the linear GCI* cation, the ground state is described by
states of these molecules, thg mode (essentially the -€ClI a singlet X1=*...47* electronic configuration and the lowest
stretch) is slightly larger for €CIT than for GCI and the excited electronic state involves promotion of an electron to
optimized geometry of the ground state of the cation predicts a the 57* antibonding orbital. The vibronic band system origi-
shorter G-Cl bond distance (1.583 A) compared to that of the nating at 266.1 nm in Figure 2 is assigned to {i& — X 13+
neutral (1.626 Af! The vibrational frequencies extracted from electronic transition of €CI* and it is not surprising that this
the present experiment seem to support a similar phenomenonris found at UV wavelengths because the ground state of the
in the excited electronic state and the observed langer cation is energetically stabilized as a consequence of its closed
vibrational frequency for gCIT can be attributed to a greater shell electronic configuration. The band origin reported for the
degree of electron donation from chlorine to the carbon 1+ < X 1Z* transition of the isoelectronicsS molecule in a
backbone in the cationic species. neon matrix lies only 18 nm to the red at 284.3 #m.

(b) CsCl and CsCI*. An analogous experiment was per- The rich vibrational structure observed fos@" consists of
formed by co-depositing mass-selectefLC with neon to form several bands which are approximately evenly spaced. These
a 6 K matrix. The electronic absorption spectra of this sample are assigned to the; vibrational mode (essentially the—<ClI
revealed one clear band system in the UV range between 240stretch) and to overtones of this mode and the positions of the
and 270 nm and a second system in the visible region betweenband maxima are listed in Table 3. The experimentally
430 and 550 nm as shown in Figures 2 and 3, respectively. determined vibrational frequency, 486 this in good agree-
The band system originating at 532.3 nm is assigned to the ment with the calculated value for tH&" ground electronic
CsCl neutral since the spectral lines became more intense afterstate,vs = 514 cnt?, and is greater than the-ClI stretching

o
o
[

004 4
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TABLE 3: Positions of the Band Maxima (+0.2 cnt?) lower energy transition involving electron promotion from a

Observed for the =™ -— X ' Electronic Transition of fully occupied molecular orbital to thesSpartially occupied

CsCI™ in a 6 K Neon Matrix valence orbital. Strong transitions of this type have been reported
Alnm vlem™ Avlem assignment for other carbon chain molecules with2KI ground electronic
266.1 37580 0 states. In the case of the i€ (n = even) speciesg—x
262.7 38066 486 5. transitions have been observed in the visible refiarhereas
259.8 38491 911 5 for the GH (n = odd) chains,o—x transitions have been
257.0 38911 1331 5 recorded in this rang®.As there are no calculations available
254.0 39370 1790 5 for the excited-state configurations o, it is not possible
251.2 39809 2229 55 to definitively assign the upper state involved in the transition
2445 40900 3320 with origin at 532.3 nm. The low intensity of the band system

N ) suggests that the transition is likely of the tyhé ~— X 2I1
-(F)%EérE;:l fgﬁltlgnélgrzt%en'Bqu M?{‘?"ma (fi&é‘?”rl)es K because its absorbance is an order of magnitude less than for
Neon \I</Iatrix w ic Transitions 0 na otherz—a transitions (see Figures 1 and 3). In the case, Qi C
for example, the A= < X 2[1 transition was also observed

Alnm lem™ Avfem™ assignment to have considerably lower intensity than the?B — X 2I1

St X AT band in a neon matri¥
532.3 18786 0 The vibrational assignment of the bands observed #&|C
485.9 20580 1794 2 in Figure 3 is given in Table 4. The transition closest to the
447.0 22331 3545 % origin band is blue shifted by 1794 crh which is consistent
439.9 22732 3946 2555 with the excitation of the, vibrational mode in the excited

B ng — X electronic state based on the ab initio calculations of the ground
247.1 40469 O electronic state which prediet = 1959 cnt%.2L A comparable
235.3 42499 2030 L difference has been observed for the modes of related

