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The propargyl radical has twelve fundamental vibrational mofiggfHCCCH,) = 5a @ 3b, @ 4h,, and

nine have been detected in a cryogenic matrix. Ab initio coupled-cluster anharmonic force field calculations
were used to help guide some of the assignments. The experimer#CHHCH, matrix frequencies (cnt)

and polarizations are; anodes-3308.5+ 0.5, 3028.3+ 0.6, 1935.4+ 0.4, 1440.4+ 0.5, 1061.6+ 0.8; by
modes-686.6+ 0.4, 483.6+ 0.5; b, modes-1016.7+ 0.4, 620+ 2. We recommend a complete set of
gas-phase vibrational frequencies for the propargyl radicak=8&-CH, X 2B;. From an analysis of the
vibrational spectra, the small electric dipole momag{HCCCH,) = 0.150 D, and the large resonance energy
(HCCCH), roughly 11 kcal mot!, we conclude that propargyl is a completely delocalized hydrocarbon
radical and is best written as H€C-CH,.

I. Introduction H
. . . NG &
The propargyl radical, HCCCH, is one of the simpler C—C—C——H
conjugated hydrocarbon radicals. In addition to being interesting /
in its own right, propargyl is believédo be a direct precursor Ho 8% 0.564 ®

of aromatic species in flames: HCCgH HCCCH, — CgHg

(benzene). In this paper we report the infrared spectrum of the  The EPR spectrum indicates that neith@H,—C=CH nor
propargyl radical. Using a heated supersonic or hyperthermal CH;=C=CH- is good representation of this radical and we will
nozzle we are able to prepare matrix isolated propargyl radicals. use the symbol HEC--CH, to represent propargyl.

A Fourier transform infrared (FTIR) spectrometer was used to ~ Fourier transform microwave spectroscémas been used
measure the infrared absorption spectra of these matrix isolated0 measure propargyl’s ground-state rotational constafys:
radicals. Polarized 248 nm light from a KrF excimer laser was 288 055.0 MHz,By = 9523.6775+ 0.0060 MHz, andCo =
used to orient the propargyl radicals so we can measure the9206.8805+ 0.0060 MHz. The inertial defecty = (lcc — laa
linear dichroism (LD) spectra of photooriented samples. The — o), Was measured to be 0.067 7970.000 075 amu A

LD spectra enable us to establish experimental polarizations ofwhich implies that the radical must be planar (or nearly so).
most of the vibrational bands. We have measured the infrared However, the microwave analysis did not touch upon any
absorption spectra of propargyl radicals and have identified 9 isotopomers; consequently, no structural information was de-
of the 12 fundamental vibrational modes. To analyze these termined. Stark spectra of propargy! radical deposited in helium
spectra, we have determined the potential energy and dipolenanodrops were analyZetb find the electric dipole moment
moment surfaces of the HCCGH 2B, radical with coupled- of the radical,|up(HCCCH,)| = 0.150+ 0.005 D.

cluster theory. CCSD(T) calculations are used to analyze the More than a decade ago, it was demonstfatttht a
molecular structure, spin density, and electric dipole moment. hyperthermal nozzle could decompose propargyl bromide to
The combination of the experimental vibrational frequencies, produce intense beams of the radical.

the measured polarizations, and the CCSD(T) anharmonic

frequencies permits a relatively straightforward assignment of HC=C—CH,—Br+ A — HC=C-CH,+Br (2)

the vibrational spectrum of the propargyl radical.

Early EPR spectroscopyevealed propargyl to be a radical ~ Photoionization with a VUV laseri¢ = 118.2 nm or 10.487
with Cp, symmetry. The observed hyperfine splitting pattern eV) yielded the ionization potential (HCCGH- hAw11g.20m—
revealed a “doublet of triplets” with comparable spin densities HCCCH,* + e). The ionization energy of propargyl radical
[(spin)(atom) ] on the (1,3) carbons. was found to bdE(HC=C--CH,) = 8.67+ 0.02 eV.
Photodetachment experimehiswith the allenyl anion
* Corresponding authors. E-mail: G.B.E., barney@jila.colorado.edu; (CH,=C=CH~ + Aw3zsinm — HC=C--CH, + €7), provided

MBUN'-’ mafk—”if”gols@'ye'-go"; J.F.S., jfstanton@mail.utexas.edu. the electron affinity of propargyl radicdEA(HC=C==CH,) =
t . h .
tNQ'ﬁVc?rﬁZ'l ﬁgne\z;g% Energy Laboratory. 0.918+ 0.008 eV. FIOW|_ng afterglow/selected ion flow tube
8 University of Texas. studies of the ion chemistry of GHC=CH~ were used to

10.1021/jp040719j CCC: $30.25 © 2005 American Chemical Society
Published on Web 04/08/2005



Propargyl Radical

TABLE 1: Earlier Studies of HCCCH ,Vibrational Modes

J. Phys. Chem. A, Vol. 109, No. 17, 2003813

mode description vicm™t conditions ref
& 1 CHCC—Hst 3322.292% 0.0020 CW color center laser spectrospy 17,18
3322.15+ 0.01 CW color center laser spectrospy/He nanodrops 5
3310 N matrix 13
3308.8 Ar matrix 15
3307 Ar matrix 14
2 sym HC—CCH st 3026 Ar matrix 14
3 CH,C=CH ® CH,+CCH st 2080 Ar matrix 14
4  H,C—CCH scissors 1440 Ar matrix 14
5 CH~CCH st 1017 Ar matrix 14
by 6  H,C—=CCH umbrella 687.1760% 0.00062 time resolved IR diode laser spectroscopy 16
688 N, matrix 13
618 Ar matrix 14
7  CH,CC—H out-of-plane bend 49¢ 10 CH~=C=CH photodetachment 7,8
532 Ar matrix 14
8  CHy~=C*=CH out-of-plane bend na
b, 9 asym HC--CCH st 3111 Ar matrix 14
10 H,C—=CCH® H,C—C=CH in-plane bend 1062 Ar matrix 14
11 CHCC—H in-plane bend 647.3 time resolved IR diode laser spectroscopy 16
686 Ar matrix 14
12 H,C—=C=CH in-plane bend 482 Ar matrix 14
484 N, matrix 13
483.5 Ar matrix 15

measure the enthalpy of deprotonation ofS5CCH;z; AacidH208
(HCCCH,—H — CH;~=C=CH~ + H*) = 3834+ 3 kcal mol™.
The negative ion/acidity thermochemical cytcie relates the
acidity, electron affinity, and bond dissociation energyicidoos
(R—H) = DHag(R—H) + IE(H) — EA(R). The measured
EA(HC=C--CH,) andAacidH20 HCCCH,—H) values yielde8
the bond enthalgy of methylacetyleneDHzggHCCCH—H)

