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Abstract: The gas-phase laser-induced fluorescence (LIF) spectrum of a 1-phenylpropargyl radical has
been identified in the region 20800—22000 cm™1 in a free jet. The radical was produced from discharges
of hydrocarbons including benzene. Disregarding C,, Cs, and CH, this radical appears as the most strongly
fluorescing product in a visible wavelength two-dimensional fluorescence excitation—emission spectrum
of a jet-cooled benzene discharge. The structure of the carrier was elucidated by measurement of a matching
resonant two-color two-photon ionization spectrum at m/z = 115 and density functional theory. The
assignment was proven conclusively by observation of the same excitation spectrum from a low-current
discharge of 3-phenyl-1-propyne. The apparent great abundance of the 1-phenylpropargyl radical in
discharges of benzene and, more importantly, 1-hexyne may further underpin the proposed importance of
the propargyl radical in the formation of complex hydrocarbons in combustion and circumstellar environments.

1. Introduction molecule to the subsequently formed radical site. For example,

It is widely accepted that the formation of benzene in a posited route to pyrene_ in the pyrolysis of benzgne involves
combustion processes occurs predominantly via propargyl two HACA steps, producing phenanthrene from biphenyl and

(H,CCCH) self-reactiori=7 Although it is thought that poly-  then pyrene from phenanthretfe. - ,

cyclic aromatic hydrocarbon (PAH) formation depends crucially  Alternatively, the role of resonantly stabilized radicals (RSRs)
on the formation of the first aromatic ring, the path from benzene " PAl‘I‘—|_l;‘ormat|on has attracted much attention in recent
to PAHs remains unclear. Consequently, the experimental Years-* ™ RSRs possess multiple resonance structures with

identification of post-benzene reactive intermediates will greatly differgnt radical sites._ Delocali;ation 9f the unpaired.electron
inform our attempts to elucidate PAH formation in combustion stabilizes RSRs relative to their reaction products with stable

and in the chemistry of planetary atmospheres, such as that ofolecules:"22!in addition, they are formed preferentially from
Titan, where the recent discovery of benzene by Cassini hastN€ decomposition of stable hydrocarbons. Consequently, their
aroused speculation about its role in organic aerosol productionfaSt formation rates and slow oxidation and pyrolysis rates allow

(via PAHs) in Titan's upper atmosphet&In combustion, the them to reach high concentrations in hydrocarbon flames.
favored paradigm of PAH formation is the hydrogen abstrac- Moreover, the relative rapidity of RSR recombination reactions

tion—acetylene addition (HACA) mechanism, suggested inde- heightens Fheir pptential importance to aromatic formation. Tvyo
pendently by BockhoR and Frenklach! 13 proceeding via reactions involving RSRs that are thought to play a role in
abstraction of a hydrogen atom from the reacting hydrocarbon N@Phthalene formation are a cyclopentadieny! self-rea€terd

by a hydrogen atom, followed by addition of an acetylene Propargyl addition to benzyf:® More generally, given that
propargyl self-reaction produces benzene, it has been noted that

Eg '\K/Ie”m, l} 2.: E:_ngh, Hi J; VSVujJC.CI;i]m. Jbghemécgge{%??z%% 731. the contribution to PAH formation by recombination reactions
iller, J. A.; Klippenstein, S. JJ. Chem. Phys. . . .
(3) Atakan, B.; Hartlieb, A. T.; Brand, J.; Kohse-ghaus, KProc. Combust. between substituted propargyl radicals, RCCGi RCHCCH,

Inst. 1998 27, 435. B should not be neglectéd Stein et alhave suggested a role for
(4) Atakan, B.; Lamprecht, A.; Kohse-litghaus, K.Combust. Flam&003 . . .

133 431. phenyl-substituted propargyl molecules in the formation of larger
®) 3H§2y§rmann, K.; Mad, F.; Zeuch, T.Phys. Chem. Chem. Phg§04 6, PAHs!® One scheme involves the recombination of propargyl
(6) McEnally, C. S.; Pfefferle, L. D.; Atakan, B.; Kohse:Hghaus, KProg. with 3-phenylpropargyl to produce biphenyl; another involves

Energy Combust. Sc2006 32, 247.

