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1.1.1 Spectroscopy of Combustion Intermediates in Superfluid Helium Droplets

The objective of our experimental research program is to isolate and stabilize transient inter-
mediates and products of prototype combustion reactions. This will be accomplished by Helium
Nanodroplet Isolation (HENDI),' ¢ a novel technique where liquid helium droplets freeze out high
energy metastable configurations of a reacting system, permitting infrared (IR) spectroscopic char-
acterizations of products and intermediates that result from hydrocarbon radical reactions with
molecular oxygen and other small molecules relevant to combustion environments (see Refs. 7-39
for our recent contributions applying this method). The low temperature (0.4 K) and rapid cool-
ing associated with He droplets provides a perfectly suited medium to isolate and probe a broad
range of molecular radical and carbene systems important to combustion chemistry. The sequen-
tial addition of molecular species to He droplets often leads to the stabilization of high-energy,
metastable cluster configurations that represent regions of the potential energy surface far from the
global minimum. Single and double resonance IR laser spectroscopy techniques, along with Stark
and Zeeman capabilities, are being used to probe the structural and dynamical properties of these
systems.

A diagram of the HENDI apparatus is shown in Fig. 1. Helium droplets are formed (10'2
droplets per second) by the continuous expansion of He gas through a 5 micron diameter pin-
hole nozzle (Fig. 1A). The average droplet size is controlled by changing the nozzle temperature,
providing a dynamic range from ~10% atoms at 24 K to ~10% atoms at 8 K.% 43 Upon leaving
the high pressure region of the expansion, the droplets cool by evaporation to 0.4 K.** The droplet
expansion is skimmed into a beam, which passes into the differentially pumped pick-up chamber
(Fig. 1B). Here the droplets are doped by passing them through the vapor of the molecular species
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of interest (approximately 10'° molecules/cm? over a 1 cm path length). The internal energy of the

captured molecule is rapidly removed by He evaporation, which returns the system to 0.4 K.*> Each
evaporating He atom reduces the internal energy of the system by 5 cm™! (0.014 kcal mol~!).45
The density of molecules in the “pick-up” region can be varied such that each droplet captures one

(or more) molecules on average. Molecular species of differing composition can be added to the



same droplet by implementing multiple “pick-up” zones. An effusive pyrolysis source (Fig. 2) has

been successfully used by us to fragment precursor molecules and dope He droplets with halogen

11,12,14-17,19,21,23,24,28,29,31-36

atoms and molecular radicals or carbenes.

Figure 1: Schematic of the UGA HENDI spectrometer. The pyrolysis source for generating halogen atoms and molecular
radicals or carbenes is load-locked into the vacuum chamber (section B). The laser excitation can be switched between
a counter-propagating configuration to the laser-multipass/Stark cell configuration (section C). Detection of the droplet
beam is achieved with a crossed-beam ionizer quadrupole mass spectrometer (section D).
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Figure 2: A schematic drawing of our SiC high temperature pyrolysis source. The copper electrodes are water-cooled
and the length of the hot zone can be adjusted.

The droplet beam is detected with a quadrupole mass spectrometer (MS) (Fig. 1D). Electron
impact ionization leads to the production of a Het cation within the droplet. The outcome of this
ionization process is now well known to produce either a He; distribution or ions associated with
the charge-transfer ionization and fragmentation of the molecular dopant."?> The MS in Fig. 3A
shows the He,l ions associated with the electron impact ionization of a neat (dopant free) droplet
beam. Figure 3B shows the MS of a droplet beam doped with n-butyl nitrite (one molecule is
captured per droplet, on average; the energized molecular ion fragments predominately to CgH;).

Thermal dissociation of n-butyl nitrite in a pyrolysis source leads to the production of the propargyl



radical, NO, and formaldehyde. Figure 3C shows the MS of the droplet beam after having captured
the molecular fragments associated with this n-butyl nitrite pyrolysis. The peak at m/z=38 is a

signature of the ionization and fragmentation of the He-solvated C3Hjs radical.
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Figure 3: A) MS of the neat droplet beam. B) MS of droplets doped with single n-butyl nitrite molecules. C) MS of
droplets doped with single molecules, NO, formaldehyde, or the propargyl radical, C3Hgz.