= 90+ 3 kcal mol%, and the absolute heat of formation of the
propargyl radical AfH0g( HC=C~~CH, X 2B;) = 83 + 3 kcal
molL,

Table 1 is a summary of previous experimental results. In
pioneering studiéd by Jacox and Milligan, several of the
fundamentals of HEC-CH, were detected in a nitrogen
matrix at 14 K. Subsequent wdfit®>extended the matrix studies

In the 1960s a transition was found at 29845 nm that was
rotationally unstructured, suggesting a dissociative GEH*
state?® More recent experiments clearly show a pair of closely
spaced excited states for the propargyl radig¢é.weak set of
bands was assigned ag’@® 2A" — X 2B;) = 28 409 cnt
(3.52 eV) whereas the stronger set of features was identified as
the Q°(B 2A’ — X 2B3) = 29 146 cnt! (3.61 eV) transition. A
third HC=C~=CH, band system has recently been obset¥ed
in the spectral range of 23tB0O0 nm. This is a relatively broad
absorption with a maximum cross section of k210717 cn?
molecule’® at 242 nm (5.123 eV or 30 120 cr). The electronic
transitions in the propargyl radical were calculated by ab initio
electronic structure methods using the CASSCF, CASPT2, CIS,
and EOM-CCSD techniques; the newly observed band was

to assign most of propargyl’'s fundamentals although there is assigned to the in-plane* (b,) < 7 (b,) allowed transition.

some confusion about the;, vz, andv11; modes. The strong
EEC=CCH umbrella mode (of bsymmetry) was detectéd

Consequently the GIC=C--CH, state at 236300 nm was
assigned to be dB; symmetry. The femtosecond dynamics of

by time-resolved IR diode laser spectroscopy in a free jet at the Cstate has just been report&d.

ve = 687.17603+ 0.00062 cm?!. The intense HCCCH,
stretching mode was also detecfe®in a free jet by CW color
center laser spectroscopyat = 3322.2929+ 0.0020 cnt?;
the v1(D-CCCH,) frequency was measur€dio be 2557.33
cm~l. When propargyl radical was isolated in a helium
nanodrople®, this CH band shifted slightly to 3322.15 0.01
cm~1. Negative ion photoelectron spectroscopyf mass-
selected beams of the GHC=CH~ ion revealed a long
progression of the C¥£C—H out-of-plane b mode atv; =
4904 10 cnrt,

In addition to its vibrational spectroscopy, the electronic

spectra of the propargyl radical has been examined. Flash

photolysig® of HC=C—CH,Br, HC=C—CH,CI|, HC=C—CHpg,
and CH=C=CH, produced the HEC--CH, radical. There
are two, nearly degenerate states that arise fromrthe- 7y
andst, — 71y transitions from the ®B; |1a2 2a2 3a2 4a2 5a2
6a2 732 1?2 1by? 21,2 2y 1state. The lowest-lying electronic
states are nominallyA 2B,00= |1&2 2a?2 3a? 4a?2 5a2 62
Ta2 1by2 1by2 2by! 2by20and|B 2B, 0= |1a2 2a2 3a&2 4a2 5a2
6a2 7a? 1,2 1! 2b,2 20,20 The A— X transition is forbidden
because the electronic transition moment transforms like A
underC,, symmetry; however, B- X will be strongly allowed.
MCSCEF calculatior®d predict that deformation of the GAC—H
bond out of the molecular plane will lower the symmetry of
the A state of propargyl t8A" and the Bstate become3A'.

Il. Methods

A. Photoionization Mass Spectrometry and Infrared Spec-
troscopy. Most matrix-isolated radicals are generally prepared
by photodissociation of an appropriate precursor (usually by a
laser). However, we produce the propargyl radical in the gas
phase by thermally dissociating a suitable precursor molecule
in a hyperthermal nozzle, which expands through a supersonic
jet2* Thermal dissociation nozzles for propargyl radical produc-
tion have been described earkéTwo different precursors were
used in this work: H&ECCH,Br and HGECCH,CH,ONO. The
propargyl bromide precursor was purchased from Aldrich
Chemical Co. whereas butyne nitrite had to be synthesized. The
nitrite is a convenient souréeof propargyl radical because the
O—NO bond is so weakAHz9(HCCCH,CH,0—NO) = 42
kcal mol2,

HC=C—CH,—CH,~O—N=0+ A —
HC=C--CH, + HCHO+ NO (3)

To optimize radical production, the dosing nozzle was
interfaced with a photoionization mass spectrometer (PIMS).
The skimmed output of the nozzle was crossed with 118.2 nm
(10.487 eV) light from the ninth harmonic of a YAG laser.
Molecules with an ionization potential less than 10.5 eV are
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ionized and analyzed by a reflectron time-of-flight mass Becke’s three-parameter HF/DFT hybrid exchange functfénal
spectrometer. Mass spectra resulting from each precursor wergB3) with the dynamical correlation functio&bf Lee, Yang,
measured as a function of pyrolysis temperature. and Parr (LYP).
The hyperthermal nozzle was mounted to the vacuum shroud Coupled-cluster theor?, 32 though more expensive than DFT
of an APD two stage closed-cycle helium cryostat, ap- methods, provides a nearly quantitative treatment of electron
proximately 2.5 cm away from the cryogenic Csl window. Gas correlation in most cases and can therefore provide accuracy
mixtures were created by seeding a precursor in argon. Thebeyond that achievable with DFT. Accordingly, we have used
precursor vapor was collected by de-gassing the precursor liquidanother package (ACES Ill) to calculate the equilibrium
at room temperature. The hyperthermal nozzle was operatedgeometry, anharmonic force field, and dipole moment function
with approximately a 1.3 ms pulse width and a stagnation for propargyl using the CCSD(T) meth&e“ with an atomic
pressure of 1.2 atm, with a 1.2 L stagnation reservoir. The natural orbital (ANO) basis sét.Due to relatively strong spin
pressure drop in the stagnation reservoir was measured using @ontamination in the unrestricted Hartreleock orbitals, we
capacitance monometer to determine the gas throughput. have used the restricted open-shell (ROHF) approach to provide
Radicals were deposited on a Csl salt window cryogenically the orbitals. Though analytic first derivatives of ROHF-based
cooled to 17 K. The infrared spectrum of the sample was CCSD(T) are availablé$ analytic second derivatives have not
measured using a Nicolet Magna 550 Fourier transform infrared yet been implemented. Accordingly, the harmonic frequencies
spectrometer with a mercury/cadmium/telluride (MCT-A or B) and anharmonic force constants needed for estimation of the
detector. The APD cryostat is equipped with a pair of Csl side fundamental, combination and overtone frequencies were cal-
windows through which the IR beam from the instrument passes. culated using numerical differentiation of analytic gradients
Polarized IR radiation is generated using a Molectron wire grid using a general approach described elsewhetare was taken
IR polarizer. to ensure that the numerical precision of the frequencies
For each of propargyl’'s vibrational modes, the integrated (harmonic and anharmonic) quoted in Table 2 are precise to
infrared intensitiesA, were monitored as well. Starting with  roughly 1 cnt. The core molecular orbitals corresponding to
Beer’s law,I(v) = lo(v) exp[-nzo(v)], the integrated infrared  the 1s carbon atomic orbitals were excluded from the correlation
intensity is defined as the integral of the IR absorption cross treatment.
section over the bandwidttA = fdv o(v). Herel(v) is the
transmitted light intensitylo(v) the incident light intensityn IIl. Results
the radical concentration (mol dr¥), z the optical path length
(cm), ando(v) is the infrared absorption cross section fcm
molecule’?). A formally has the uni# of km mol1.