(7) Richter, H.; Howard, J. BProg. Energy Combust. S@00Q 26, 565. (14) Melius, C. F.; Colvin, M. E.; Marinov, N. M.; Pitz, W. J.; Senkan, S. M.
(8) Jr. J. H. W.; Young, D. T.; Cravens, T. E.; Coates, A. J.; Crary, F. J.; Proc. Combust. Inst. 1996996 685.

Magee, B.; Westlake, Bcience2007, 316, 870. (15) Marinov, N. M.; Pitz, W. J.; Westbrook, C. K.; Lutz, A. E.; Vincetore, A.
(9) Atreya, S.Science2007, 316, 843. M.; Senkan, S. MProc. Combust. Inst. 1998998 27, 605.

(10) Bockhorn, H.; Hetting, F.; Henz, H. VBer. Bunsen. Phys. Chert983 (16) Colket, M. B.; Seery, D. Proc. Combust. Inst. 1992994 25, 883.

87, 1067. (17) Miller, J. A. Proc. Combust. Instl996 20, 461.

(11) Frenklach, M.; Clary, D. W.; Gardiner, W. C.; Stein, SFEoc. Combust. (18) Stein, S. E.; Walker, J. A.; Suryan, M. M.; Fahr, Proc. Combust. Inst.

Inst. 19841984 887. 199Q 23, 85.

(12) Frenklach, M.; Clary, D. W.; Gardiner, W. C.; Stein, SFEoc. Combust. (19) D'Anna, A.; Violi, A. Proc. Combust. Instl998 27, 425.

Inst. 19861986 1067. (20) Miller, J. A.; Melius, C. F.Combust. Flame& 992 91, 21.

(13) Frenklach, MPhys. Chem. Chem. Phy2002 2, 454. (21) Melius, C. F.Proc. Combust. Instl992 24, 621.
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Figure 1. Structures of radicals relevant to this work. (Left) 1-Phenylpro-
pargyl radical (1PPR) and (right) 3-phenylpropargyl radical (3PPR). A low
current discharge of 3-phenyl-1-propyne (the molecular parent of 1PPR,
with two hydrogens on C(1)) abundantly produces the carrier of an excitation
at 476 nm; no significant signal at 476 nm is observed from a discharge of
1-phenyl-1-propyne.

at room-temperature vapor pressure and seeded in 10 bar of argon. A
voltage of—1.4 kV is applied to the outer electrode of the PDN, timed

to strike during the gas pulse. The molecular beam is interrogated
approximately downstream of the nozzle orifice with the output of a
tunable laser. For 2D spectra, the fluorescence emission is dispersed
in a wavelength across a CCD array exposed for 40 laser shots,
producing a 1D emission spectrum. A 2D map of emission versus
excitation is produced as the laser is scanfigdnce an appropriate
region in emission wavelength space (one free of ChH,a@d G, in

this case) has been identified in the 2D spectrum for the unfettered
detection of the radical of interest (highlighted in Figure 2), moderate
resolution 1D LIF excitation scans are conducted at this fixed detection
wavelength by focusing the emission into a monochromator. The
monochromator is centered at 503 nm, admitting a 10 nm bandpass, to
minimize scattered laser light and discharge afterglow. The imaged
light is detected by a photomultiplier tube.

Resonant two-color two-photon ionization (R2C2PI) spectra are
measured in a two-stage differentially pumped vacuum chamber. In
brief, a skimmed molecular beam containing products of a discharge
of benzene in argon, as above, is probed between the extraction grids

combination of two 3-phenylpropargyl radicals to produce of a time-of-flight tube by the fundamental and second harmonic
o-terphenyl. In the latter scheme, it is proposed that a doubly (produced using a BBO crystal) output of a tunable dye laser.
phenyl-substituted 1,5-hexadiyne intermediate is formed from Simultaneous use of the fundamental and second harmonic circumvents
the head-to-head recombination of two 3-phenylpropargyl the problems of timing and alignment that arise when a second laser is

