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High-resolution infrared spectra of a jet-cooled cyclopropyl radical are reported for the first time, specifically
sampling the in-phase antisymmetric £$tretch ¢-) vibration. In addition to yielding the first precise gas-
phase structural information, the spectra reveal quantum level doubling into leyan(l upper {) states

due to tunneling of the lone-CH with respect to the CCC plane. The bands clearly reveal intensity alternation
due to H atom nuclear spin statistics (6:10 and 10:6 for everKgét. in lower (+) and upper {) tunneling

levels, respectively) consistent with, symmetry of the cyclopropyl-tunneling transition state. The gnmund-
state-tunneling levels fit extremely well to a rigid asymmetric rotor Hamiltonian, but there is clear evidence
for both local and global state mixing in the vibrationadlycitedv; tunneling levels. In particular, the upper

() tunneling component of the; state is split by anharmonic coupling with a nearly isoenergetic dark state,
which thereby acquires oscillator strength via intensity sharing with this bright state. From thermal Boltzmann
analysis of fractional populations, tunneling splittings for a cyclopropyl radical are estimated to-heé)32
cmtand 4.9+ 0.3 cntt in the ground and+-excited states, respectively. This analysis indicates ground-
state stereoracemization of theCH radical center to be a very fast process{2.0(4) x 10'* s, with the
increase in the tunneling rate upon £k-phase asymmetric stretch excitation consistent with ab initio
predictions of equilibrium vs transition-state zero-point energies. Modeling of the ground-state-tunneling
splittings with high level ab initio 1D potentials indicates an improVgd= 11154 35 cnt?! barrier height

for a-CH inversion through the cyclopropyl CCC plane.

I. Introduction and spectral brightness with tunable IR lasers, permitting access
to several polyatomic radicals generated by pulsed UV pho-
tolysis of suitable precursor molecules in a laser multipass flow
cell. However, because of broad Boltzmann populations at room

synthesis in the petroleum and polymer industrés molecular temperature and consequent thermal dilution o_f molecules_ per
synthesis in the interstellar meditnBy virtue of their extreme guantum states,_ these_ methods_ have been limited to relatively
reactivity, however, radical concentrations are typically vanish- SMallpolyatomic radical species under room temperature
ingly small under steady-state conditions. A detailed study of conditions. For species important in combustion, this can be
radical spectroscopic properties thus represents an ongoingqu't? Imrytmg and, in particular for hydrocgrbons, has restricted
experimental challenge, demanding much more sensitive andapplications to relatively small alkyl transients such as methyl,
sophisticated detection methods than those required for stablevinyl,® ethyl? allyl,'® and propargyl radicals.
closed-shell molecules. The resulting rewards for such efforts, A major sensitivity improvement in these methods is obtained
however, are significant. For example, the capability for by the combination of IR laser absorption with supersonic jet
guantum state-resolved spectroscopy and detection of theseooling, as implemented both by slit discharge or UV photolysis
radicals enables detailed real-time studies of kinetics to be generation of the desired radical sped#&d8 The principal
pursued under controlled laboratory conditions. Of particular advantages of jet cooling are 2-fold: (i) radicals are concentrated
importance in this regard have been high-resolution IR spec- mostly in the lowest quantum levels, thus increasing the
troscopic methods, which offer nonintrusive quantum state- population per quantum state, and (i) spectral congestion is
resolved access to radical concentrations even in chemicallysypstantially reduced. This latter restriction becomes more
complex gas-phase reaction mixtures such as are routinelysjgnificant with an increasing number of C atoms. Indeed,
encountered in a combustion environment. spectra of polyatomic species even as “simple” as ethyl and
As a result of this interest, experimental methods have beeng|iy| radicals are sufficiently complicated under room temper-
developed for the IR spectroscopic studies of radicals, starting ayre conditions that their assignment has been greatly facilitated
w_|th the pioneering flash kinetic IR Spectroscopy efforts of by spectroscopic studies under jet-cooled conditiédg1?
Pimentel and co-workefsThese early direct absorption methods  Njeyertheless, it is fair to say that this powerful combination of
have been greatly extended in spectral resolution, sensmwty,jet cooling and “universal’ spectroscopic detection by direct

IR laser absorption is still in its relatively early stages and
T Part of the special issue “tyen Troe Festschrift”. P y y g

*To whom correspondence should be addressed: e-mail: din@ therefore represents both a challenging, promising, area of
jila.colorado.edu. research.

As highly reactive building blocks in organic synthesis, alkyl
radicals play an important role in many processes, ranging from
atmospheric chemisttyand combustioh through industrial
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vibrational information on a cyclopropyl radical was obtained
by Dyke and co-worker& who measured photoelectron spectra
and assigned the-CH bending mode at the carbon radical
center to 100Gt 70 cnt?! from analysis of the band structure.
The only direct IR measurement of cyclopropy! vibrational
\ vy / frequencies to date comes from matrix-isolation studies by
_ Holtzhauer and co-workefS8. Interestingly, the cyclopropyl
+ \QV/ &jAEtun radical in these studies was produced by the photochemical
electrocyclization of allyl radical in the matrix, which, despite
being stronglyendothermidrom the ground state, can be made
A% VUU to occur rapidly via electronic excitation. Although spectral
resolution was limited by matrix shifts and broadening due to
the condensed phase environment, 16 bands were observed and

ground tentatively assigned to cyclopropyl vibrations with the aid of
ab initio frequency calculations. Furthermore, by comparison
- " of experimental and ab initio frequency predictions for Ge
+ ~ AEtun

andC,, geometries, the authors used the data to support an out-
Figure 1. lllustration of double-minimum potentials for the ground  of-planea-CH equilibrium structure.

and excited statesr{) of cyclopropyl radical. According to symmetry . . .
considerations and nuclear spin statistics (see Table 1), only two Substantial theoretical efforts have also been directed toward

transitions with nonzero oscillator strength are allowed, i.e., c-type bands & Cyclopropy! radical, specifically in order to elucidate ESR
for v;* — 0" andv;~ < 0~, which give only thedifferenceof the spectrd® and predict harmonic vibrational frequencies and
ground- and excited-state tunneling splittings. equilibrium structures. There is now a general ab initio
consensus for &Cs equilibrium geometry, with a double
minimum potential for-CH motion across &5, transition state.
Calculations at a modest level of theory [QCISD(T)/DZP]
predict the reaction path fer-CH inversion to have a 3.7 kcal/
mol (=1280 cnt?) barrier, with tunneling splittings along an
effective vibrationally adiabatic 1D reaction pétialculated

to be 1.1 cm? for the ground state, i.e., readily detectable via
high-resolution methods. As shown later in this paper, such
calculations can be substantially improved; nevertheless, these

thea-C radical center is nominally &ybridized, leading to a theoretical estimates provide a useful starting point for guiding