The target propargyl radical has twelve vibrational modes;
the irreducible representations of the modeslgigHCCCH,)
= 5a @ 3b; @ 4b,. All of these modes are active in the infrared.
1 lo(v) A. Electronic Structure Calculations. Table 2 collects the
A= n_zﬁR band? IN i Jrowd o) (4) results of our DFT and CCSD(T) calculations for the ground
state of propargyl radic&f we also tabulate the results of an
As eq 3 indicateS, thermal dissociation of butyne nitrite earlier CEPA-1 calculatioff All three m?thOdS find the grOUnd
produces propargyl as well as formaldehyde and nitric oxide. State of the radical to be HE&C-+CH, X 2B;. The CCSD(T)
If HC=C_CH2, HCHO, and NO were the on|y products of and CEPA-1 methods lead to VaIUeS/(H(CH2CCH) that are
the thermal dissociation (3), we could use the kntfimtegrated ~ close to the experimentavalue of jup(CH,CCH)| = 0.150+
IR intensities of HCHO and NO to extract absol#ievalues 0.005 D whereas the B3LYP value of 0.07 D is the smallest of
for HC==C--CH,. However, both our PIMS and IR spectra (vide these. All computational methods predict the sign of the electric
infra) clearly show that in the hyperthermal nozzle some dipole to be’*(CH,CCHY .

propargyl radicals abstract H atoms to form #C—CH;z and B. Optimization of the Propargyl Radical Source.To study
CH,=C=CH,, whereas others dimerize to form benzene. the infrared spectroscopy of the HC~-CH, radical in an
Consequently, there are not equal numbers of4@2-CH,, efficient manner, we have used the PIMS to optimize conditions
HCHO, and NO and we can only report relatievalues for for radical production. Photoionization mass spectrometric traces
propargyl. for the HG=CCH,Br and HG=CCH,CH,ONO precursors are

B. Chemical Synthesis of Propargyl Radical Precursors. ~ shown in Figures 1 and 2.
To produce samples of propargyl, butyne nitrite 6B8CCH,- In Figure 1 propargyl bromide is thermally dissociated to
CH,ONO) was synthesized from 3-butyn-1-ol (ERCCH,CH,- generate propargyl, eq 2. As the nozzle is heated, Br atoms are

OH) and sodium nitrite (NaNg). NaNQG, was dissolved in water ~ not observed becau$g(Br) is 11.8 eV whereas the VUV laser
and mixed with the alcohol, and HCI| was added dropwise to is only 10.487 eV ffw11s.2nn. Heating the nozzle to 1000 K
the solution. The reaction flask was kept cold with an ice bath. induces dissociation of propargyl bromide and HCGClis
The net reaction produced the nitrite, salt, and water, with the clearly observed atvz 39. The feature atr/z 92 belongs to
nitrite forming a separate layer in the reaction flask. CsHsCHs™, which derives from the toluene stabilizer added to
The butyne nitrite layer was purified through vacuum the commercial supply of HECCH:Br. At a nozzle temper-
distillation, with the product being condensed in a flask kept ature of 1200 K, two HE-C~-CHj radicals dimerize to form
cold with a dry ice/ethanol bath. The reaction generally produces CeHs NVz 78. The IR spectra (vide infra) clearly shows that the
a high yield. HGECCH,CH,ONO was stored in a dark freezer CgHs adduct is benzene. At higher nozzle temperatures (1400
to prevent degradation when not in use. K), the HG=C--CH, radicals are abstracting H atoms in the
C. Electronic Structure Calculations. Density functional nozzle and producing GH#C=CH, and HG=C—CHjs. Figure
theory is a rapid, reliable computational method to predict the 1 shows signals from ions a¥z40. The IR spectra (vide infra)
molecular structure, moments of charge, and harmonic vibra- permit us to identify both allene and methylacetylene as reaction
tional{ w}; frequencies of many polyatomic organic molecules. products.
We have used a commercial computer program that employs Figure 2 shows that similar results were obtained when butyne
the B3LYP functional, which is a combination of exchange from nitrite is thermally dissociated, eq 3. Heating the nozzle to 1000
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TABLE 2: Electronic Structure Calculations for CH ,CCH X 2B;

4 » (b axis, B, sym)