fragments. By analogy with the formation of benzene from 1,5-
hexadiyne via 1,2-dimethylcyclobutedé®and fulvene*—2" a

third phenyl ring is produced from the rearrangement of the
hexadiyne moiety. The 3-phenylpropargyl (3PPR) and 1-phe-

used for the ionizing photon. Nevertheless, a resonant signal was also
observed with 266 nm as the ionizing wavelength, proving the
dependence of the ion signal on the wavelength of the visible rather
than the UV radiation. The positive ions are extracted vertically and
perpendicularly to the laser and molecular beam into the TOF tube.

nylpropargyl (1PPR) radicals (see Figure 1) are RSRs that onean jon signal at'z= 115 is viewed on an oscilloscope and integrated

might reasonably expect to result from the combination of

as a function of laser wavelength.

benzene/phenyl with propargyl at either terminus. Both possess
resonance structures containing the same chromophore as. Results and Assignment

benzyl, the electronic spectrum of which is well-known, having
an origin at 454.5 nm® Simple molecular orbital theory

3.1. Identification of Spectral Carrier. The 2D fluorescence

considerations suggest that the electronic transitions of 1PPRSUIVeY spectrum of a benzene discharge in the region 427 nm

and 3PPR should occur in the neighborhood of the benzyl

absorption. Indeed, a weak absorption band has been observed Proadband~+2 cm

at 478 nm following 226-1000 nm irradiation of 1-phenylpro-
pyne (1PP) in an Ar matri%® The authors attribute the band to

< dexec < 534 nm and 355 nnx Aem < 643 nm obtained with
1 line width) OPO is shown in Figure 2.
Except for those features within the rectangle explicitly identi-

fied as belonging to 1PPR, every feature in this spectrum can

the 3-phenylpropargyl radical (3PPR), produced by detachmentP€ attributed to the £°Swan”, C; “comet”, or CH “violet”

of H from the methyl substituent.
In this article, we report the 2D excitation/emission spectfum

bands. The strongest Swan bands observed belong totke
—2 up to+2 sequences and exhibit vibrational and rotational

of a supersonically cooled benzene/Ar discharge in the region Pandheads and extensive rotational tails, vhtlapproaching

427 NM=< dexe < 534 and 355 nnE Aem < 643 nm. The most
brightly fluorescent hydrocarbon species in this region (apart
from the ubiquitous CH radical) is assigned unambiguously as
the RSR, 1-phenylpropargyl (1PPR).

2. Experimental Section

50 for some bands. Thes®ands are hot bands of the comet
system, appearing predominantly in the lower right corner of
the spectrum. The CH violet system is located @t = Aem =

430 nm. Indeed, all features along the lilge = Aem, are due

to resonance fluorescence, not scattered light.

In the red box of Figure 2, the emission spectra derived from

The vacuum chamber apparatus used for laser-induced fluorescenceexcitation atlexc = 476, 459.5, 456.2, and 455.2 nm are clearly

(LIF) in this experiment has been described elsewFere.pulsed

not due to CH, @ or Gs, having a pattern of emission

discharge nozzle (PDN) is used to produce 1PPR from benzene,tolueneimmediate|y recognizable as different to that of the known

1-phenyl-1-propyne (1PP), 3-phenyl-1-propyne (3PP), or 1-hexyne, each

(22) Huntsman, W. D.; Wristers, H. J. Amer. Chem. S0d.963 85, 3308.

(23) Huntsman, W. D.; Wristers, H. J. Amer. Chem. So0d.967, 89, 342.

(24) Huffernan, M. L.; Jones, A. J. Chem. Commurl966 120.

(25) Coller, B. A. W.; Huffernan, M. L.; Jones, A. Aust. J. Chem1968 21,
1807.

(26) Kent, J. E.; Jones, A. Aust. J. Chem1978 23, 1059.

(27) Henry, T. J.; Bergman, R. G. Amer. Chem. Sod972 91, 5103.