After traversing the pick-up zones and prior to entering the mass spectrometer, the beam of
droplets is irradiated with the idler output from a continuous-wave optical parametric oscillator
(OPO). Survey spectra are recorded with the laser beam aligned counter-propagating to the droplet
beam, whereas the laser is aligned into a two-mirror multipass cell for Zeeman, Stark and Polar-
ization spectroscopy measurements. Vibrational excitation of He-solvated dopants leads to the
evaporation of several hundred He atoms, which reduces both the geometric and ionization cross
sections of the irradiated droplets. This photo-induced cross section reduction for electron im-
pact ionization is measured as ion signal depletion in selected mass channels. For example, the
IR spectrum of n-butyl nitrite is measured as a depletion signal in mass channel m/z=39 (Fig.
4A; experimental conditions same as those in Fig. 3B), whereas the spectrum of the propargyl
radical is measured in mass channel m/z=38 (Fig. 4B; experimental conditions same as those in
Fig. 3C). As demonstrated in Fig. 4B, mass channels can be judiciously selected so as to discrimi-

nate against spectral features associated with droplets containing unpyrolyzed precursor molecules



or other fragments of pyrolysis. The weakly perturbing, superfluid He solvent allows for highly
resolved vibrational spectroscopy studies of these species that can be compared directly to the pre-
dictions of quantum chemistry."? Indeed, in the case of vibrational frequencies, when comparisons
are available, the band origins of He-solvated molecules and molecular complexes differ little from
those measured in the gas phase (~1 cm™! or less).! All of these aspects of HENDI are perfectly
suited for the pick-up and spectroscopic interrogation of the molecular systems discussed in this

proposal.
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Figure 4: Infrared spectra of (A) n-butyl nitrite and (B) the propargyl radical measured as ion signal depletion in mass
channels 39 and 38 u, respectively.

For small molecules and molecular complexes assembled in He droplets, it is often the case
that vibrational bands exhibit rotational fine structure. The rotationally resolved spectra can
be analyzed with an effective Hamiltonian approach, in which the gas-phase Hamiltonian is used
with renormalized rotational constants. Stark spectroscopy can therefore be used in the traditional
sense, in which an external electric field perturbs the free-rotor behavior of the molecule or complex.
Our instrument is equipped with a laser multipass cell (Fig. 1C) that allows us to perform Stark
spectroscopy measurements by applying a static electric field (0 to 80 kV /cm) to electrodes that
surround the droplet beam/laser interaction region. The use of various Stark field strengths and

laser polarization orientations (leading to different selection rules), allows us to accurately determine



dipole moments of He-solvated species.'?3%4647 For example, the experimental and simulated Stark
spectra of the OH-CyHy complex are shown in Fig. 7 in Section 1.1.5.3

Often, the natural line width due to vibrational relaxation is broader than the rotational contour
at 0.4 K (~1 cm™1), precluding the determination of dipole moments via the aforementioned Stark
measurements. This is a common feature for larger He-solvated systems that have a relatively
high density of vibrational states, leading to more efficient coupling to the solvent and more rapid
vibrational relaxation.n"84849  Nevertheless, by measuring the electric field dependence of the
band intensity, it is possible to simultaneously obtain both the permanent electric dipole moment
(11p) and the vibrational transition moment angle (VTMA)34850 associated with each vibrational

band 50,51

For any one normal mode vibration, the VIMA is defined as the angle pu, makes
with the transition dipole moment vector (u;). Given a particular combination of VITMA and p,
(obtained from ab initio calculations), this field dependence can be simulated and compared to
the experiment.’>>* Moreover, to make this comparison, the theoretical results do not require
the scaling that often plagues the comparisons of experimental vibrational band origins to those
obtained from ab initio harmonic frequency calculations.’® Because dipole moments and VI MAs
are accurately determined even at modest levels of ab initio theory, these Polarization Spectroscopy
measurements provide key structural information that can be employed to assign vibrational spectra

that contain contributions from multiple species or structural isomers.?°

Research Highlights

1.1.2 Infrared Spectroscopy of Hydrocarbon Radicals

Thermal decomposition of organic precursors in a continuous, effusive pyrolysis source allows
for the helium nanodroplet isolation (HENDI) and spectroscopic interrogation of a variety of hy-
drocarbon radicals (see Section 1.1.1 for a detailed description of the HENDI methodology). Many
of these initial studies involved small radicals that had been spectroscopically probed in the gas
phase. Nevertheless, as summarized here, the low temperature afforded by He droplets allows for
a characterization of these systems beyond what has so far been achieved in the gas phase. More
recent studies of larger radical systems that have yet to be spectroscopically probed in the gas phase
are encouraging (e.g. propyl radicals),? as it seems the only limitation to the HENDI method is

the availability of suitable pyrolysis precursors.