J. Phys. Chem. A, Vol. 109, No. 17, 2003815

H
C——C—=C——H- >
z (a axis, A; sym)
H
B3LYP/6-311G(d,p) CCSD(T)/ANO CEPA-1/117 cGTO
r(CH.CC—H)/A 1.062 1.063 1.063
r(H—CHCCH)/A 1.083 1.081 1.080
r(CHZCéCH)/A 1.222 1.228 1.223
r(CHz=CCH)/A 1.367 1.380 1.383
6(H—CHCCH)/deg 120.9 120.5 120.5
1p *T(CH,CCHY~/D 0.07 0.12 0.14
|uo(CH,CCH)| = 0.150+ 0.005 D ref5
mode description wlcm™ A/lkm mol™t v(w)lcm™  Alkm mol™t vlemt
a 1 CHCC—Hst 3468 59 3323 (3460) 51 3351
2 sym HC--CCH st 3140 3 3037 (3165) 2 3112
3 CH,C=CH — CH;=CCH st 2011 3 1923 (1983) 6 1951
4  Hy=CCH scissors 1455 1 1444 (1465) 0 1458
5 CH,C=CH® CH~CCH st 1090 2 1055 (1058) 4 1049
by 6 H,C-~CCH umbrella 682 a7 689 (667) 40
7 CH,CC—H out-of-plane bend 468 50 482 (477) 51
8 CH,—C=CH out-of-plane bend 403 5 398 (389) 5
b, 9 asym HC--CCH st 3230 2 3116 (3266) 0
10 HC~CCH® CHy+C=CH in-plane bend 1031 0.4 1018 (1034) 2
11 CHCC—H in-plane bend 637 52 612 (616) a7
12 CH~~C=CH in-plane bend 352 6 338 (330) 5
400K | m/zd0 HCCCH, « A + HCCCH,-CH,0NO
2 WK | cnceny Ll I »
| CH;CCH' = .
Ef 3 m/z 78 E: EECCCC}.[; - m/z 40
2 Cellg' £ 1 e 1300 K
2 1200 K “ 3 - . bt
Z | z HCCCH," m/z 39
w»
g m/z 39 ‘E m/z 30
= CH,CCH' C¢HsCH3* m/z 92 i NO m/z 78
= E CHy
: : |
3 1000 K [ ﬂ g \ N m | J 1000 K
2. n
w2 »
@ & CH,ONO" m/z 60
s HCC.CHypr =
rt +
< HCCCH, « A+ HC=C-CH,Br 2 é HCCCH,CH,0" m/z 69
= 3
g Room E L Jl. ) ‘ Room Temperature
= Temperature S AL, Ao
(=} 8 T T T T T T T T T
g , ‘ , g 10 20 30 4 50 6 70 8 90
.E 40 60 80 100 A m/z
m/z Figure 2. Photoionization mass spectra of the output of the hyper-

Figure 1. Photoionization mass spectra of the output of the hyper- thermal nozzle; H&EC—CH,—CH,—O—N=0 + A — HC=C--CH,
thermal nozzle; H&EC—CH,—Br + A — HC=C--CH, + Br. The + HCHO + NO. The nozzle temperature varies from 300 to 1300 K.

nozzle temperature varies from 300 to 1400 K. The molecular beam is The molecular beam is photoionized by 118.2 nm laser light (10.487
photoionized by 118.2 nm laser light (10.487 eV), and the ions are €V), and the ions are analyzed with a reflectron TOF mass spectrometer.

analyzed with a reflectron TOF mass spectrometer. ) ) o ) ) )
radical dimerization and H-abstraction reactions are occurring

K induces formation of NO, benzene, and #C-CH, as in the hyperthermal nozzle.
demonstrated by the ions at'’z 30, m/z 78, andm/z 39; the Figures 3, 5, and 7 are the IR absorption spectra of propargyl
IE(HCHO) is 11.8 eV and HCHO cannot be ionized by the radical in different wavelength regions. The experimental IR
118.2 nm VUV laser. At higher nozzle temperatures, ions spectrum is the black trace and the assigned propargyl radical
derived from CH=C=CH, and HG=C—CHs at m/z 40 are fundamentals are marked by bulle&}. Colored red and offset
observed. above the IR absorption spectrum are the DFT calculated
C. Assignments of the Propargyl Radical Infrared Spectra. harmonic frequencie§w}; [B3LYP/6-311G(d,p)] which are
The HCG=C-=CH, radicals are reactive species. Three con- listed in Table 2. The predicted anharmonic frequencies resulting
taminants that we always encounter in this work are benzene,from the ab initio CCSD(T)/ANO calculatiofp};, are plotted
CH,=C=CH, and HG=C—CHjs. This is consistent with the  as green sticks. A summary of our assignments for the
mass spectra shown in Figures 1 and 2, indicating that radical/fundamental vibrational modes of the propargyl radi¢al,,
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TABLE 3: CH ,CCH X 2B; Vibrational Modes in an Ar Matrix

electronic structure calculation experimental frequencies
CCSD(T)/ANO Ar matrix
mode description vlem™? A/km mol™t vicm™t Aratio/% polarization
a 1 CHCC—Hst 3322 51 3308.5-0.5 100 negative
2 sym HC=CCH st 3037 2 3028.3 0.6 2 negative
3 CH,C=CH — CH>==CCH st 1923 6 1935.4 0.4 4 negative
4 H,C=CCH scissors 1444 0 1440#40.5 2+1 not available
5 CH,C=CH® CH~=CCH st 1055 4 1061.6-0.8 7+1 negative
by 6  H,C—=CCH umbrella 689 40 686.4 0.4 44+ 4 positive
7  CH,CC—H out-of-plane bend 482 51 483460.5 63+ 7 positive
8  CH,=~C=CH out-of-plane bend 398 5 not available
b, 9  asym HC-CCH st 3116 0 not available
10 H.C~=CCH® CH,—C=CH in-plane bend 1018 2 101640.4 2 positive
11 CHCC—H in-plane bend 612 47 628 2 33+ 4 positive
12 CH~C=CH in-plane bend 338 5 not available
i HCCCH, < HCCCH,-CH,0NO =
=] 9 HCCCH, <~ HCCCH,-CH,0ONO
a] 5 9] = "~
V. = g o =
2 E o [}
. = ] ]
WA\/\,J £ T 248 nm depletion s 511
2 vy 3 - =
= . — T c% J vJ v v
= 3035 3030 3025 = N A ~
= =) 2 v M 1 V
3 % g 2 :
e £ = oy ‘v,
£ = E£E 2y o
& = EGQ 1 ] i 248 nm polarization
= a ;8 A'A“‘“ g L
= |e £ ™ - s
= - E ¥
] 2 £
= s ;
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C% 1—r;'—r—'
- a 3040 3000
I I 1 T IJ
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wavenumberfem -1 3300 3200 3100 . 3000 2900
Frequency/cm