(28) Fukushima, M.; Obi, KJ. Chem. Phys199Q 93, 8488.

(29) Andrews, L.; Kelsall, B. JJ. Phys. Chem1987, 91, 1435.

(30) Reilly, N. J.; Schmidt, T. W.; Kable, S. H. Phys. Chem2006 23, 85.

(31) Terentis, A. C.; Stone, M.; Kable, S. Hl. Phys. Chem1994 .

(32) Reilly, N. J.; Cupitt, G. C.; Schmidt, T. W.; Kable, S. B.Phys. Chem.
2006 124, 194310.
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species. The 2D map illustrates that a conventional scanning
monochromator, fixed at a detection wavelength near 503 nm,
will permit the collection of a 1D LIF excitation spectrum of
the species of interest, largely free of spurious molecular features
and scattered laser light. The LIF excitation spectrum of the
unidentified species between 447 and 480 nm was collected in
this manner and is shown in Figure 3. In LIF experiments the
laser was scanned down to 19 600 @énmand no further peaks
were observed to the red of 21 007 tnin addition, as there

are no peaks to the blue of the laser wavelength in the emission
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Figure 2. Two-dimensional laser-induced fluorescence spectrum of a benzene discharge. All of the spectral features outside the rectangle can be
ascribed to either hot bands of the ©€omet” system (the “streaky” features predominating in the lower right corner) or ff&w@n bands (the curved
features with extensive tails prevalent throughout). Features within the rectangle absorbing at 476, 459.4, 456.2, and 455.2 nm and enfjttiog86ong
and 503 nm are due to 1-phenylpropargyl. This radical is the most abundant/strongly emitting hydrocarbon observed in the benzene dischasge under the
conditions.

be assigned immediately to a single molecule. The 2D spectrum
leads us to suspect that at least those intense bantds.at
459.5, 456.2, and 455.2 nm have the same carrier as the 476
nm band, on the basis of their strong emissions to the same
wavelengths. Closer analysis of the emission spectrum from each
band reveals a common “fingerprint” pattern of peaks also
exhibited in the emission spectrum of the 476 nm carrier. In
fact, high resolution, high signal-to-noise dispersed fluorescence
spectra measured with a 0.75 m scanning monochromator from
13 of the strongest bands in the LIF spectrum also exhibit this
fingerprint, confirming their origin in a single species. (The LIF
spectrum and DF spectra and their interpretation will be the
focus of a separate paper.) Thus, 2D fluorescence is an ideal
tool for the measurement of spectra of new species and an
indispensable one for the expedient separation of unidentified

00

[

-

R2C2PIm/z =115 bands by their common carriers.
Shown in Figure 3 is an R2C2PI spectrummafz = 115
208'00 210'00 212'00 214'00 216'00 218'00 220'00 222'00 224'00 inverted against the LIF spectrum in the wavelength range-469

wavenumber (cm™) 477 nm. These spectra unquestionably belong to the same
Figure 3. Assigned LIF spectrum of 1-phenylpropargyl produced in a species, which must have the molecular formulgd £ Only

benzene discharge. The spectrum was obtained with a detection wavelengtthe peak marked with an asterisk does not appear in the

of 503 nm, identified from the 2D scan as being relatively free pf@d ~ R2C2PI spectrum. We therefore attribute this peak to another
C3 emission. The peak marked by an asterisk is due to a different carrier. species

The assignment is discussed in the text. Reflected below: R2C2P1 spectrum p :
of 1-phenylpropargy! obtained from a discharge of 3RR (+ A26s). There are many isomers okig; that might be formed in a

benzene discharge. The LIF spectrum exhibits seve40
spectrum at 21 007 cm in Figure 2, we thus conclude that cm ! modes, suggestive of the “ring breathe” vibration in
the 21 007 cm? band is the origin. benzene. What is more, the observed excitation spectrum is
One might reasonably expect that in a benzene discharge ahighly reminiscent of those of the benzyl and substituted benzyl
multitude of species will be formed which absorb and emit in radicals, which have electronic absorptions in a similar wave-
a narrow wavelength range. In the first instance, therefore, notlength range with similar intensities to the presengHg
every band in the LIF spectrum, viewed in one dimension, can specieg® To limit our range of GH; candidates we restricted