familiar double-well potential for transfer of theH atom across O search for tunr]ellng dynamllc.s in the p.resent .SpeCtI’E.I.
the CCC plane. Though classically inaccessible from the ground ~ Cyclopropyl radical also exhibits other interesting unimo-
state at the planar HCCC transition-state configuration, this lecular dynamics; specifically, interconversion between cyclo-
double-well potential nevertheless results in rapid quantum Propyl and allyl radicals has been studied both experimentally
tunneling from one minimum to the other. This tunneling and theoretically for several decades. Allyl radical is energeti-
represents an elementary prototype for stereochemistry aroundeally more favorable byAH® ~ —22 kcal/mol, suggesting ring
a hydrocarbon radical center, the retention or inversion of which strain effects in the cyclopropyl radical that promote rapid fission
for asymmetrically substituted cyclopropyl species is critical Of the-CC bond?* However, large barriers to such exothermic
in chiral organic and pharmaceutical synthesis pathvfays. Processes arise in such electrocyclic reactions from orbital
Finally, the GHs radical can exist in multiple isomeric forms ~Symmetry conservation, as first developed by Woodward and
and thus serves as a testbed for the important dynamics ofHoffmann?® Indeed, Longuet-Higgins and Abraham$beon-
chemical isomerization in open shell combustion species. For cluded that the conversion of a cyclopropyl into an allyl radical
example, it can cleave th®CC bond to form the energetically  is “forbidden” by orbital analysis and state correlation diagrams
more stable allyl radical A\H® ~ —22 kcal/mol). The barrier ~ and thus predicted a large activation energye€C fission.
heights and dynamics of such symmetry-forbidden electrocyclic Although this prediction is clearly consistent with experimental
ring-opening reactions have remained a source of controversyevidence for a stable cyclopropyl radical, conversion in both
for decadeg339.42-48 directions between cyclopropyl and allyl has been observed
Spectroscopically, the first successful detection of a cyclo- experimentally. For example, by measuring cyclopropane and
propyl radical was obtained via electron spin resonance spec-propylene production by reaction of a gHadical with
troscopy (ESR), resulting in nuclear hyperfine measurements cyclopropane-carboxaldehyde at-480 Torr and 106-200°C,
for both H and'3C substituted aton®.Early insights into the ~ Greig and Thynn& 2% deduced that an allyl could be formed
large amplitude dynamics of a cyclopropyl radical were either thermally by isomerization from a cyclopropyl radical
extracted from these condensed phase spectra simply byor by decomposition of some high-energy methyl cyclopropyl
interpreting nuclear hyperfine parameters in termsxgfectation radical or methylcyclopropane, with &10% conversion ef-
valuesof the Hamiltonian averaged over the tunneling inversion ficiency reported at 174C. However, the possibility of direct
coordinate. Later ESR studies by Kochi and co-worfers isomerization of cyclopropane to propylene could not be
revealed the hyperfine interactions between syn and/ahti excluded. Conversely, the matrix spectroscopy studies of
atoms in the Ckl groups to be identical. This equivalence is Holtzhauer and co-workefswere based on cyclopropyl radicals
consistent with a tru€,, equilibrium geometry (i.e.q-CH in beingformedby the cyclization of an allyl in photochemically
the CCC plane) but could also arise dynamically as a result of excited states. Despite the strong evidence for isomer intercon-
fast tunneling between equivale@ structures (i.e.q-CH out version, the magnitude of the ground-state dissociation barrier
of the CCC-plane) through &, transition state. The first  to §-CC fission as well as an explicit mechanism for ring

One polyatomic open-shell species of particular interest is
the cyclopropyl radical, which has been of long-standing interest
in both synthetic organic chemistry and chemical physics. First
it is the simplest cyclic hydrocarbon radical and a prototype
for homolytic cleavage of th8-CC bond. Indeed, the CCC ring
in a cyclopropyl radical leads to energetically unfavorable bond
angles, providing a benchmark for hydrocarbon strain effécts
in open shell systems small enough for both experimé&htgl
and theoreticdf—40 studies. Second, as illustrated in Figure 1,
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opening or closing (i.e., either by “conrotatory” or “disrotatory” TABLE 1: Vibration and Rotation Symmetries of
twisting of the CH groups with respect to the CCC plane) still  Cyclopropyl Radical According to the Molecular Symmetry
remain controversial issué$39:43:44.48 Group Cz,(M)®

The focus of this paper is high-resolution near-IR spectros- transition rotation symmetry
copy of a jet-cooled cyclopropyl radical generated by dissocia- E C 0w op dipole vibration ~~ (Stauistical weight)
tive electron attachment of cyclopropyl bromide in the throat E (12) B* (12)* moment symmetry g o

of a slit supersonic discharge and monitored by direct absorptionAr 1 1 1 1w 0w, v, v" ee(6) ee(10)
of tunable high-resolution IR laser radiation in the & stretch Az 11 -1 -1 _ __ 00(6) 00(10)

. Th N th f t h t fh h |t h B 1 -1 -1 1 Uc 0 ,’V7+,V1 , V2 80(10) 60(6)
region. This is the first such report of high-resolution gas-phaseg, 1 _7 1 —1 i oe (10) oe (6)

spectra and thus provides novel opportunities for direct com-

parison with theory, both in terms of equilibrium structure and transitions with nonvanishing oscillator Strengthist |1/0*C] and

large-amplitude tunneling-sampling regions near the transition i -, 10-3 are allowed. The nuclear spin statistical weights are also
state. Furthermore, with the help of prior IR spectroscopy in included.

the C—H stretch regiord/5%-52 these studies also permit direct

measurement of the small, but finite, allyl vs cyclopropyl Fapry-perot cavity, with the IR difference frequency directly
branching ratios in the discharge. This measurement testifiesmeasured via transmission fringes on the fixed frequency optical
to the remarkably “gentle” nature of the discharge environment {ransfer cavity®
as well as providing insight into the dynamics of electron  High densities of rotationally cold cyclopropy! radical are
dissociative attachment to the cyclopropy! halide. generated by a 500 V 0.7 A pulsed discharge through a pulsed
The rest of this paper is organized as follows. A description mixture of 0.5% cyclopropyl bromide in 70% Ne/30% He at a
of the slit-jet discharge high-resolution IR spectrometer is briefly stagnation pressure of 500 Torr. Radical concentrations are
discussed in section Il. Spectroscopic background relevant tosquare-wave modulated at 50 kHz, with the lock-in detection
cyclopropyl is presented in section Ill, with experimental results of the absorbance signals yielding absorbance sensitivities of 6
and data analysis reported in section IV for the in-phase x 10-7 Hz %2 (6 x 1075 absorbance in a 10 kHz bandwidth)
antisymmetric Chtstretch vibration«y). Of special dynamical  and provide excellent discrimination against precursor molecules
interest, three overlapping vibrational bands are observed forpresent in orders of magnitude higher concentrations. Relative
what should be an isolated stretch. One pair of bands can  frequencies are obtained with10 MHz precision £0.0003
be explained by tunneling splittings, which serve as a sensitive cm-1) via fringe interpolation on the optical transfer cavity, with
prObe of barrier helght to-CH stereoisomerization across the an absolute infrared frequency reference to thes (R-QO)
CCC plane. However, the presence of a third band arises from¢ransition at 3028.7528 cm.5”
anharmonic coupling between the optically allowed bright”)
state and an optically inactive (“dark”) state at nearly isoener- |||. Spectroscopic Background
getic energy, which will be presented in section V along with
the first precise gas-phase structural information for this radical.
Also in section V, detection of the allyl isomer radical in the

a|n the in-phase antisymmetric GHtretch region i), only two

Tunneling of thea-CH between the twdCs equilibrium
geometries is a feasible large-amplitude process at our spectral

jetis discussed, providing evidence for a small but firied ¢6) resolution, requiring consideration of permutation-inversion

ring-opening channel in the dissociative electron attachment Molecular symmetry? As a result of such tunneling, the pairs
formation of a cyclopropyl radical. The main results and ©Of @nti-H atoms in the two Ciigroups are equivalent, and thus

conclusions of the paper are summarized in section VI. the cyclopropyl radical can be shown to transform accorgling
to the Cy,(M) molecular symmetry group. The corresponding