Figure 3. CH stretching region of the propargyl radical produced by - ) )
thermal dissociation of HECCH,CH,ONO. The DFT harmonic ~ Figure 4. At the top (black) is the infrared spectrum following the
frequencie{ w} are shown as sticks in red, the CCSD(T) calculated depletion by 248 nm laser light of matrix isolated propargyl radicals
anharmonic frequenciegv} are shown as sticks in green, and the Produced by thermal dissociation of FRCCHCH;ONO. On the
experimental fundamental frequencieg are marked by bullets). bottom (red) is the linear dichroism spectrum of the propargyl radical
The frequencyrs is predicted to be weak; so for display purposes we following depletion by polarized 248 nm light. IR bands of propargyl
have enhanced its intensity by a factor of 10 and marked the scaledthat are apolarized will have a negative dichroism whereas IR features

mode with *. The inset shows a tiny absorption at 3028.8.6 cni? with either h or b, polarizations will have a positive dichroism. The
that we assign as,. This band is just at the edge of our detection 1 and v infrared fundamentals of the propargyl radical are both
limit. polarized a and are marked by bullets)(

is presented in Table 3. The CCSD(T) predictions for the
anharmonic frequencie§p}i, are included for comparison. moments [C 2B,|u|X 2B, aligned with the laser are destroyed.
Figure 3 is a scan of the CH stretching region of the infrared This depleting laser light is horizontally polarized with respect
absorption spectrum. The propargyl radicajHg must have to the laboratory framdz. Any molecule that has a significant
three CH stretching fundamentals, but we only detect two of projection of its transition dipole moment,y(C — X), parallel
them.v;(HC=C--CH,), the intense acetylenic CH stretch, has to the depleting laser light will be selectively depleted. The
been carefully studied in the gas phas& in matrixes!3—15 remaining HG=C--CH, molecules will be oriented with their
and on liquid He drop8 We observe this band a = 3308.5 transition dipole moments perpendicular to the laboratory frame.
+ 0.5 cnTl. The two methylene-CH, stretches are predicted Consequently if we measure the infrared linear dichroism
(cf. Table 2) to be lower tham. The symmetric-CH; stretch, spectrum iz — lv) of the matrix, the amodes will be depleted.
w> (&), is predicted to have a lower frequency than the asym- That is,Iz — Iy < 0 (exhibit negative linear dichroism or LD)
metric stretchwg (b2). We only observe the weak symmetric  for levels of a symmetry. Correspondingly, absorption intensi-
CH stretch, shown in the inset, at = 3028.34+ 0.6 cnT™. ties for b and B modes will be greater using horizontally
The IR depletion spectrum and the LD spectrum for propargyl oriented Z direction) IR light for measurement; that Ig,— ly
are shown in Figures 4, 6, and 8. A matrix of propargyl radicals > 0 (exhibit positive linear dichroism or LD) for modes of b
was depleted by irradiation at 248 nm, exciting the dissoci#tive or b, symmetry. By using the observed and calculated frequen-
C 2B; — X 2B transition. Excitation of HEC=-CH; radicals cies, and by matching the polarization spectra, we have assigned
with a polarized laser beam at 248 nm depletes roughly 75% the HG=C--CH, vibrations. We observe five vibrational
of the radicals, and consequently photoorients the matrix. By transitions that have negative polarization and four features with
exciting to the @B, dissociative state, radicals with ansition a positive polarization.
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Figure 5. Fingerprint region of the propargyl radical produced by
thermal dissociation of HECCH,CH,ONO. The DFT harmonic
frequencie w} are shown as sticks in red, the CCSD(T) calculated
anharmonic frequenciefv} are shown as sticks in green, and the
experimental fundamental frequencieg are marked by bullets).

The frequencie$ws, wa, andvs} are predicted to be very weak. Hence
for display purposes we have enhanced their intensities by a factor of

10 and marked the scaled modes with *. The small feature assigned as

v4, the HC—CCH scissors mode, is predicted by both the DFT and
CCSD(T) calculations to be around 1450 ¢irsee Table 2. The inset
shows a tiny absorption at 144044 0.5 cnit that we assign ass.
This band is just at the edge of our detection limit.

Figure 4 provides the IR depletion and LD spectra for the
CH stretching region. Gas-phase rotational analy8isf the
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Figure 6. At the top (black) is the infrared spectrum following the
depletion by 248 nm laser light of matrix isolated propargy! radicals
produced by thermal dissociation of BECCH,CH,ONO. On the
bottom (red) is the linear dichroism spectrum of the propargy! radical
following matrix depletion by polarized 248 nm light. Theinfrared
fundamental of the propargyl radical, the #C--CH, stretching mode,
is clearly polarized aand is marked by bullets). The strong feature
at 1369 cm is polarized aand originally we considered assigning it
asvs. But the CCSD(T) calculations simply do not support such an
assignment (see Figure 5). This band has been assigned as the overtone
2vg of mode 6, the intense —CCH umbrella mode at 686 crh
CCSD(T) calculations suggest that the 1369 tmay be 2.

rule this out. The harmonic frequeney, is calculated to be
1455 cnrt and the CCSD(T) predicted, is 1444 cml. Both

infrared band have conclusively demonstrated that the featuretransitions are calculated to be very weal; < 1 km mol .

assigned as; is of & symmetry. Figure 4 shows that two modes
of the matrix-isolated H&EC—CH, radical are depleted and both
have a symmetry. The 3028 cnt band that we assign e is
very weak; it is shown as an inset in Figure 4 and is barely

Consequently, the experimental IR spectrum was carefully
examined in the region of 148400 cnTl. An extremely weak
band at 1440.4 0.5 cn1t (shown in the inset) was discovered,
which we assign to4 on the basis of the electronic structure

detectable. Together Figures 3 and 4 enable us to assign thealculations. The 1440 cm feature is so weak that we cannot

CH modes of propargyl tas; and vo. These figures also
unambiguously identify the presence of formaldehyde (HCHO),
benzene (gHg), allene (CH=C=CH,), and methylacetylene
(HC=C—CHj). The sharp feature at 3464 chin Figure 3 is
the overton® of v, in formaldehyde; the broad band at 3367
cm~1is an unknown chemical impurity. Photodissociation of
the HG=C—=-CH, radical leads to production of propargylene
(HCCCH) and H&CCHs.