J. AM. CHEM. SOC. = VOL. 130, NO. 10, 2008 3139
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our consideration to resonance-stabilized radicals containing the Under some experimental conditions it was possible to
benzene motif. observe othem/z = 115 bands in the same spectral region as
At 8.3 eV, the ionization potential of the indenyl radiék that in Figure 3. It is possible that these bands (the most
too high to have been detected with the laser wavelengths inprominent being at 485 and 464 nm) are due to the 3PPR isomer.
this experiment (indeed, its optical spectrum has been reportedThe experimental conditions were difficult to reproduce. The
at~415nmin a matri%)_ However, as indene has been detected absence of these bands from the fluorescence spectra may be
from a benzene dischargejndenyl may well be present. We due to fastinternal conversion processes which would also make
considered doubly substituted benzene structures less likely toR2C2PI detection more difficult.
be formed than singly substituted ones. Using this logical ~ The radical position in propargyl is known to be situated
hierarchy, we hypothesized that either the 1PPR or 3PPR (segPrimarily on the spcarbon. As such, it would be expected that
Figure 1) was the most likely carrier for the spectrum in Figures the radical lies mostly on the carbanto the phenyl ring in
2 and 3. 1PPR and 3PPR satisfy all the criteria above: they IPPR and on the terminal carbon in 3PPR. The relative
contain the benzene motif, they are resonance-stabilized, andstabilities of these radicals have been calculated in a high-level
they can likely result from the simple combination of the Study of the thermochemistry of substituted propargyl radi€als.
precursor benzene (or phenyl) with the abundant propargyl It is found that 1PPR is more stable than 3PPR4 kJ moi™.
radical. To test the PPR hypothesis we conducted a number ofMoreover, when the phenyl and ethynyl groups act in concert

theoretical calculations and further experiments. to stabilize the radical in 1PPR, the species is greatly stabilized
Calculations were performed with the density functional (100 kJ mof?) with respect to H-exchange with rlnethane to
theory (DFT) program of GAUSSIAN 0% Using the 6-31+G- produce a methyl radical and 3PP. This-440 kJ mot ! greater

(d,p) basis, harmonic frequencies were obtained by normal-modethan that obtained analogously for 3PPR. . .
analysis following geometry optimization of the isomers il-  The yield of 1PPR from a small range of readily available
lustrated in Figure 1. All harmonic frequencies were found to hydrocarbon precursors was investigated briefly. No 1PPR was
be real. Topologically, these species have the saragstem. observed from dilute acetylene/Ar premixes of various concen-
Time-dependent density functional theory was used to predict "ations; a signal from a discharge of toluene was less than a
the energies of excited states, yielding similar results for 1PPR third of that from benzene. Importantly, a discharge of 1-hexyne
and 3PPR. Vibrational frequencies calculated by DFT support Produced a 1PPR signal strength only a few times less than

1PPR as the spectral carrier. In particular, the lowest frequenciesthat from benzene. Indeed, benzene itself was observed using

of these species were considered important to reconcile with 1-N€xyne as a precursor, with considerable signal strength. The
experiment. The lowest observed vibrational frequency in the Potential significance of this result will be discussed below.
excited state, 117 cm, cannot be explained by ti@, structure 3.2. Assignment of the LIF Spectrum.Having established