symmetries in this group for the dipole moment vect@f,u.o),
vibrations, and rotationsJakc) can be readily evaluated, as
Cyclopropyl radical spectra are obtained with a high- summarized in Table 1. Each rovibrational state is doubled, with
resolution infrared slit-jet discharge spectrometer apparatussymmetric () and antisymmetric) labels for the lower and
presented in detail elsewhé¥& 3> Tunable infrared light (from upper tunneling states, respectively. Nuclear spin statistics, due
2500 to 5000 cm?, typically ~35 xW around 3050 cmt) is to feasible exchange of each of the two pairs of identical anti-H
generated via difference-frequency generation of two visible cw atoms (4 = 1/2) in the two CH groups, can also be readily
lasers, a single-mode Ardaser (514 nm), and a tunable ring predicted from MS group theory. This procedure yields 6:10
dye laser (R6G) by collinearly passing through a periodically nuclear spin weights for the totally symmetric lower tunneling
poled LiNbQ; (PPLN) crystal. The infrared light is split into  state (0) and 10:6 for the upper tunneling state )Ofor
signal and reference beams after the PPLN and monitoredrotational states witli, + Kc = even (e): Ka + Kc = odd (0),
separately on two matched InSb photovoltaic detectors. By fastrespectively.
electronic subtraction of the signal and reference beams, In combination with symmetry considerations for the lower/
common mode noise can be reduced to near shot-noise-limitedupper tunneling£) and corresponding vibrational wave func-
levels &6 x 1075 in a 10 kHz detection bandwidth). Before tions, the allowed transitions with nonvanishing oscillator
reaching the detector, the signal beam traverses the 4 cm longstrengths in the €H stretch region can be easily identified.
300 um slit jet in a 16-pass Herriot cell configuration, that Although the predicted intensity is relatively weak (k@018
increases the absorption length to 64 cm. Signals are thencm/molecule for the; band and 3.3< 108 cm/molecule for
detected in the time domain by transient differential absorptions thev; band), thex-CH stretch {1) would be the optimal choice
synchronous with the slit valve pulse. Alaser frequency  for spectroscopic measurement of tunneling splittings since all
stability (<2 MHz) is maintained by locking to a 30 cm long four transitions have nonvanishing oscillator strengths (i.e.,
optical transfer cavity, which, in turn, achieves absolute @1t|up|/0"0) D1t |uc|0~0 @1~ |uc|0T0) and [y~ |up|0-Care all
frequency precision by active stabilization on a polarization- nonzero). A similar case was exploited in recent stifdi#&of
stabilized HeNe laser. Dye laser frequency stabilit2 (MHz) isotopically substituted HED*, where theCy,(M) vs Dzy(M)
and tuning are maintained by servo loop control onto a separatesymmetry breaking of the partially deuterated species away from

Il. Experiment
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Figure 2. Frequency correlation between ab initio harmonic frequencies 30405 T 304'0 6 T 304'0 7 T 304'0 5 '

[B3LYP/6-311++G(3df,3pd)] and experimentally observed frequencies

for the C—H stretches in hydrocarbon radicals. The well-fitted linear Frequency (cm™)

feature gives the scaling factg/vapinio = 0.9637(31) and the 10 Figure 3. An experimental Q-branch observed in the predicted in-
cmt standard deviation at the 3000 chregion which is used to guide phase antisymmetric GHtretch ¢7) region of cyclopropyl radical and

the experiment. The solid triangle is the experimental result fovthe  the corresponding calculated spectrum and the assignment. This band

in-phase antisymmetric stretch of cyclopropyl radical, which-&5 is assigned to the;* — 0" with the aid of nuclear spin statistics, as
cm! lower than the predicted frequency (3045 ¢jnfor the v;* — shown in Figure 4. While all of the ground state two-line combination
ot. differences are well fit to a Watson asymmetric Hamiltonian, some

. . lines have been strongly pushed away from the predicted position
+ +
H30" and DO" permits observation of both theum and (dotted lines), indicating large perturbations in the excited state but

differenceof the ground- and excited-state tunneling splittings not the ground state.
from asinglevibrational manifold. However, ab initio calcula-

tions (vide infra) predict this.-CH stretch ¢1) band to overlap  deviation in the 3000 cni region, which already represents a
known strong vibrations of the cyclopropyl bromide precursor manageable near-IR search even at high resolution. Based on
present in much higher densities. Therefore, despite ConSiderab|Q33|_YP/6_3ll_|__|_G(3df’3pd) calculations for a cyclopropy!
suppression of precursor absorption offered by concentration ragical, thev; band origin is predicted to occur at 304510
modulation methods, this makes toeCH stretch band less  ¢m1 as denoted by the triangle in Figure 2. Indeed, the
attractive for initial high-resolution spectral investigations. experimentally observed and deperturibeti— 0+ band origins
Alternatively, the in-phase asymmetric gtstretch ¢7) reported herein prove in very good agreement with these
exhibits a greatly reduced overlap between its precursor andpredictions (3040.7 and 3042.4 c#), i.e., both are well within
the highest predicted infrared intensities in the accessible laserthe estimateds ~ 10 cnt? uncertainty. This quality of
region. There are only two allowed transitions with nonzero gyccessful prediction has been confirmed for several other
oscillator strength, i.e[i7*|uc|0*Cand 7~ |uc|0~ L] As shown benchmark hydrocarbon radicals and molecular i8A%17.5963

in Figure 1, these two bands do not bridge the tunneling gap which bodes well for studies of even more complex radical
and will exhibit a C-type rotational band structure. As a result, systems.

these “lower— lower” and “upper— upper” transitions provide

infqrmation on thedifference(AEtun'—AEthn") i_n tunneling IV. Results and Analysis

splittings between the upper and lower vibrational manifolds.

However, the ground-state tunneling splitting can still be reliably ~ With several strong transitions from a cyclopropy! radical
estimated by precise intensity ratios for transitions out of the positively identified, experimental conditions are then reopti-
0" and O states, as has been demonstrated to be remarkablymized and the scan range expanded to cover the full spectral
accurate for the HBD™ systenf® For a typical cyclopropyl region. This process reveals several vibrational bands that can
radical concentration (#®radicals/cr), rotational temperature ~ be assigned to transitions out of either the lower (igt, —

(20 K), andv-integrated band strengtifeq = 3.32 x 10718 0%) or upper (i.e.y7~ < 07) tunneling levels, as reported below.

cm/radical), peak absorbance should b®.25%, which A. v77 < 0" Band (“Lower — Lower”). The first C-H
at our sensitivity translates into an acceptal@® ratio stretch band due to a cyclopropyl radical is observed near 3040.6
of ~40. cm, ~4.5 cnr! below the scaled harmonic frequency predic-

In this paper, high-resolution infrared spectra of cyclopropyl tion for v7. The spectrum exhibits clear P, Q, and R branch
radical sampling in-phase antisymmetric £3tretch excitation  structures characteristic of a c-type band and is consistent with
are reported. To achieve efficient scanning at high spectral expectations for the in-phase antisymmetric stretch. A sample
resolution, ab initio predictions of vibrational frequencies prove 0.4 cnTscan region over the central Q-branch feature is shown
essential but only when suitably benchmarked against knownin Figure 3 along with the corresponding spectral simulation
radical spectra. By way of example, Figure 2 displays a from the full least-squares fit described below.
frequency correlation between thalculated harmonidrequen- Via standard spectroscopic analysis, 15 four-line ground-state
cies [B3LYP/6-31#+G(3df,3pd)] andexperimentally mea-  combination difference pairs can be rigorously identified from
sured fundamental frequencies for all known—E&l stretch the P, Q, and R branch progressions, as shown in Table 2, where
vibrations in hydrocarbon radicals. As expected, the correlation YJKJK¢ are the rotational quantum numbers in the excited state
is extremely good and provides a calibrated linear scaling factor and J'Ky'K." are those in the ground state. The standard
of vexdVabinio = 0.9637(31). Of even greater importance, deviation for all of these four-line combination differences is
however, the tight clustering and small scatter in this combined ~9 MHz; this can be used to make preliminary fits and extract
experimental/theoretical plot indicate 10 cnt! standard term values with which to make more assignments based on
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TABLE 2: Measured Four-Line Ground-State Combination Differences (C.D.) and Corresponding Transition Frequencies for
the v;+ — 0 (Lower — Lower) Band of Cyclopropyl Radical®