Helium-Mediated Tunneling Dynamics of the Vinyl Radical

The vinyl radical (H,Cg =C,H) was produced via the pyrolysis of di-vinyl sulfone and trapped
in liquid He droplets.?* At 0.4 K, the entire population of nuclear spin isomers is cooled to either
the 0gy (ortho) or Oy, (para) rotovibrational level. IR spectra in the fundamental CH stretch region
revealed three bands that we assigned to the symmetric CHy (v3), antisymmetric CHy (v2) and
lone a—CH (1) stretch bands. The vinyl radical CH stretch band origins in He droplets differ from
vibrational configuration interaction calculations® of J. Bowman and co-workers by ~1, 2 and 10
cm! for the v3, v9 and v; modes, respectively. Each band consists of a-type and b-type transitions
from the Oyg level, and each of these is split by either the difference in or sum ofthev =0and v =1
tunneling splittings. Comparing the He droplet spectra to previous high-resolution spectroscopy
of the v3 band (D.J. Nesbitt and co-workers),%%5" we found that the A’ — B’ rotational constant
for this mode is reduced to 89% of its gas-phase value, and the tunneling splittings (ground and v3
excited states) are both reduced by ~20%. In addition, the relative intensities of the v transitions
indicate 4:4 spin statistics for ortho and para nuclear spin isomers, suggesting a facile interchange
mechanism®® for all three H atoms within the ~1200 K pyrolysis source, prior to the pick-up and
cooling of the hot vinyl radical by the He droplet. The ~20% reduction in the ground and v3
excited state tunneling splittings is due to two contributing effects from the He solvent. The He
droplet can modify both the tunneling barrier and the effective reduced mass for motion along this

coordinate. We have estimated that either an ~40 cm™!

increase in the effective barrier height or
an ~5% increase in the effective mass of the tunneling particles (both as upper limits) is sufficient
to account for the observed ~20% tunneling splitting reduction. Future theoretical work will be
required to assess the extent to which each of these effects contribute to the overall modification of

the vinyl radical tunneling dynamics upon solvation in liquid He.
Methyl, Ethyl, Propargyl, Allyl, and Propyl Radicals

The methyl (CHs) and ethyl (CoHs) radicals were produced via the pyrolysis of peroxide precur-
sors and isolated and spectroscopically characterized in He droplets.'%?! The five fundamental CH
stretch bands of CoHs near 3 yum were each observed within 1 cm™! of the band origins reported for
the gas phase species (D.J. Nesbitt and co-workers).??% The symmetric CHy stretching band (v1)
is rotationally resolved, revealing nuclear spin statistical weights predicted by Gi2 permutation-

inversion group theory. The ethyl radical’s permanent electric dipole moment (0.28(2) D) was



obtained via the Stark spectrum of the v; band. Three a) overtone/combination bands were also
observed, each having resolved rotational substructure. These were assigned to 219, v4+16, and
2vg through comparisons to anharmonic frequency computations at the CCSD(T)/cc-pVTZ level
of theory and via an analysis of the rotational substructure observed for each band.

Rotationally resolved IR spectra were obtained for the propargyl (C3Hsz) and allyl radicals
(C3H;)."*'7 In the IR spectrum of He-solvated allyl, we observed rovibrational bands near the
band origins previously reported in high resolution gas-phase studies carried out by D.J. Nesbitt
and co-workers®! and R. Curl and co-workers.5? 4 In addition to the fundamental CH stretching
modes, four other bands were assigned to the allyl radical using a consistent set of rotational
constants. Indeed, in the gas-phase studies, it was noted that the CH stretch bands are heavily
perturbed, but no explanation was given as to the nature of the perturbations. Isolating the
radical in He droplets greatly decreases the number of populated rovibrational levels, and aided
by anharmonic frequency computations and the resolved rotational substructure, we assigned the
v1 (a1), vs (a1), v13 (b2) fundamentals and the v14/(v15+2111) (b2) and vo/(v4+2141) (a1) Fermi

dyads, in addition to an unassigned resonant polyad near the 11 mode.
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Figure 5: Comparison of the IR spectra of n-propyl (top, red) and ipropyl radicals (bottom, black). All vibrational
bands are broadened beyond the rotational contour expected at 0.4 K. Residual propene absorptions are marked by *.