of 3PPR which requires two quanta to be populated in the low the carrier as 1PPR, we can now make some tentative assign-
frequencyb; andb, modes. Indeed, the lowest mode of 3PPR ments for th_e_domlnant struc_ture |n_the spectrum (Flgure 3).
is calculated to be- 400 cnTl. Contrastingly, this motion is Due to th_e difficulty o_f_calculatujg excited-state geometries and
satisfactorily explained by the' mode s of 1PPR Cs, see frequencies, to faC|I|tate_ as§|gnment of the spectrum the
Supporting Information). calculated ground.statg wbra‘uonal frquenc_les were scaled by
0.9 as a crude estimation of their reduction in magnitude upon
excitation. From inspection of TDDFT results, the electronic
transition is assigned &s'—A" (7* —x). The greatest Franek
Condon activity is expected in the ring breathe, ring deformation,
and C-C stretching modes in the chain, while little activity is
anticipated in the bending modes with the possible exception
of the in-plane wagging of the chain fragment. The spectrum is
dominated by the vibronic origin band and three bands at 21 775,
d?l 922, and 21 969 cm. In light of the above argument these
are assigned in the first instance to #ieing-breathing modes

V23, V22, @nd vy, respectively, by comparison with the scaled
BT frequencies as shown in Table 1. The full assignment of
the spectrum is ongoing and will be published separately. A

To resolve any uncertainty in the structure of the carrier, stable
precursors 1-phenyl-1-propyne (1PP) and 3-phenyl-1-propyne
(3PP) were employed for a chemical test, the former being
expected to preferentially produce 3PPR under soft discharge
(low current and voltage) conditions, and the latter to produce
1PPR abundantly, each by removal of a single hydrogen atom
from the parent (refer to Figure 1). 3PP (vapor pressure in 10
bar Ar) was discharged with half the current required in the
benzene experiments, and an LIF signal at 476 nm was observe
with nearly an order of magnitude greater strength than when
benzene was used as the precursor. The dispersed emissio
spectrum was measured from 476 nm and found identical to

that previously recorded._The sample_ was then removed_, andcomparlson of observed and calculated 1PPR excited-state
the system was flushed with argon until only a very weak signal . - . :
. LS . frequencies that have been assigned is presented in Table 1.
was observed. No increase in signal above this background level o . .
The fluorescence lifetime of the excited state is 350 ns at the

\(/;V;; dif[)igitse'rvgds:nn; drSt(l:Jr:sé%e ir?]fmlefj;tg; avrvgaloer:] ulnFc)iF? rv\?;gorigin. Given that an ionm/z=115 signal was obtained with
' g y 266 nm and (resonant) 476 nm photons together, but not with

:/sz\r/]ii 3:;? tLeeplcb;(reinngﬂt]hgZpé;:]lﬁnlfst:i?nhaei Clo::;j:?'v?a 238 nm photon alone, the IP can be bracketed between 5.1
P phenylpropargy and 7.3 eV. The calculated (vertical) IPs of 1PPR and 3PPR

radical. T
are similar,~6.8 eV (B3LYP/6-31G(d)).
(33) Pottie, R. F.; Lossing, F. B. Am. Chem. Sod.963 85, 269. 4. Discussion
(34) Jzumida, T.; Inoue, K.; Noda, S.; Yoshida, Bull. Chem. Soc. Jpr.981 4.1. Connection with Combustion Chemistry.There are
(35) Githe, F.; Ding, H.; Pino, T.; Maier, J. hem. Phys200Q 269, 347. two likely routes to the formation of 1-phenylpropargyl in a
(36) Frisch, M. J., et alGaussian O3revision C.01; Gaussian, Inc.: Pittsburgh,
PA, 2004. (37) Radom, L; Menon, APrivate communication
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Table 1. Comparison of Observed and Calculated B3LYP/ the propargy! reactions play significant roles for formation of
6-311+G(d,p) Frequencies, the Latter Scaled by 0.9 PAHSs having up to three rings. Although comparably little is
o' (cm™) understood of larger PAH and soot formation in combustion,
mode description obsd calcd correlations of sooting with benzene concentration have been
vo1  ring breathe [C(3C(4) + C(5)C(4)] 962 935 reportec?38 The 1PPR may therefore be considered a potentially
symmetric stretch important intermediate connecting benzene to larger PAHSs, since
v22  ring breathe [C(IC(4)C(S) + C(2)C(1)C(8)] 915 901 the present study reveals that the radical exists in the benzene
- rinsybnr"g;f;zc[ggg (Szt;eic?:(r)c(e)] 268 75 discharge with a high concentration. A chemical model including
symmetric stretch the phenylpropargyls might provide insight into PAH and soot
va5  ring deformation [C(9C(1)C(6) + C(3)C(4)C(5)] 607 575 formation in combustion. The present LIF observation of 1PPR
symmetric bend attracts our attention particularly in the point of view concerning
v C()C)C(D) bend w711 laboratory chemical kinetics, because highly sensitive detection
aLabeling of atoms follows Figure 1. using an LIF technique is possible for experimental detection