J'K 'K’ J'K'K" C.D. obs-pred
JKJK¢ 1) v1(cm?) 2 v2 (cm) (cm™) (104 cm™?)
221 211 3040.9680 111 3043.7258 2.7578 —4.9
101 211 3037.8007 111 3040.5590 2.7583 0.0
211 221 3040.3378 101 3043.5067 3.1689 —-9.2
111 221 3037.5993 101 3040.7690 3.1697 -1.7
331 321 3041.2614 221 3045.2633 4.0019 2.4
211 321 3036.3355 221 3040.3378 4.0023 6.8
322 312 3040.7423 212 3045.0680 4.3257 —-3.0
202 312 3036.2988 212 3040.6247 4.3259 -1.4
312 322 3040.4971 202 3044.9684 4.4713 -12
212 322 3036.2070 202 3040.6784 4.4714 -0.1
221 331 3036.0441 211 3040.9680 4.9239 4.0
321 331 3040.0065 211 3044.9306 4.9241 6.2
432 422 3040.9239 322 3046.5561 5.6322 —4.6
312 422 3034.8643 322 3040.4971 5.6328 1.4
303 413 3034.7704 313 3040.6280 5.8576 4.3
423 413 3040.6388 313 3046.4967 5.8579 7.5
313 423 3034.7476 303 3040.6370 5.8894 -11
413 423 3040.5792 303 3046.4687 5.8895 0.3
422 432 3040.2537 312 3046.3203 6.0666 7.7
322 432 3034.6746 312 3040.7423 6.0677 3.6
431 441 3039.5913 321 3046.3791 6.7878 —2.6
331 441 3034.4732 321 3041.2614 6.7882 0.8
542 532 3041.1929 432 3048.0394 6.8465 0.5
422 532 3033.4069 432 3040.2537 6.8468 4.1
413 523 3033.3289 423 3040.5792 7.2503 -1.7
5383 5283 3040.6855 423 3047.9358 7.2503 -13
423 533 3033.2568 413 3040.6388 7.3820 -3.4
5283 5383 3040.4603 413 3047.8433 7.3830 5.9
432 542 3033.1430 422 3040.9239 7.7809 1.4
532 542 3039.8755 422 3047.6565 7.7810 2.2

a All 38 ground-state two-line combination differences from 71 IR transitions can be well fit to a Watson asymmetric Hamiltonian (A-reduction,
Ilir-representationg = 0.00032 cm?).

ground-state two-line combination differences. A total of 71 interactions between isolated rotational levelsof and some
lines are thus unambiguously assigned. From this complete datadark-state manifold (or manifolds), with coupling matrix ele-
set, 37 two-line combination differences are extracted for the ments at least on the order gf~ 0.030 cnt!. Indeed, this
ground state and fit to a Watson asymmetric top Hamiltonian coupling is confirmed by analysis of even stronger dark-state
(A-reduction, llir-representation). The standard deviation of the interactions in the/;~ upper state, as shown below. We will

fit is ~10 MHz, which is consistent with our measurement return to this later in the discussion, but for the moment present
precision and indicates a lack of perturbation in the lower state. results from a least-squares Watson asymmetric analysis of the
Rotational constants from this fully unperturbed fit are sum- full band, holding the ground-state constants fixed at the values
marized in Table 4 and provide high quality input that will be determined above. As the upper-state perturbations are small
used later to extract structural information for cyclopropyl but ubiquitous, we choose to fit only to a rigid model for the

radical (see section V). upper state. The results are also summarized in Table 4. The fit
One can also make an unambiguous assignment of this bando rigid rotor A, B, and C constants is very good, although the
to transitions out of the ground-state lower)(tunneling level standard deviatioro(~ 360 MHz) is much higher than that of

by examining nuclear spin intensity alternation, as mentioned the ground state and cannot be significantly improved by
previously. Specifically, Figure 4 shows an experimental sample inclusion of centrifugal terms. It can be improved by sequential
R branch spectral region for this vibrational band and two exclusion of the less well-predicted lines; however, this process
predicted spectra for the two cases of 6:30<« +) and 10:6 converges slowly, suggesting a weak, but pervasive, level of
(— < =) nuclear spin weights foK, + K. = even:odd. coupling of nearly all levels with background vibrational states.
Comparison with the observed spectrum makes it quite clear B. v;7~ — 0~ Band (“Upper — Upper”). The tunneling
that this band follows the 6:16H < +) spin weights and thus  splitting due toa-CH bending in a cyclopropyl radical is
can be assigned to transitions out of the lower tunneling state, predicted® to be betweenx1 and 10 cm?, i.e., the same order
i.e., vzt <— OF. of thermal energy as in the discharge expansion. Thus one
In contrast to the high quality of these ground-state asym- expects a second vibrational band due#o— 0~ (“upper~—
metric-top fits, the corresponding upper; (= 1) state shows upper”) with an intensity diminished by thermal population of
evidence of perturbations. This is easily seen in the experimentalthe first excited tunneling state (0 We do indeed observe such
vs simulated Q branch spectral region in Figure 3, where the additional band structure, as signaled by an intense Q-branch
dotted arrows designate frequency discrepancies for some ofstructure~1.5 cnt? to the blue of thev;* — 0" band origin
the most strongly perturbed upper states. These discrepancie¢Figure 5). Surprisingly, however, there are cleamyo such
indicate individual line shifts of up te=0.030 cnt?, i.e., more Q-branches separated by0.44 cnt?, with the high- and low-
than 2 orders of magnitude in excess of the experimental frequency bands labeled (a) and (b), respectively, and in an
uncertainty, but not so large as to inhibit an unambiguous approximately equal band intensity ratig/l, ~ 0.46:0.54). As
assignment. These line shifts imply the presence of strong localfor the v;™< 0% band, the analysis proceeds via standard four-
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TABLE 3: Available Four-Line Ground-State Combination Differences (C.D.) and Corresponding Transition Frequencies for
the vz,~ <— 0~ and v;,~ — 0~ Bands of Cyclopropyl Radicak

J'Ka 'K J'K 'K C.D. obs-pred
JKJK¢ 1) v1(cm™) 2 vz (cm) (cm™) (104cm?)
v7a — 0~
101 211 3039.6939 111 3042.4503 2.7564 1.3
221 211 3042.8642 111 3045.6211 2.7569 —3.4
211 221 3042.2360 101 3045.4060 3.1700 6.9
111 221 3039.4898 101 3042.6606 3.1708 -13
202 312 3038.1876 212 3042.5123 4.3247 0.3
322 312 3042.6435 212 3046.9686 4.3250 4.0
212 322 3038.0944 202 3042.5655 4.4711 0.0
312 322 3042.4025 202 3046.8739 4.4714 —-3.3
221 331 3037.9396 211 3042.8642 4.9246 -1.5
321 331 3041.9200 211 3046.8450 4.9250 2.2
312 422 3036.7732 322 3042.4025 5.6293 —4.2
432 422 3042.8694 322 3048.4992 5.6298 1.4
303 413 3036.6520 313 3042.5097 5.8576 2.3
423 413 3042.5328 313 3048.3906 5.8578 4.3
422 432 3042.1886 312 3048.2568 6.0681 -1.9
322 432 3036.5744 312 3042.6435 6.0691 8.1
533 523 3042.5972 423 3049.8460 7.2489 —6.3
413 523 3035.2246 423 3042.4737 7.2491 —4.2
523 533 3042.3819 413 3049.7654 7.3835 —2.8
423 533 3035.1492 413 3042.5328 7.3836 21
432 542 3035.0855 422 3042.8694 7.7839 0.3
532 542 3041.8632 422 3049.6473 7.7840 1.1
v — 0"
101 211 3039.2528 111 3042.0096 2.7568 0.4
221 211 3042.4226 111 3045.1796 2.7570 0.4
111 221 3039.0478 101 3042.2179 3.1701 —-05
211 221 3041.7945 101 3044.9648 3.1702 1.0
212 322 3037.6600 202 3042.1313 44714 -0.3
312 322 3041.9711 202 3046.4426 4.4715 1.2
221 331 3037.4976 211 3042.4226 4.9250 25
321 331 3041.4767 211 3046.4020 4.9253 5.6
303 413 3036.2284 313 3042.0854 5.8570 —4.5
423 413 3042.1313 313 3047.9885 5.8572 —2.2

@ There are 44 and 32 ground-state two-line combination differences observed from 71 and 58 IR transitions, respectively. The differences
between the same ground-state combinations in these two bands match very well with each other within experimental uncertainty. All 46 ground-

state combination differences can be well fit to a Watson asymmetric Hamiltonian (A-reduction, llir-representati@)0035 crm?).