) . ) molecules when the experimental excited-state vibrational
frequencies of €Cl and GCI* as predicted for a shorter chdh.  frequencies and the ground-state theoretical values are consid-

On the basis of the assignment given in Table 3, the higher greq. For example, in the case ofGT+, CeS, and GS, the
order overtones corrgspondlng to the excitation of two or three experimentally determined excited staestretching frequencies
quanta of thers mode in the excited state oCl* are the most are 1872, 1863, and 1734 cfy while the predicted ground-
intense. This is anomalous in comparison to the vibronic giate values of these modes are 2139, 2025, and 2013, cm
progressions observed fore@ and GCI* in which the respectively®® The transition appearing at 439.9 nm in Figure
predominant bands correspond to single excitation ofie 3 s plye shifted from the nearest band by only 401 trithis
mode. This difference may be attributed to a comparatively ya|ye is considerably smaller than thevibrational frequency
larger geometry change upon promotion of an electron to the pregicted for the ground electronic state, 501-&3% and that

Sr* antibonding orbital in €CI*. . determined for thé=* excited state of €CI*, 486 cnt?, in
The ground-state electronic corl1f|gurat|(_)n of Ilrleagcc this work. The observed blue shift of this band in the spectrum
corresponds to a doublet R[1...57% and like GCI*, one  of CsCl is, however, comparable to the experimentally deter-

possible electronic excitation involves electron promotion to a minedws frequencies for the excited states gfaCand GCI,

m* antibonding orbital as was suggested for the isoelectronic 415 and 430 cmt, respectively. Consequently, the band
CsS™ anion. This transition was predicted to lie in the UV region centered at 439.9 nm in Figure 3 may be tentatively assigned
for CsS™ but could not be observed due to lack of an accessible tg the excitation of a vibronic transition involving the coupling
bound staté” For GCl, this transition is also expected to fall  of the 2, and vs vibrational modes in the excited electronic
in the UV range and its origin should be similar to that of the state of GCI as listed in Table 4 although the band in question

12 < X 1X* electronic transition of €CI*. In Figure 2, the  may alternatively be due to excitation of a higher energy
weak bands marked by asterisks were observed to remain aftelg|ectronic state.

UV irradiation and are therefore attributed to some neutral

species in the matrix sample. If the sharp band observed at 247.1conclusion

nm is the band origin of thiszg—x* transition, then the next ) ) ) )
observed band is blue shifted by 2030¢nThis is a reasonable In this work, electronic absorptlgn spectra of thi chlorine-
value for excitation of the; mode in the excited electronic ~ terminated carbon chainssCl, GCI™, CsCl ,and GCI* have
state of GCl as it is smaller than the value predicted for the P€en rgcordedwl 62K neon matrlgef. The tr?n§|t|ons osttrarved
ground electronic state, 2108 ch?! Furthermore, the magni- ?re B Ig - X P for ZCGCL 2 X1 E for 1C§rC| ,

tude of thev; mode is comparable to that observed faCC 11 ‘: X [T andZ" — X “II for CsCl, and 2" — X *Z* for
(2128 cn1l) in this work, which was also slightly smaller than ~ CsCl™. These studies provide the basis for gas-phase spectro-
the predicted ground-state vibrational frequency (2194%m  SCOPiC measurements which are necessary for determining
The assignment of this electronic transition, as shown in Table Whether these or related species play a role in the chemistry of
4, is offered only tentatively and would be more convincing if the interstellar medium via electronic spectroscopy.

these bands increased in intensity after exposure to UV light.

Figure 3 shows the electronic absorption spectra recorded for " . . .
this same matrix sample in the visible range. Four bands areNatlonal Science Foundation (project 200020-100019). J.v.W.

observed and each increases in intensity after UV irradiation, thanks the Natural Science and Engineering Research Council
which suggests that these bands arise from electronic excitationo'c Canada for postdoctoral support.

of the GCI neutral. Since the promotion of an electron te*a
orbital is expected to lie in the UV region, the band centered at
532.3 nm must therefore correspond to the band origin of a (1) Thaddeus, P.; McCarthy, M. Spectrochim. Acta 2001, 57, 757.
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