In our most recent work,? gas-phase n-propyl and 4-propyl radicals (C3Hy;) were generated via

pyrolysis of n-butyl nitrite and sbutyl nitrite, respectively. An Ar-matrix isolation study from



the late 1970s represents the only previous molecular spectroscopy of these radicals.?%6 Several
previously unreported bands were observed in the IR spectrum between 2800 and 3150 cm~! (Fig.
5). The CH stretching modes observed above 2960 cm ™! are in excellent agreement with anharmonic
frequencies computed using second-order vibrational perturbation theory. However, between 2800
and 2960 cm™!, the spectra of n- and i-propyl radicals become congested and difficult to assign
due to the presence of multiple anharmonic resonances. Computations employing a local mode
Hamiltonian reveal the origin of the spectral congestion to be strong coupling between the high
frequency CH stretching modes and the lower frequency bending/scissoring motions. The most
significant coupling is between stretches and bends localized on the same CHs/CHg group. This
work was carried out as a collaboration between the experiment/theory groups at the University

of Georgia and Edwin L. Sibert at the University of Wisconsin-Madison.
Infrared Spectroscopy of Cyclobutyl, Methylallyl, and Allylcarbinyl Radicals

Gas phase cyclobutyl radical (*C4H7) were produced via pyrolysis of cyclobutylmethyl nitrite
(C4H7(CH2)ONO). Other *C4H7 radicals, such as 1-methylallyl and allylcarbinyl, are similarly
produced from nitrite precursors. Nascent radicals are promptly solvated in liquid He droplets,
allowing for the acquisition of infrared spectra in the CH stretching region. For the cyclobutyl and
1-methylallyl radicals, anharmonic frequencies are predicted by VPT2+K simulations based upon
a hybrid CCSD(T) force field with quadratic (cubic and quartic) force constants computed using
the ANO1 (ANOO) basis set. A density functional theoretical method is used to compute the force
field for the allylcarbinyl radical. For all *C4Hy radicals, resonance polyads in the 2800-3000 cm™!
region appear as a result of anharmonic coupling between the CH stretching fundamentals and
CH> bend overtones and combinations. Upon pyrolysis of the cyclobutylmethyl nitrite precursor to
produce the cyclobutyl radical, an approximately two-fold increase in the source temperature leads
to the appearance of spectral signatures that can be assigned to 1-methylallyl and 1,3-butadiene.
On the basis of a previously reported *C4H7 potential energy surface, this result is interpreted as
evidence for the unimolecular decomposition of the cyclobutyl radical via ring opening, prior to it
being captured by helium droplets. On the *C4H7 potential surface, 1,3-butadiene is formed from
cyclobutyl ring opening and H atom loss, and the 1-methylallyl radical is the most energetically
stable intermediate along the decomposition pathway. The allylcarbinyl radical is a higher energy

*C4H7 intermediate along the ring opening path, and the spectral signatures of this radical are



not observed under the same conditions that produce 1-methylallyl and 1,3-butadiene from the

unimolecular decomposition of cyclobutyl.

1.1.3 R- + (*%;)0; Chemistry in Helium Droplets
Methyl Peroxy Radical

We have demonstrated that R- + (325)02 reactions can be carried out within the low tem-
perature, He droplet environment. For example, the sequential addition of a methyl radical and
molecular oxygen to He droplets leads to the barrierless reaction, CHz + Oy — CH300.'" The
reaction enthalpy is exothermic by ~30 kcal mol~! and therefore requires the dissipation of ~2000
He atoms to cool CH300 to 0.4 K. The CH30O0 radical remains in the droplet and is observed
downstream with IR laser beam depletion spectroscopy. All three CH stretch bands are observed,
and rotational fine structure is partially resolved for the 1o totally symmetric CH stretch band,
indicating complete internal cooling of the reaction product to the droplet temperature. Electron
impact ionization of the droplets containing CH30O results in the charge transfer reaction He™ +
CH300 — CH3035 + He, which is followed by the fragmentation of the CH305 ion. The major
fragmentation channel is the production of HCO™' and HyO. The outcome of this work demonstrates
that IR laser spectroscopy can be employed as a probe of the outcome of organic radical-radical

reactions carried out in the dissipative environment of a He nanodroplet.
Propargyl and Allyl Peroxy Radicals