TABLE 4: Rotational Constants (in cm~1) and Band Origins for All of the Ground (0" and 0°) and Excited (7", v75~, and
v7,7)2 States Obtained by Separate Least-Squares Fits, as Discussed in the Fext

o* 0 v7t V7b V7a
A" 0.792493(16) 0.792529(14) 0.79161(38) 0.79231(6) 0.79283(7)
B" 0.689601(16) 0.689175(14) 0.68308(32) 0.68648(5) 0.68645(6)
(o 0.43936(16) 0.43907(14) 0.43501(28) 0.43675(9) 0.43515(7)
AN" (1079) 1.7(4) 1.6(3)
Ang" (1079) 1.8(1) —1.9(1)
Vo 3040.676(3) 3042.1178(4) 3042.5586(6)
o 0.00032 0.00035 0.012 0.0015 0.0026
VP 3042.320(6) 3042.356(6)
BP 0.2196(5)

aDue to the large perturbation in vibrationally excited states, the centrifugal distortion constants are fixétUtgpérturbed band origins and
the anharmonic-coupling matrix element are obtained from a simple22matrix treatment® The numbers in the bracket represent one standard
deviation of the corresponding parameter.

line combination differences, yielding 11 and 5 four-line pairs implies that both bands arise out of tkemeupper tunneling

for band (a) and band (b), respectively (see Table 3). Simulationsstate (0). Thus, the spectra are indeed consistent with the
based on fits to these transitions permit a total of 71 and 58 anticipatedv;~ <— 0~ band, but where the upper state is clearly
lines to be assigned for bands (a) and (b). A total of 44 and 32 split by mode mixing and intensity is shared with a near-resonant
ground-state combination differences for both of these bandsvibrational level. This splitting provides more direct evidence
are extracted. Again, nuclear spin statistics can be used to assedsr intramolecular vibrational redistribution (IVR) effects in the
the tunneling symmetries of these two bands, as shown in FigureC—H stretch manifold, which will be discussed in detail in
6a,b. The data in both bands are clearly consistent with 10:6 section V.

nuclear spin weights foK; + K; = even:odd, in agreement As found for the (6) ground tunneling level, these(Pstates
with the expected intensity alternation for the upper tunneling can be fit well to a Watson Hamiltonian with a standard
(07) state. Furthermore, the ground-state combination differencesdeviation ofo ~ 10 MHz, yielding the rotational constants listed
for both bands agree to within a standard deviatiow o¢ 9 in Table 4. This standard deviation is already comparable to
MHz. This agreement is within experimental uncertainty and our experimental precision and again consistent with essentially
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Figure 6. The assignment of two vibrational bands (Figure 5) according
to the nuclear spin weights. The intensity alternation in the experimental
spectra provides the nuclear spin statistics ratio to be 10:6 fo€thi.

= even:odd. Both bands can be assigned;to— 0-, indicating IVR
coupling between the;~ vibrational state and a nearly isoenergetic

o
[N

Absorbance (%)
o
1

o©
o
1

“dark” state.
Simulated - « - (a)
— v 1 where no reliable experimental assignment is available such as
I ' ' " r WII l in the C—H stretches in vinyl radic#® This v;7 band origin is

also in good agreement with the only reported experimental
Simulated - < - (b) values in Ar-matrix}> for which a band at 3042 crd was

observed and tentatively assigned to the fundamental.

30418 30420 30422 30424 Interestingly, an additional band at 3049 ¢rnwas also observed

Frequency (cm-) in this study and assigned te. However, based on the tendency

Figure 5. A second pair of Q-branches found around the predieted for C—H stretching Vi_brations in an ’f‘r'matrix to Ii_e below the
stretch region of cyclopropyl radical. Both of these bands have the gas-phase valuétypically a~3 cni* rms Ar-matrix-induced
same nuclear spin statistics (10:6 for the-K. = even:odd) and share  spectral red shiff), thev; assignment of this blue-shifted matrix

the same ground state {0 which indicates strong intramolecular-  band at 3049 cmt is not consistent with our gas-phase high-
vibrational-redistribution (IVR) coupling between theg~ vibrational resolution results.
state and one “dark” state.

completely unperturbed ground-state lower and upper tunnelingv' Discussion

levels. The two upper states, on the other hand, are both weakly A. Cyclopropyl Radical Geometry. The agreement of the
perturbed and only relatively poorly fit to a rigid rotor Watson experimental intensity alternations in both the” <— 0" and
Hamiltonian, as evidenced hy~ 200 MHz and~ 170 MHz, v;~ < 0 transitions (shown in Figures 4 and 6) implies an
respectively, when all lines are used in the least-squares fit. effectiveC,, transition-state geometry for a cyclopropyl radical
However, in contrast to what was observedifi — 0%, these (i.e.,a-CH in the CCC plane) that results from fast tunneling
additional perturbations appear to be predominantly local. between equivalents structures (i.e.o-CH out of the CCC
Specifically, by excluding all transitions t#K4 K¢ = 43, and plane). As the ground-state rotational constants fit the energy
322 levels inv7;3~ (6 lines) and all transitions tdK /K = 423 levels quite well, it would be interesting to extract structural
and 43in vz, (5 lines), the fits to a rigid rotor are significantly  information from them. Unfortunately, the cyclopropyl radical
improved, i.e., witho ~ 79 MHz and~ 45 MHz (but not further has 18 internal coordinates, which clearly cannot be determined
improved by including centrifugal terms), respectively. The shift from three rotational constants; some additional assumptions
for these four levels is up te800 MHz, which indicates the  must be made to effectively reduce the problem to three degrees
presence of local perturbations. The rotational constants andof freedom. First, we exploit the effectiv&, symmetry of the

origins for both (a) and (b) bands are reported in Table 4. cyclopropyl radical transition state and assume the same bond
From bothv;" — 0" andv;~ < 07, the average band origin  lengths and angles for the two GHjroups. This leaves six
for the v; fundamental vibration is=3041.5 cn1t. This differs parameters to determine the molecular structug:-cc and

by only 3.5 cnm! from the scaled B3LYP frequency predic- rgs—cc are side and base bond lengths for the isosceles CCC
tions mentioned in section lll, as indicated by the solid triangle triangle,ro—c+ andrg-c are the C-H bond lengths, anq-cH

in Figure 2. This observation demonstrates the remarkable andfg-cn are the out of plane tilt angles for-CH andj-CH
accuracy of scaled frequency calculations in guiding high- moieties. Furthermore, it is empirically noted that g cc
resolution spectroscopic experiments, especially in systemsand thergg-cc bond lengths and thés—cy bond angle have
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TABLE 5: Effective Molecular Structures of Cyclopropyl
Radical from Rotational Constants " B/ 0 e+