One of the most interesting vibrations of the #C--CH,
radical isvs, the —C=C— stretching mode. The vibrational
frequency of a triple bond has a characteristic value in most
organic molecules; this mode is obsertledt 1974 cm? in
HC=CH and at 2147 cm in CH;C=CH. Because of the
conjugation in propargyl radical, one expeetHC=C--CH,)
to be less than 2100 cth The CCSD(T) anharmonic calculated
frequencyyps, is predicted (Table 2) at 1923 ¢y and is shifted
from the corresponding harmonic prediction at 1983 &nin
addition to the expecteds mode, both DFT and CCSD(T)
predict an additional, extremely weak mode, ﬂLIE———CCH
scissoring mode,, near 1450 cmt. Figure 5 shows two very
weak modes of propargyl radical, which we assignvas=
1935.4+ 0.4 cnmt andv, = 1440.4+ 0.5 el

Figure 6 is the comparison of the 248 nm depletion spectrum
of HC=C--CHj; (eq 3) with the LD spectrum in this region.
The v3 band of HG=CCH, is clearly the feature at 1935#

0.4 cnt! which is polarized a We originally considered
assigning thu{:EC=CCH scissoring modey, to the band at
1369 cntl. But the calculated frequencies in Table 3 clearly

observe its depletion or polarization in Figure 6. The band at
1369 cnt! was previously assignétito the overtone () of
the intense b[{[C==CCH umbrella-like modeys, we tenta-
tively agree with this designation. The strong peak in the
depletion spectrum is due to the very intengsenode of the
propadienyliden® (CH,=C=C), another photolysis product.

Figure 7 shows the fingerprint region of the spectrum, from
400-1200 cnTl. Here we observe all five of the predicted
modes of propargyl. The lowest frequency transition detected
is at 483 cm! (v7). Although other¥* have assigned this peak
to v1»in the past, we identify the 483 crhband withv; on the
basis of the electronic structure calculations as well as the
depletion/LD spectra in Figure 8. The mode corresponds to
a CH out-of-plane-bend (pwhich was observed earlier in the
negative ion photodetachment spetfrat 490+ 10 cnTl.

Table 2 indicates that the pair of GEIC—H bending modes,
v7 andvyy, are simply related to each other. They are similar to
the H—CC—H bending modes of acetylefigzy = 612 cn1?t
ands, = 730 cn?). Both the DFT and CCSD(T) calculations
as well as the earlier CEPA-1 results predict the ¢11) pair
to give rise to two relatively intense bands. We assign the peak
at 620 cnt! to be vy, the CHCC—H in-plane-bend, on the
basis of the LD spectrum in Figure 8 and the calculations in
Table 2. However, the 620 crhband is unexpectedly weak.
The LD spectrum in Figure 8 indicates that is polarized (b
or by) but it is not nearly as intense as Thev;; band?in the
depletion spectrum at the top of Figure 8 is not strong; the noisy
portion of the depletion scan [encased by brackets] is a different
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Figure 7. Fingerprint region of the propargyl radical produced by Figure 8. At the top (black) is the infrared spectrum following the
thermal dissociation of HECCH,CH,ONO. The DFT harmonic depletion by 248 nm laser light of matrix isolated propargy! radicals
frequencie w} are shown as sticks in red, the CCSD(T) calculated produced by thermal dissociation of ECCH,CH,ONO. On the
anharmonic frequenciefv} are shown as sticks in green, and the bottom (red) is the linear dichroism spectrum of the propargyl radical
experimental fundamental frequencieg are marked by bullets). following depletion by polarized 248 nm light. IR bands of propargyl
The harmonic frequenciess andwio, are predicted to be very weak.  that are apolarized will have a negative dichroism whereas IR features
Hence for display purposes we have enhanced their intensities by awith either i or b, polarizations will have a positive dichroism. The
factor of 10 and marked the scaled modes with *. vs, V10, Ve, Y11, @andvy infrared fundamentals of the propargyl radical
are marked by bullets).

scan from the rest of Figure 8. The overtoneef(2v7) is
assigned to the relatively strong feature at 972 tom the basis calculations. The lowest frequency modes of propargyl radical,
of the CCSD(T) calculations that predict the intensity of this »g andv;, are not observed because they fall below the range
double quantum transition to be unusually large (approximately of our MCT detector (415 crmi). The CCSD(T) calculations
10 km mol?). Figure 8 demonstrates that the 972 band is predictvg at 398 cn! and vy, at 338 cml.
properly polarized a It is important to establish a complete set of internally
In gas-phase IR diode laser experimefitsnexpected bands  consistent, reliable vibrational frequencies for the gas-phase
were observed around 630 chfor a series of lines which did  propargyl radical. There are experimental gas-phase measure-
not fit to thevs band but had similar intensities. Tanaka et al. ments for the three modeg,( ve, andv;) and our matrix results,
made a tentative assignment of these features teRhlranch CCSD(T) calculations, and polarization measurements agree
lines of thev;; band. The band origin ofi; was estimated to  with these three assignments. Jacox has reviewed the matrix
be 647.3 cm. This is a difficult assignment because of the shifts for a large number of diatomic and small polyatomic free
strong perturbations by thetype Coriolis interaction between  radicals and ions trapped in Ne and Ar matri%eé& She
the v1; andv7 states. The gas-phase assignrifeist 27 cnr? concluded that for polyatomic free radicals in Ar matrixes the
higher than thes1; matrix value shown in Figures 7 and 8. frequency shift is generally less than 1% and usually to the red.
The strond![C==CCH umbrella modeys, at 686 cm? has Gas-phase vibrational frequenciés6-18-1%re available for three
been previously studied in both mafiband gas-phase experi-  of propargyl’'s fundamentalsy; (3322.29294+ 0.0020 cnt?l),
ments!® Figure 8 demonstrates that themode is polarized as v (687.17603+ 0.00062), andr; (490+ 10). The matrix values
a (b or by) mode. The band at 1017 cthwas previously (from this study) ares; (3308 cmY), vg (686), andv, (483).
assigned to’s, but this is not consistent with the LD spectra in  So for the propargyl radical, the gas-to-matrix shifts for these
Figure 8 and we assign it tey, the HC--CCH bend. This three modes ardv; (14 cnt?), Ave (1 cnml), andAv; (7 cnm?).
also agrees well with the DFT and CCSD(T) calculations in Consequently, we believe that all of the matrix frequencies for
Table 3. We believe that the feature at 1061 &ris the vs the propargyl radical are within 1% of the true, gas-phase
mode on the basis of linear dichroism spectroscopy (Figure 8). frequencies. [In an earlier study of the allyl radi¢alwe
These values also agree better with the DFT and CCSD(T) observed the five CH streching modes. High-resolution laser