IR spectroscopy was used to probe the outcome of the reaction between the propargyl radical
(CsH3) and (*%;)O; within He droplets.!” Helium droplets doped with a propargyl radical (gener-
ated via pyrolysis of 1-butyn-4-nitrite) were subsequently doped with an Oy molecule. The reaction
carried out at 0.4 K resulted in the exclusive formation of the acetylenic-trans-propargyl peroxy
radical (HC=C-CH-0OO0¢®). This work helped to elucidate the shape of the entrance channel on
the ground-state potential energy surface, as it was unclear whether or not there exists a small
barrier to formation of the peroxy species. The rapid cooling afforded by the He droplets moti-
vates the conclusion that if a barrier does indeed exist, it is too small to kinetically stabilize a van
der Waals complex between C3Hz and Oy. MRCI computations carried out in collaboration with

Stephen Klippenstein and co-workers indicate that the reaction is barrierless for Oo addition to the



—CH, “tail” group, similar to alkyl + Os reactions. Apparently, Oy addition to the HC=C- “head”
group proceeds via a positive entrance channel barrier, consistent with the absence of allenic peroxy
radicals in the He droplet IR spectra.

Five stable conformers were predicted for the allyl peroxy radical (HoC=CHCHy-00*).57
A two-dimensional potential surface was computed for rotation about the CC-OO and CC-CO
bonds, revealing multiple isomerization barriers greater than ~300 cm™!. Nevertheless, the CH
stretch IR spectrum can be assigned assuming the presence of a single conformer following the allyl
+ O reaction within He droplets.'* This is similar to the observation for the propargyl peroxy
system, and from this we can infer a cooling mechanism for the vibrationally hot reaction products
(R-0O0°) that is consistent with both sets of data. The mechanism assumes that the more closely
spaced torsional levels (<100 cm?) are relaxed more efficiently by the He solvent in comparison to

the higher frequency vibrations, allowing the system to funnel into the lowest energy conformational

minimum as it cascades down the ladder of excited stretching/bending levels.

1.1.4 Infrared Spectroscopy of Hydroxycarbenes
Hydroxymethlyene, Dihydroxycarbene, Hydroxymethoxycarbene

Hydroxymethylene (HCOH) and its d;-isotopologue (HCOD) were isolated in He droplets fol-
lowing the pyrolysis of glyoxylic acid.?6 Transitions identified in the IR spectrum were assigned
exclusively to the trans-conformation based on previously reported anharmonic frequency com-
putations.®% For the OH(D) and CH stretches, a- and b-type transitions were observed, and
when taken in conjunction with CCSD(T)/cc-pVTZ computations, lower limits to the vibrational
band origins were determined. The relative intensities of the a- and b-type transitions provide the
orientation of the transition dipole moment in the inertial frame. The He droplet data are in excel-
lent agreement with anharmonic frequency computations carried out in collaboration with John F.
Stanton, confirming strong anharmonic resonance interactions in the high-frequency stretch regions
of the mid-IR. Moreover, the He droplet spectra confirm appreciable Ar-matrix shifts of the OH
and OD stretches, which were previously postulated by Schreiner and co-workers.5®

Dihydroxycarbene (HOCOH) was produced via pyrolytic decomposition of oxalic acid, captured
by He droplets, and probed with IR laser Stark spectroscopy.?’ Rovibrational bands in the OH
stretch region were assigned to either trans,trans- or trans,cis- rotamers on the basis of symmetry

type, nuclear spin statistical weights, and comparisons to electronic structure theory calculations

10



(Fig. 6). The inertial components of the permanent electric dipole moments for these rotamers were
determined with Stark spectroscopy. The dipole components for trans,trans- and trans,cis- rotamers
are (g, up) = (0.00, 0.68(6)) and (1.63(3), 1.50(5)), respectively. The IR spectra lack evidence
for the higher energy cis,cis- rotamer, which is consistent with a previously proposed pyrolytic

d70773

decomposition mechanism of oxalic aci and computations of HOCOH torsional interconversion

and tautomerization barriers.™

Hydroxymethoxycarbene (CH30COH) was similarly produced via monomethyl oxalate pyrol-
ysis.?® Two rotationally resolved a,b- hybrid bands in the OH-stretch region were assigned to
trans,trans- and cis,trans- rotamers. Stark spectroscopy of the trans,trans- OH stretch band pro-
vided the a-axis inertial component of the dipole moment, namely p, = 0.62(7) D. The com-
puted equilibrium dipole moment agrees with the expectation value determined from experiment,
consistent with a semi-rigid CH;OCOH backbone computed via a potential energy scan at the

B3LYP/cc-pVTZ level of theory, which reveals substantial conformer interconversion barriers of

~17 keal mol L.