0 min® TS vibrationally averaged 2: 67%.‘ N ; o :zz;
recc(A)  1.470(1) 1.4925 1.4779 1.4909 & 4e "B v / v allylv, band
re—cc(A)  1.532(1) 1.5513 1.5621 1.5527 c? X ¥ a E'S‘n‘
Opcn  56.6(2) 57.2 57.1 57.2 2 o TRY_ = H

aSince the bond length of-€H (rc-4) and the tilt angle oftx-CH o5 f :‘,y“g . e

with respect to the CCC plané-cw) are least sensitive in the least- & “:?:::\ 0
squares fit (maximunicc change: ~0.004 A per 0.01 A change of g -6- v Re, e
rc-n and per 10 change of),—cw), they are fixed at the ab initio values, % °“~?‘~;\
i.e., 1.09 A for all of therc_y and 37.0 for 6,_cu, respectively. - T=9.6+0.7K Thal e
bc Geometries for the global minimum (min) and the transition state 1 "3?:45.‘ o
(TS) optimized at CCSD(T)/aug-cc-pVDZ. The average; andfy—ch —— o
values are 1.096 A and 40.4or the minimum andc—y = 1.094 A 0 10 20

for the transition state! With the 1D PES along the-CH bending E
coordinate (calculated at CCSD(T)/aug-cc-pVDZ level), the ground-
state wave function is calculated and used to evaluate vibrationally
averaged bond lengths and angles.

rot"'EBlS (cmT)

Figure 7. Boltzmann plots forv;© < 0" andv7a, < 0~ bands of
cyclopropyl radical (dashed lines) amnd<— 0 of allyl radical (see text
for details). Solid/unfilled symbols denote pagad=6) and ortho states

. . (gns=10), respectively. The linearity of the plots indicates a-9.0.6
much larger effects on the rotational constants than the remain-K rotational temperature and a fractional populationabo of ~0.73.

ing three structural parameters. Hence, these three less sensitivBased on thermal equilibrium of the"@nd O states, the inversion
parameters are fixed to ab initio values, specifically 1.09 A for splittings for the ground and; excited states are estimated to be 3.2
both rc— and 37.0 for 6,-cn, with an effective molecule & 0.3 cm*and 4.9+ 0.3 cn?, respectively.

structure solved by a least-squares fit to the ground-state o o ) )
rotational constants. Results from such fits and the ab initio Well satisfied in the collisionally dominated environment of the

predictions for the global minimum and transition-state geo- Slit-jet expansion geometry. Indeed, previous studies o CO
metries calculated at the CCSD(T)/aug-cc-pVDZ level are containing clustelrs have verllfled thermal equilibration in the
presented in Table 5. Despite the simplifying assumptions, the slit betwee_n rotation, translat_|on, _and |nterr_nolecular degrees of
agreement between theoretical and experimental values in Tabldreedom withintramolecularvibrations as high as the, bend
5 is clearly very good. (~670 cnT1).57 By way Qf spegﬂc exgmple, Boltzmann analysis

In addition, vibrational averages of these three geometric ©f HD20" molecular ions in a slit-jet expansion has been
quantities are reported, based on a 1D tunneling potential energy'€cently confirmed to be quantitatively accurate in obtaining
surface (PES) discussed in the next section. These vibrationallySuch tunneling splittings, as tested by direct comparison with
averaged geometric parameters are, in fact, quite close to thosdhe spectroscopically determined valdés.
seen in the minimum energy geometry, indicating that the From the d|'rectIR absorption of rotationally re;olvgd spectra,
ground-state wave function has little amplitude near the transi- Poth the rotational temperature and the populations in the lower
tion state region. However, the experimentally derived@ state can be extrapted if aII' rotatlonal_ states are in a thermal
bond lengths are consistently shorter than predicted from ab€quilibrium. For a given rotational transitign—i, the measured
initio calculations at either the equilibrium or transition-state Integrated line absorbanc8x, = fA(v)dv, is proportional to
geometry. This discrepancy is probably due to overestimation the number density of the molecules in the lower statethe
of the CCC ring strain at the current ab initio level, which Probe region ), the absorption length & 64 cm), and the
enlarges botl-CC andj-CC bond lengths. isotropically averaged line strength pdg state &), which is

B. Tunneling Splittings and Inversion Barrier. Due to given by
o-CH bending in a double minimum potential, each vibrational
state in a cyclopropyl radical is split into two tunneling levels. — NI = Nvib.st.gNS'gJ. -E-EMKTror| .G (1
The inversion barrier heightvg) and the tunneling splitting Sop= $=|No NS € SN
(AEwn) between these two states prove to be very important ROT
both in interpreting ESR experiments and in synthetic chemistry, b . o L .
since they determine the possibility of “freezing” such radicals WhereNo' is the population in the specific vibrational state
into chiral intermediates, as the interconversion rate betweenViP: Ous S tnglnuclear spin weightg, is the rotational
the two wells can be estimated from the tunneling spliffing degeneracyF;” is the lowest energy level within the same
via kun = 2AEw/h. Consequently, experimental determination nuclear spin symmetry, ar@kor = gnsy moe™ G 5" ¥Tror is
of these tunneling splittings and inversion potential barriers is the rotational partition function of a particular nuclear spin
of considerable interest in understanding the chemical dynamicsSymmetry. For negligible conversion between different nuclear

of cyclopropyl! radical. spin symmetries on the-110 us time scale of the expansion,
1. Thermal Extraction of Tunneling Splittingss described f NSrepresents the fractional population of a particular nuclear

in section 111, the two allowed transitions;+ < 0F andv;~ — spin symmetry in the stagnation region, which is eitht =

0-, yield thedifferencebetween the upper and lower tunneling  5/8 [for gns = 10 (ortho)] orf NS = 3/8 [for gus = 6 (para)].

splittings of 1.6522 cmt. This difference is insufficient to yield A Boltzmann analysis of the;" < 0" andv7a, < 0~ bands

the upper/lower tunneling splittings independently. However, is displayed in Figure 7, yielding plots of BfQxg

we can exploit the much higher number of thermalizing 2- and (Sgnsgif V)] vs the energy differenceEeEQS) between the
3-body collisions achieved in a linear slit geometry to extract rotational energy and the corresponding ground-state energy of
tunneling splittings indirectly from the relative tunneling the same nuclear spin symmetry. The solid symbols represent
populations. This method relies on nearly complete thermal the data points from the ortho statemd = 10), and the open
equilibrium among rotational, translational, and tunneling symbols represent those from the para staggs € 6). First,
degrees of freedom, which has in fact been shown to be quitethe linear plots for both tunneling manifolds confirm the
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presence of thermal equilibrium between rotational levels within 1500
each nuclear spin symmetry manifold, corresponding to a

temperature off o = 9.7(6) K. This plot further validates the " 1000+

efficiency of slit-jet radical/molecular ion cooling from the much S

higher rotational temperatures present in the discharge region. >

Second, the fact that the para and ortho states can be fitted to E’ 5001
L

the same line indicates that the nuclear spin relaxation for the
cyclopropyl radical is not an important process in the slit-jet 0+
expansion. Finally, from the intercepts of the Boltzmann plots
for the three bands, the fractional populatiod) :N3") be-
tween O (which reflects the sum of both IVR coupled bands)
and O states is found to be-0.73(3), making the plausible
assumption that both transition line strengths are the same.