i » ) of the radical. Experimentally determined rate constants of
benzene discharge: addition of the propargyl radical to benzene/yeactions involving 1PPR will be essential data for the chemical
phenyl and addition of acetylene to the benzyl radical. However, modeling of PAH and soot formation in many combustion
as the 2D map in Figure 2 demonstrates, benzyl is not observedsystems_

W'th asignificant intensity from t_he benzene d'SCharge’ althoug_h 4.2. Connection with Extraterrestrial Chemistry. Roles for
it has been known that the radical has an absorption and emits . ; : . .
. . . the propargyl radical have been imputed in chemical evolution
fluorescence in the present experimental wavelength region (we. . . . .
Lo in circumstellar envelopé%and in the formation of benzene in
were able to produce benzyl radical in large amounts from a .
; ) the atmospheres of Jupiter, Saturn, and T##H.Due to the
toluene discharge). On the other hand, the observation of 1PPR . S - A
: . . . recent discovery of benzene in high concentrations in Titan's
from a discharge of 1-hexyne, with a signal strength that is not S : . .
. atmosphere by th€assinispacecraft, it has been invoked in
an order of magnitude less than that from benzene and

. . . the production of the large quantities of organic aerosols
comparable to that from toluene, is particularly suggestive of A .
. . observed in Titan’s upper atmosphéfethough a mechanism
the role of propargyl in the formation of 1PPR. The propargyl . L . .
S . . . of PAH formation from benzene in this environment remains
radical is a resonance-stabilized radical, having two resonance . . L
. ) . . .~ “speculative. As for combustion, it might not be unreasonable
structures with the unpaired electron situated on either terminal . .
. . . to suggest a role for substituted propargyl radicals such as 1PPR
carbon. 1-Hexyne contains the propargyl moiety and might be

: in this process. Both 1PPR and 3PPR might be important

expected to produce the propargyl radical abundantly upon o . . . .
: . . reactive intermediates, so far not considered, in the reaction of
discharging. Based on the observation of benzene and 1PPR as

. o henyl and propyne, thought to be important to the formation
1-hexyne discharge products, it is not unreasonable to suggest, .. : .

) . . - of five-membered rings, and therefore nonplanar PAHSs, in the
that formation of 1PPR might proceed via the combination of . o - ; .

. . - . interstellar mediunt? Comprising a chain attached to a ring,
a propargyl radical with benzene or phenyl radical (with the - .
) . . 1PPR might be considered one of the smallest prototypes that

appropriate H-loss). The six-membered ring could be produced

; . . . marries the two in-vogue diffuse interstellar band (DIB)
via 1,5-hexadiyne, derived directly from the precursor or the : . .
X : paradigms, those being carbon chains and P&Hshas not
reaction of two propargyl radicals.

The importance of the propargyl self-reaction to benzene escaped our attention that the wavelength of the origin band

formation in hydrocarbon combustion has been well established exhibits a tantalizing coincidence with the 4760 A At
Y ) 7 . 25 A (fwhm), the line width of the DIB far exceeds thel A
by theory and experiments? As mentioned above, propargyl

. . ) line width (fwhm) of the 1PPR origin band. If both bands were
is a resonance-stabilized radical. Compared to nonresonantly. . 2 . .