TABLE 4: Recommended Gas-Phase Vibrational Frequencies for HEC—CH, X 2B,

mode description vicmt method ref
a 1 CHCC—Hst 3322.292% 0.0020 CW color center laser spectroscopy 17,18
2 sym HC-—=CCH st 302&+ 15 Ar matrix, CCSD(T) calculation this work
3  CH,C=CH — CHyCCH st 1935+ 15 Ar matrix, CCSD(T) calculation this work
4 H,C-CCH scissors 1444 15 Ar matrix, CCSD(T) calculation this work
5 CH,C=CH® CH,=~CCH st 1061+ 15 Ar matrix, CCSD(T) calculation this work
by 6  H,C==CCH umbrella 687.1760& 0.00062 time resolved IR diode laser spectroscopy 16
7  CH,CC—H out-of-plane bend 49¢ 10 CH~=C=CH" photodetachment 7,8
8  CHy~~C*CH out-of-plane bend 396 15 CCSD(T) calculation this work
b 9  asym HC—CCH st 3124+ 15 Ar matrix, CCSD(T) calculation 14
10 H,C—=CCH® CH,—C=CH in-plane bend = 101% 15 Ar matrix, CCSD(T) calculation this work
11  CHCC—H in-plane-bend 62& 30 Ar matrix, CCSD(T) calculation this work
12 H,C=C#=CH in-plane bend 352 15 CCSD(T) calculation this work
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spectroscopy subsequently detected all five of the @HHCH, H
fundamentals. For allyl radical, the gas-to-matrix shifts were T
found: Av; (25 cnml), Av, (18 cnd), Avs (4 cmid), Avis (4 \
cm 1), andAvy, (0 cnml) ] H

Consequently, we will use matrix shifts in the ve, andvy
modes to estimate the gas-to-matrix shifts and uncertainties for
the rest of the bands. In Table 4 we have collected a set of
gas-phase vibrational frequencies that we recommend be adopted
for the HG=C=-CH, X 2B, radical. In constructing Table 4,
we have to deal with/;;. We clearly observe thisimode in
absorption (Figure 7) from two different precursors as well as
in the depletion/LD spectra (Figure 8) =y = 620+ 2 cn L,

The ab initio CCSD(T) anharmonic value that we found for
this mode waw1; = 612 cnt! (Table 3). However, Tanaka et ~
al.’® made a tenative assignment for the originvef at 647.3 HCCCH, X?B,

cm. Either there is a huge gas-to-matrix shift fiar or one CCSD(T)/ANO calculated spin density, e a,™

of the experimental assignments is incorrect. Therefore we Figure 9. Plot of the CCSD(T)/ANO spin density (= 0.01 ea?)
recommend the value of;; = 620+ 30 cnl; the unusually  calculated for the X2B; state of HCCCH The regions in green
large uncertainty covers the matrix spectra in Figures 7 and 8, represent excess spin, and the yellow regions indicate an excess of
the CCSD(T) calcuated anharmonic mode, and the tenative/ SPin. The coefficients in eq 6 are based on an atomic partitioning of

assignment of Tanaka et &l the spin using Mulliken populations. At this contour level the small
' amount off spin on the hydrogens is not seen.

V. Discussion e ap %) of the CCSD(T)/ANO calculated spin density. The

The PIMS spectra in Figures 1 and 2 indicate that a pulsed calculated electron spin is delocalized on the (1,3) carbons as
hyperthermal jet is a reliable source of the HC--CH, radical found earlier by experimental EPR spectroscémee eq 1.
for spectroscopic studies. Both the PIMS spectra as well as theAtomic partitioning of the calculated density in Figure 9 finds
infrared spectra (Figures 3, 5, and 7) show that a fraction of 35% of the spin on C(3) and 65% on C(1).
the propargyl radicals dimerize in the nozzle to form benzene. The small electric dipole moménof propargyl is related to
Propargyl also abstracts H atoms at either end of8@e-CH, the extensive electron delocalization in the radical. Table 5 col-
to produce both methylacetylene and allengHE— { CeHe, lects some of the properties of gHC=C—H and CH=C=CH..
CH3C=CH, and CH=C=CHjy}. Figures 4 and 6 also demon- The observetdipole moment of the radical is much closer to
strate that upon irradiation with 248 nm photons,+C=-CH, allene than methylacetyleneud °-(HCCCH)*" = 0.784 +
photofragments to H and propargylene or propadienylidene: 0.001 D] > [up ®~(HC=C--CH,)*" = 0.150+ 0.005 D] >
HC=C--CH, + Aw4gnm— H + HC=C=CH or CH~C=C. [up(CH;=C=CH,) = 0 D]. The structure for HEC--CH, has

The nature and extent of electron delocalization in propargyl not been experimentally determined but the computed CCSD-
is an interesting question. Figure 9 is an isosurface= (0.01 (T)/ANO geometry in Table 2 is certainly a very good estimate.

TABLE 5: Properties of Methylacetylene and Allene for Comparison

H
H
H//,,/m\ H’/// ,,,,, . C_ C_C/
"C—C=C—H ~
/S H AN
H H
methylacetylene allerié
r(CHsCC—H)/A 1.105 r(CH,CCH—H) 1.085
r(H—CH,CCH)Y/A 1.056
r(CHsC=CH)/A 1.206 r(CH,=CCH,) 1.309
r(CHs—CCH)/A 1.459
6(H—CH,—CCH)/deg 110.2 6(H—CH=C=CH,)/deg 120.2
up®"(CHsCCHY~/D 0.784+ 0.001 up (CH,CCH,)/D (05051
modes of CHC=CH (Cs,) modes of CH=C=CH, (Dq)**
mode description vicmt mode description vicm™t
a(z) 1 C—H st 3334 a 1 CH; sym st 3015
2 CHssym st 2918 2 Chisym scissors 1443
3 C=C st 2142 3 G=C sym st 1073
4 CH; sym def 1382
5 C—Cst 931 h 4 CH, twist 865
e(xy) 6 CHsdeg st 3008 Hz) 5 CH asym st 3007
7 CHsdeg def 1452 6 EC asym st 1957
8 CHsrock 1053 7 CHasym scissors 1398
9 C—H bend 633
10 CCC bend 328 e(x,y) 8 GHasym st 3086
9 CH, rock 999
10 CH wag 841

11 CCC def 355
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Comparison with the allene and methylacetylene structures in propargyl alcohol, HCICCEDH. Like acetylene, propargyl alcohol and

Table 5 indicates that the structure of propargyl radical is truly

related compounds form complexes with silver and copper. The name
opargyl is derived fronprop(ionic)[chain of three carbon atoms] arg-

intermediate between methylacetylene and allene; eq 5 comparegermum)[,_atin for silver].

the CC bond lengths (A).