1.1.5 Stark Spectroscopy of Open-shell Molecular Complexes

Electrophilic addition of the hydroxyl radical to the m-bond of acetylene produces, as an in-
termediate, the carbon-centered 2-hydroxy vinyl radical (I', = A’; HC:COH). Along the entrance
channel to this reaction, the dipole-quadrupole interaction stabilizes a T-shaped, hydrogen bonded
complex (OH-CoHy), whose zero-point level lies ~2.7 kcal mol~! below the separated reactants.”™ 77
Moreover, this entrance channel complex is located behind a barrier ~1 kcal mol~! above the reac-
tant asymptote. The T-shaped complex was formed in He droplets via the sequential pick-up and

31

solvation of the monomer fragments.”* Rovibrational Stark spectra were recorded for OH-CoHs

and several other hydroxyl containing complexes.?>

A model Hamiltonian was developed to account for the Stark effect in these systems,® which
all exhibit partial quenching of electronic angular momentum quantized along the OH bond axis.
Matrix elements of the Stark Hamiltonian were derived for a parity-conserving Hund’s case (a)
representation. The spherical tensor operator formalism was employed so as to arrive at the most
general solution, in which the permanent dipole moment has projections on all three inertial axes.
Formulae for transition intensities were given for a-, b-, and c-type bands measured with either par-
allel or perpendicular laser polarization configurations. For these open-shell complexes, a Coriolis

interaction of the form J, <fa + §a> lifts the +w degeneracy associated with the electronic angular

momentum of the OH radical. This dramatically reduces the effect of the inertial asymmetry in
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Figure 6: Rovibrational spectrum of trans,trans- and cis,trans-HOCOH rotamers in the OH stretch region. A simulation
(red) derived from an asymmetric top Hamiltonian is shown below the experimental (black) spectrum. Assignments are
based on band-types and nuclear spin statistical weights. Pure b- and a-type bands are observed for the symmetric and

antisymmetric OH stretching vibrations of the Ca, trans,trans- rotamer, respectively. The a,b-hybrid band corresponds
to the higher frequency OH stretch of the Cs symmetry cis,trans- rotamer.

these complexes, and in the absence of angular momentum quenching, all rotational levels exhibit
a pseudo-first-order Stark effect. However, in the presence of angular momentum quenching, a sub-
set of rotational levels is parity doubled, removing the degeneracy responsible for the linear Stark
effect. Stark splitting of these parity doubled levels resembles the quadratic Stark effect expected
for non-degenerate levels of a closed-shell asymmetric top. For the T-shaped OH-CyHy complex,
predictions of a- and b-type bands for a variety of Stark field strengths are in excellent agreement
with experiment (see Fig. 7).

Experimental dipole moments obtained from Stark spectroscopy provide stringent benchmarks
for electronic structure theory.”® 3" The quantum mechanical operator describing the dipole mo-
ment is a sum of one-electron operators, and its electronic expectation value converges rather
quickly with increasing basis set size in a variational ab initio calculation.®%®2 Moreover, for sys-
tems that exhibit large-amplitude motion, the vibrational expectation value of the dipole moment

provides a sensitive probe of the ground state nuclear wavefunction.'®® This was impressively
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Figure 7: BExperimental (black) and simulated (red) Stark spectra of the a-type OH stretch band of the OH-CoHs
complex. The laser polarization is aligned perpendicular to the Stark field axis. An effective Hamiltonian approach is
employed to extract the permanent electric dipole moments from the spectra.35

demonstrated in a joint theoretical /experimental study by Douberly, Allen and co-workers.!® In-
ertial dipole moment components of the hydridotrioxygen radical (+HOOQ) were probed with IR
laser Stark spectroscopy, and these were shown to qualitatively disagree with vibrationally averaged
values computed at the CCSD(T)/CBS level. The extent of dynamic correlation in this weakly
bound radical system was found to be quite substantial, and agreement between experiment and
theory was only obtained upon geometry optimization and vibrational averaging at the composite
all-electron CCSDT(Q)/CBS level.!® Indeed, we expect that Stark spectroscopy will continue to
provide a general and powerful tool to probe the structural properties of molecular radicals and
other species relevant to combustion chemistry.
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