. . . to possess a common carrier, this difference might be attributed
stabilized radicals, propargyl reacts more slowly with closed-

. . . . to the differing rotational populations admitted by supersonic
shell species, with consequently higher concentrations of . - . . -

: . e expansion (by collisional cooling) and the interstellar medium
propargyl in combustion systems. This is one of the reasons

. . . ; (by coupling to the interstellar radiation field). There is no
why propargyl is considered as a key intermediate for benzene f lation in th h of i of DIB
formation in combustion. The phenylpropargyls have seven perfect correfation In the strength of any pair o S across

resonance forms, with the radical having three ring site (2 different lines Qf sight, Th|s can be .|nterpreted as indicating
L . . that DIBs all arise from different carriers, and that the spectra
and 4 in Figure 1) in addition to those analogous to propargyl

(these chain sites, 1 and 3, are double-counted due to the'KekuIeOf the carriers are dominated by the origin transition. The LIF

structures of the phenyl moiety). As such, these species arespectrum shows that 1PPR follows this behavior, with the origin

- L : band being several times stronger than any vibronic feature.
expected to exhibit larger resonance stabilization energies thanTaken with the discovery of a molecular band at 44264
the propargyl radical, permitting us to consider that the y

substituted propargyl. 1PPR itself, may be an important also from a benzene discharge, the present study indicates that

intermediate to form larger aromatic hydrocarbons, such as . .

. . (38) Kern, R. D.; Wu, C. H.; Young, J. N.; Pamidimukkala, K. M.; Singh, H.
PAHSs. Actually, a role for the nonsubstituted propargyl radical J.Energy FuelsL988 2, 454
has been already suggested in small PAH generation. A kineticgg Kaiser, R. |.Chem. Re. 2000 102, 1309.
model developed by D’Anna and Viéfiincludes two reactions (41
3
4

Lebonnois, SPlanet Space ScR005 53, 486.
Wilson, E. H.; Atreya, S. K.; Coustenis, A. Geophys. Re2003 108-
(E2), 5014.

)
;
Conceming propargyl, one of which forms biphenyl (phemyl ) Vereecken, L.; Peters, J.; Bettinger, H. F.; Kaiser, R. |.; v. R Schleyer, P.;
)
)
)

2 x propargyl) and another naphthalene (bengypropargyl).

; B ; 43) Sarre, P. JJ. Mol. Spectrosc2006 238 1.
They testgd this model against experimental data of an E4 Herbig, G. HANNU. %a Astron. Astrophys1995 33,
atmospheric pressure ethylenaxygen flame and showed that  (45) Ball, C. D.; McCarthy, M. C.; Thaddeus, Rstrophys. J200Q 529, L61.

(42
H. F. Schaefer, 1J. Am. Chem. SoQ002 124, 2781.
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benzene discharges present a fertile environment for thebination reactions of 1-phenylpropargyl with other abundant
investigation of interstellar species in general and potential DIB RSRs, including itself and propargyl, may be important steps
carriers in particular. in the formation of PAHs in such environments. This study
provides a valuable probe of post-benzene reactive intermediates
for investigations of such processes.

The electronic spectrum of the 1-phenylpropargyl radical in
the region 20 80822 000 cnT® has been measured by laser- Acknowledgment. This research was supported under the
induced fluorescence. The structure of the carrier was elucidategAustralian Research Council's Discovery funding scheme
by a synergy of laser induced fluorescence (excitation), dispersed(Project Number DP0665831). N.J.R. acknowledges the Uni-
fluorescence (emission) and R2C2PI (mass-selective excitation)versity of Sydney for the award of a Gritton Scholarship. D.L.K.
spectroscopies, and density functional theory. The DFT calcula- acknowledges the University of Sydney for a University
tion of vibrational frequencies permitted a putative assignment Postgraduate Award. K.N. acknowledges the Australian Re-
of the strongest observed vibronic bands. The apparent greagearch Council for an Australian Research Fellowship.
abundance of this molecule in a benzene discharge, based on
the strength of the fluorescence observed here, suggests for i
an important role in chemical processes in flames, planetary
atmospheres, and the interstellar medium. In particular, recom-

5. Conclusion
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details in addition to geometries and harmonic frequencies
calculated at the B3LYP/6-3#1G(d,p) level of theory for the
1PPR and 3PPR radicals; complete ref 36. This material is
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