1.206 1.459
HC=C—CHj

1.228 1.380
HC=C—CH,

1.309 1.309

CH;=C=CH, o

Recalf® thatr{(HC=CH) = 1.207 A and (CH,=CH,) = 1.339
A

We can represent the propargyl radical with the generalized

valence band formutin eq 6. The coefficients in (6) are based
on an atomic partitioning of the CCSD(T)/ANO spin density
using Mulliken populations.

H H
A
H H
6

35 % )N( 2B, CH,CCH (propargyl radical)  65%

The calculated structure of the propargyl radical in Table 2
and eq 5 certainly predicts a hydrocarbon radical with a long

CC bond and a short CC bond. However, the delocalized GVB

structure in eq 6 is supported by the small dipole moment,
up(HC=C--CH,) = 0.150 4+ 0.005 D, and by the strongly
coupled CC stretching vibrations. Table 5 collects the vibrational
frequencies for H&EC—CH; and CH=C=CH,. The two
modes in methylacetyleneg(HC=CCH;) = 2142 cmi! and
vs(HCC—CHa) = 931 cn1?, are clearly separate, local modes.
In contrast, the pair of double bonds in allene are strongly
coupled as the pair(CH;=C=CH,, sym st)= 1073 cn1! and
ve(CH;=C=CHj,, asym st)= 1957 cn1l. The CC stretching
modes of propargylys(HC=C--CH,, asym st)= 1935 cn1?
and vs(HC=C--CH,, sym st)= 1062 cnt?, in Table 3 seem
to mirror CH,=C=CH, much more than HEC—CHs.

There is a striking resemblance of propargyl, HG=CH,
X 2By, to allyl, CH~CH=CH, X 2A,. Both are strongly
delocalizedC,, i radicals, as shown by the molecular structures;
eq 5 for HG=C-—CH, and the microwave structure for
CHy~CH==CHj, reported in ref 46. The resonance enéfdy
roughly 11 kcal mot?! for each of these hydrocarbons. Both
radials have small electric dipole momehig;(HC=C--CH,)
= 0.150 D vsup(CHz=CH=-CH,) = 0.07 D. The vibrational
modes of both allyf and propargyl (Table 4) are not easily
described by local modes but more naturally by a set of

(2) Hahn, D. K.; Klippenstein, S. J.; Miller, J. Azaraday Discuss.
2001 119, 79.
(3) Kasai, P. HJ. Am. Chem. S0d.972 94, 5950.
(4) Tanaka, K.; Sumiyoshi, Y.; Ohshima, Y.; Endo, Y.; Kawaguchi,
K. J. Chem. Phys1997, 107, 2728.
(5) Kupper, J.; Merritt, J. M.; Miller, R. EJ. Chem. Phys2002 117,
647.
(6) Minsek, D. W.; Chen, PJ. Phys. Chem199Q 94, 8399.
(7) Oakes, J. M.; Ellison, G. Bl. Am. Chem. S0d.983 105, 2969.
(8) Robinson, M. S.; Polak, M. L.; Bierbaum, V. M.; Depuy, C. H,;
Lineberger, W. CJ. Am. Chem. S0d.995 117, 6766.
(9) Berkowitz, J.; Ellison, G. B.; Gutman, 0. Phys. Chem1994
98, 2744.
(10) Ellison, G. B.; Davico, G. E.; Bierbaum, V. M.; DePuy, C.IHt.
J. Mass Spectrom. lon ProcessE396 156, 109.

(11) Blanksby, S. J.; Ellison, G. BAcc. Chem. Re003 36, 255.

(12) Notice that this makes the resonance stabilization energy of the

propargyl radical to be about that of allyl radical; see: Ellison; etlrel.
J. Mass Spectrom. lon Processk396. Comparing propené Hagg(CH,-
CHCH,—H) = 88.8+ 0.4 kcal mot 1], methyacetylenefHz0( HCCCH—
H) = 90 + 3 kcal mol Y], ethane AH,9g( CH3CH,—H) = 101.14 0.4 kcal
mol~1], one finds resonance energy(8EHCH,) = 12 kcal mof! and
resonance energy(HCCGH= 11 kcal mot?.

(13) Jacox, M. E.; Milligan, D. EChem. Phys1974 4, 45.

(14) Korolev, F. A.; Mal'tsev, A. K.; Nefedov, O. MBull. Acad. Sci.
USSR Di. Chem. Sci1989 38, 957.

(15) Huang, J. W.; Graham, W. R. M. Chem. Phys199Q 93, 1583.

(16) Tanaka, K.; Harada, T.; Sakaguchi, K.; Harada, K.; Tanakd, T.
Chem. Phys1995 103 6450.

(17) Morter, C. L.; Domingo, C.; Farhat, S. K.; Cartwright, E.; Glass,
G. P.; Curl, R. FChem. Phys. Lett1992 195, 316.

(18) Yuan, L.; DeSain, J.; Curl, R. B. Mol. Spectrosc1998 187,
102.

(19) Eckhoff, W. C.; Miller, C. E.; Billera, C. F.; Engel, P. S.; Curl, R.
F. J. Mol. Spectrosc1997, 186, 193.

(20) Ramsay, D. A.; Thistlethwaite, Ran. J. Phys1966 44, 1381.

(21) Honjou, H.; Yoshimine, M.; Pacansky, J. Phys. Chem1987,
91, 4455.

(22) Wyss, M.; Riaplov, E.; Maier, J. Bl. Chem. Phys2001 114
10355.

(23) Fahr, A.; Hassanzadeh, P.; Laszlo, B.; Huie, RCBem. Phys.
1997, 215, 59.

(24) Zhang, X.; Friderichsen, A. V.; Nandi, S.; Ellison, G. B.; David,
D. E.; McKinnon, J. T.; Lindeman, T. G.; Dayton, D. C.; Nimlos, M. R.
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(25) Pedley, J. B.; Naylor, R. D.; Kirby, S. Fthermochemistry of
Organic Compound<2nd ed.; Chapman and Hall: New York, 1986. The
heats of formation for CEDNO, CH;O, and NO are known. Consequently
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kcal mol™.

(26) Pugh, L. A.; Narahari Rao, K. Intensities From Infrared Spectra.
In Molecular Spectroscopy: Modern ResearBao, K. N., Ed.; Academic
Press: New York, 1976; Vol. Il, p 165. The units &fare frequently

vibrations delocalized over the entire molecule. Because of its pyzzling. The frequency is always in wavenumbers; &rif the IR cross

symmetry, the allyl radical must be described by an equal
mixture of two GVB structures, eq 7. Such is nearly the case
for propargyl, eq 6.
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H H H

50 % X A, CH,CHCH, (allyl radical) 50 % )
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