Assuming thermal equilibrium between the &nd O states, E ¢ A\
the energy differences between the two tunneling s(@i€s,) e ] Expt------ o'
is proportional to the natural logarithm of the population ratio Lg' N
via 1
3
o+ 1000 1200
AE’[UH — N_(())_ (2) Vo (Cm-1)
KTror No

Figure 8. (a). ZPE-corrected 1D PES for cyclopropyl radical along
) . ) the a-CH-bending coordinate constructed at the CCSD(T)/aug-cc-pVDZ
Consequently, the tunneling splittings are estimated to be |evel, with the first and second tunneling wave functions superimposed
AE;,, = 3.2(3) cmi! between 0 and 07, andAE;,, = 4.9(3) (tunneling splitting exaggerated for clarity). (b) Predicted tunneling

cm~1 between the;+ and unperturbed;~ states. Therefore, splitting AEw," vs scaled inversion barrier heightd, where solid and
the inversion rate in the ground state will b&2.0(4) x 101 dashed lines reflect harmonic and anharmonic ZPE-corrected results,

-1 . : . . . : respectively. By matching to the experimental tunneling splitting (3.2
s%, which is consistent with the experimentally estimated =+ 0.3 cmY), the inversion barrier height is estimated to\fye= 1115

inversion rate of 18-10" s in the kinetic studies of 35 ¢ny (solid dot). The unscaled CCSD(T) barrier height\af €
cyclopropyl radical reaction®. With such a large tunneling 1010 cntd) is indicated by a solid arrow.

contribution to the inversion rate, this interconversion will not

be quenched even at a very low temperafiféhis is consistent  tunneling splittings, a reduced dimensionality potential energy
with EPR experiments that show hyperfine splittings for the surface (PES) has been constructed at the CCSD(T) level with
syn and antj3-H to be approximately equé?. an aug-cc-pVDT basis set (see Figure 8a), where all parameters

The experimentally determined tunneling splitting is much have been optimized along the reaction path as a function of
larger than predictions for the ground state by Barone and co-the o-CH tilt angle (i.e.,0,—cn) away from the CCC plane.
workers?® which yield AEyn ~ 1.1 cnT! and a barrier height ~ This 1D surface is then modified by zero-point energy (ZPE)
of Vo ~ 1279 cnt! at the CCSD(T)/DZP level. This underpre- from all vibrational modes perpendicular to the inversion
dicted tunneling splitting is almost certainly a result of coordinate. Due to finite computational resources, these frequen-
overestimation of the barrier height, as confirmed by later reports cies are calculated at the CCSD(T) level for the global minimum
from these workers of a reduced barrier height4 870 cnt?) and transition state geometry and then scaled to frequencies
at the CCSD(T)/DZR level 36 The only previous experimental  generated at the UMP2/6-3%+3-G(3df,3pd) level to obtain a
data for comparison are electron paramagnetic resonance (EPRjull 1D harmonic ZPE-corrected tunneling path. These ZPE
estimates on the substituted methyl-cyclopropyl radical, obtained effects are, in fact, relatively small, i.e., only 52 and 567 ém
by temperature-dependent Arrhenius analysis of the inversiondifferences between the global minimum and transition-state
kinetics?? This work yielded an empirical activation energy of geometries are obtained at the MP2 and CCSD(T) levels,
1085 (70) cnr!, which, when appropriately corrected for respectively. Due to the weak dependence of the high frequency
estimated 1D zero point energy in the tunneling well, translates vibrations on the tunneling coordinate, these differences are
into an even larger barrier height ¥ ~ 1380(70) cm?. This relatively small, with ZPE-corrected barrier heights of 956 and
is nearly 25% larger than the experimental values extracted 926 cnt?, respectively, at the CCSD(T)/aug-cc-pVDZ and MP2/
herein for a cyclopropyl radical, suggesting a significant 6-311++G(3df,3pd) levels. The appropriately ZPE-corrected
dependence of these barrier heights on ring substitution. CCSD(T) 1D potentials are shown in Figure 8a.

By way of additional confirmation, it is interesting to note For this double-well potential, the calculated energy levels
that the temperatures obtained from such a rotational/tunnelingand wave functions of the ground*(0and first excited (0)
Boltzmann analysis can also be compared to the translationaltunneling states can be obtained by numerical solution of the
temperature in the slit expansion, specifically derived from high- 1D Schrainger equatio’® In these calculations, the effective
resolution Dopplerimetry from a direct absorption laser probe tunneling moment of inertia is treated explicitly as a function
along the slit axis. Typical full width at half-maximum (FWHM)  of the inversion coordinate, as elucidated in the work of Rush
of the transition lines is<50(5) MHz (the Doppler width at ~ and Wibergf® The ground-state-tunneling energy difference
room temperature isv176 MHz). Even without taking unre-  between these two states is predicted to 44.3 cnr?
solved spin rotation and hyperfine effects into account, the (exaggerated in Figure 8a for clarity); this is substantially larger
FWHM due to 9.7 K thermal broadening and nonorthogonal than the experimental value of 3.2 chindicating that the
laser beam crossings with the expansion axis would-Bé CCSD(T) ab initio barrier is too low. If one assumes that the
MHz, i.e., already in close agreement with experiment. correctshapeof the inversion surface is adequately captured

2. Inversion Barrier Height from 1D PES Tunneling Model by the ab initio calculations, we can offer a semiempirical
To extract the inversion barrier height from our experimental improvement on the barrier height predictions by (i) linearly
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TABLE 6: Comparison of the Tunneling Splitting (AEwn)
and Inversion Barrier Height (V) for the Ground (0) and
Excited (v;) States in the Cyclopropyl Radicat

Baroné Baroné Deycard CCSD(T) expt
= 11 4.3 3.2£0.3
AET 4.9+03
Vo 1279 870 1340 1010 1116535

2 Reference 40 Reference 37¢ Experimental value for 1-methyl-
cyclopropyl (ref 22), with the Arrhenius activation energy (1068 &m
corrected by zero-point energy in the tunneling wélCalculated at
CCSD(T)/aug-cc-pVDZ¢ All units are in cntt.

scaling the 1D potentials, (i) solving the 1D StcHimger

equation, and (iii) mapping out the predicted tunneling splittings
as a function of the new barrier height. Such a curve for the
ZPE-corrected CCSD(T) 1D potential is presented as the solid
line through the open circles in Figure 8b, which, as expected,
exhibit anincreasein tunneling splitting with adecreasein

scaled barrier height. At an even more subtle level, one can
make additional corrections for anharmonicity effects in the ZPE
calculations. Specifically, previous studies for similar molecular

Dong et al.
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structures at the CCSD(T) level suggest an anharmonic scalingFigure 9. The two experimental Q-branches assigned-{o<~— 0~

of the total ZPE by 0.94; this results in only a modess cn?)

can only be quantitatively reproduced by adding an anharmonic

correction in ZPE-corrected barrier heights and thus the dashedcoupling matrix element/). The low-frequency band with more

curve in Figure 8b. A reasonable estimate of the actual barrier
height, therefore, can be made by matching these curves to th
experimentally measured 32 0.3 cnT?! tunneling splitting
(dotted line). This corresponds to an approximate inversion
barrier height estimate ofy = 11154 35 cnt! (represented
as a solid dot in Figure 8b), where the uncertainty simply reflects
the spread of results obtained with the two comparison surfaces
Although there is substantial scatter50%) in previous

intensity (band b, whiléy:l, ~ 0.54:0.46) is assumed to be the “bright”
state in the fitting. As5 increases, the “dark” state “borrows” more

Qntensity from the “bright” state, and the separation between the two

shifted band origins increases (as the dotted lines shown between the
different panels).

of the v; stretch) through intramolecular mode mixing in the

excited state. The fact that all of thgax.' states are split into

two lines with essentially the same spacing (except for several

theoretical results (see Table 6), the present experimentallyi”diVidual states discussed later) indicates that the such mixing

determined barrier is quite close{0%) to ab initio predictions
(Vo = 1010 cn?) presented herein, indicating that potential
surface calculations at the CCSD(T)/aug-cc-pVDZ level offer
a reasonably accurate description of the tunneling dynamics.
C. IVR Anharmonic Coupling. Based on in-phase antisym-
metric CH stretch {) transitions out of the two tunneling states
of cyclopropyl radical, only a single pair of “lowef- lower”
and “upper— upper” bands is expected. Instead, we observe
three distinct high-resolution bands in this region. From the

observed nuclear spin intensity alternation, one can unambigu-

ously identify the lowest frequency b-type band £63040.68
cm™1) as originating from theower tunneling state, with the
two higher-frequency c-type bands @B8042.32 and 3042.35
cm™1) both with nearly equal intensity and originating from the
sameuppertunneling level. This clearly implies that the excited
vibrational states from these two transitions are quite closely
spaced, on the order of 0.4 cf and strongly coupled.
However, it is very unlikely that this second state results from
some other fundamental or overtone excitation of cyclopropyl,
since ab initio calculations indicate all other such c-type
vibrational transitions to be>100 cnt! away from thev;
stretch’/? while experimentally, the frequency difference between
these two “upper— upper” c-type bands is less than 0.4dm
Furthermore, the direct IR absorption intensity from the first
overtone vibration would be:50 times weaker than that of the
fundamental radical transitioriswhich would be unobservable

at our current experimental sensitivity. Finally, for transitions
due to tunneling splitting in both ground and excited states, there

(often termed frequency domain IVR) must be dominated by
anharmonic coupling with a dark vibrational state and should
be well described by a single coupling matrix elemeght (

With the experimental measured band intensity ratiby/b§
and two perturbed energy levels, the matrix elemgéhtand
two unperturbed energy levels can be calculated with a simple
two-state model? Since the “borrowed” intensity in the
perturbed “dark” state is always less than or equal to the intensity
from the perturbed “bright” state, the lower frequency bapg
<— 0~ can be nominally assigned to the “bright state”. Therefore,
based on a simple two-level anharmonic-coupling mechanism
(see the inset in Figure 9), the matrix elemefiy and the
unperturbed energy levelsE{ and E;) can be calculated
according to

(E,+E) 1
= 5467+ 0,1 3
0= E, — By, = [48% + 0,7 and (4)
|_a _ Oap ~ 01 5)
Ib 5ab + 512

whered1, = E; — E; is the energy separation between the
unperturbed states. As shown in Figure 9, the larger the matrix
element is, the greater the intensity spreading and the larger
the energy separation between two perturbed states will be. From
such a two-state modeling of the spectrum, the states are almost

should always be at least two subbands appearing simulta-isoenergetic with an unperturbed separation of 0.035(6)'cm
neously. All these factors suggest that the third band originatesand an anharmonic coupling matrix element of 0.2196(5)%cm

from a nominally “dark” state which “borrows” intensity from
the optically active “bright” state (i.e., the upper tunneling level

Such strong mixing of the/;~ vibration with some dark-
coupling vibrational statev{s) in cyclopropyl is relatively
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surprising. From a direct count based on the ab initio harmonic cyclopropy! ring-opening channel does occur that can be
frequencies, one predictsl state/cm?! for the vibrational monitored via high-resolution spectroscopic methods. Further-
density of states a3000 cnt? of internal energy. In combina-  more, by selective precursor deuteration of the,@kbups, it

tion with the observethck of IVR doubling for the lower-lower should be possible to measure branching ratios into the resulting
tunneling band, this suggests that this coupling is due to a allyl isotopomers (i.e., syn or anti). Such studies would be able
fortuitous near resonance betweerwith a combination band  to address long standing issues concerning the detailed ring
of lower frequency modes but which tunes sufficiently out of opening mechanism in a cyclopropyl radical, specifically either
resonance for the other symmetry tunneling state. Given via a disrotatory and/or conrotatory path.

sufficient information about vibrational frequencies and anhar-

monicities in the low-frequency modes, it could be possible to VI. Summary

identify this state, as demonstrated by Mcllroy and co-wofRers - jigh_resolution IR spectra of jet-cooled cyclopropyl radical
in & study of propyne. Since this work represents the first high- 56" heen recorded with the combination of high-sensitivity
resolution spectroscopic study of a cyclopropyl radical, further girect ahsorption methods with slit-jet discharge supersonic
assignment of the coupled state would require considerably Moregynansions. Three c-type bands have been observed at around
spectroscopic information than is currently available. However, 3041 5 cnvt. While two bands can be assigned to thévand

the size of the matrix element=(.2 cn?) is an order of (jh phase antisymmetric Gitretch) of a cyclopropy! radical
magnitude larger than typically observed for-8 stretch due to thea-CH inversion (two allowed vibrational transition
excited states in terminal acetylenes0)(01 cnt?), which may bandsy;* <— 0+ andv,~ < 07), the third band comes from the
reflect a stronger IVR coupling for€H stretch moieties less  3harmonic coupling between~ and an nearly isoenergetic
physically isolated from the rest of the molecular framework. «q5k” state with the matrix element ~ 0.2196 cnrl. With
From a time domain perspective, coherent excitation of both the yeasonable assumption of thermal equilibrium between the

bands would result inz24 ps oscillation between bright and g+ gnq 0 states, tunneling splittings for the ground and
dark vibrational state®,which is consistent with the picosecond  gycited states are estimated to be8.0.3 cntt and 4.9+ 0.3

time-scale predictions from earlier thermal and chemical activa- cm-1, respectively, which, in particular, translates into a 2.0(4)

tion studies’"* x 10" s1 a-CH inversion rate for the ground state. In addition

In addition to the strong IVR anharmonic effects discussed to band origins and rotational constants obtained from the least-
above, there are some weak, but pervasive, couplings with thesquares fit of high-resolution data to an A-reduction Watson
background states, especially the relatively large perturbationsasymmetric top rotor Hamiltonian, the first precise gas-phase
(B ~ 0.03 cn1?) at the levels with) = 5 in thev;" state and structural information on a cyclopropyl radical has also been
J = 4in bothv7y, and the dark states. Very few of the high reported. In contrast with the high quality least-squares fits
Jlevels inv;™ are observed due to the low thermal populations observed to thground-statecombination differences, thepper-
in the supersonic expansion, which currently precludes identi- statediscrepancies between observed and calculated for some
fication of obvious avoided crossing patterns. With the jet-cooled rotational levels suggest weak but pervasive perturbations in
spectrum assigned, however, it should be possible to observethe upper states. Furthermore, the inversion barrier height has
cyclopropyl radical in photolysis systems under higher temper- been estimated from the experimental tunneling splitting to be
ature thermal conditions, which may be able to shed more light Vo = 1115+ 35 cnt?! in the ground state. Finally, direct
on this issue as well as facilitate further kinetic studies of this evidence for a weak but finite ring-opening chanrrel'$o) in
important combustion radical. the formation of a cyclopropyl radical is observed by simulta-

D. Ring Opening to Allyl Radical. With high-resolution IR neous IR detection of an allyl radical in the slit-jet expansion.
detection methods, both cyclopropyl and allyl radicals can be .
probed simultaneously in the slit jet. As a final comment,  Acknowledgment. This work has been supported by grants
therefore, this IR detection method can be used to test for allyl from the National Science Foundation and the Air Force Office
radical formation from ring opening of cyclopropy! radical as of Sment_n‘lc Research. D.J.N. would also like to ta!<e the
products of dissociative electron attachment with cyclopropyl OPPOrtunity to thank Professor Juergen Troe for his ever
halide precursor. Interestingly, although cyclopropy! radical f(hou_ght_fulfne_ndshlp, his e_xcellent b_arltone singing, and a truly
formation clearly dominates, all three bands, ¢, andvy3) in inspirational lifelong passion for science.
the C—H stretch region of an allyl radical are also observed,
with acommorrotational temperature (see Figure 7). Summing
over such a Boltzmann plot permits the integrated absorbances (1) Anderson, J. GAnnu. Re. Phys. Chem1987, 38, 489.
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