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ABSTRACT: Rovibrational spectroscopy of the fundamental
OH stretching mode of the trans-HOCO radical has been
studied via sub-Doppler high-resolution infrared laser
absorption in a discharge slit-jet expansion. The trans-
HOCO radical is formed by discharge dissociation of H,O
to form OH, which then combines with CO and cools in the
Ne expansion to a rotational temperature of 13.0(6) K.
Rigorous assignment of both a-type and b-type spectral
transitions is made possible by two-line combination differ-
ences from microwave studies, with full rovibrational analysis
of the spectrum based on a Watson asymmetric top
Hamiltonian. Additionally, fine structure splittings of each

line due to electron spin are completely resolved, thus permitting all three &,, &, €. spin—rotation constants to be
experimentally determined in the vibrationally excited state. Furthermore, as both a- and b-type transitions for trans-HOCO are
observed for the first time, the ratio of transition dipole moment projections along the 4 and b principal axes is determined to be
Uiy = 1.78(S), which is in close agreement with density functional quantum theoretical predictions (B3LYP/6-311+
+g(3d£3pd), pt,/ 1y = 1.85). Finally, we note the energetic possibility in the excited OH stretch state for predissociation dynamics
(ie,, transs HOCO — H + CO,), with the present sub-Doppler line widths providing a rigorous upper limit of >2.7 ns for the

predissociation lifetime.

1. INTRODUCTION

The chemical reaction OH + CO — H + CO, (see Figure 1)
has gained significant attention due its critical role in
combustion chemistry' and indeed has been labeled the
“second most important combustion reaction” in a review
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Figure 1. Local potential energy minima (kcal/mol) and transition
state for trans and cis isomers of the HOCO radical. The energies of
the voy = 1 excited states for trans- and cis-HOCO are also shown,
which indicate that both upper states are above the energetic limit for
forming the asymptotic H + CO, product.
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paper by Miller et al.” It is an overall strongly exothermic
process and responsible for the final oxidative conversion step
of CO to CO,, a step which is clearly critical to achieving high
efficiency levels of combustion. The unusual nature of this
reaction is that it plays a critical and ubiquitous role in oxidative
combustion of essentially all hydrocarbons, yet the reaction
does not explicitly involve the actual hydrocarbon fuel at all.
Despite its deceptive simplicity, this reaction is clearly far from
elementary and is known to have multiple barriers,
intermediates, and pathways along the reaction coordinate.
This reaction and its many associated competing oxidative
pathways also strongly impact levels of OH radical concen-
tration in the atmosphere, mainly via oxidation of hydrocarbons
to produce the peroxy radical, RO,. Recent laboratory
investigations by Li et al** have revealed that current
atmospheric models are not accurate enough to predict the
correct concentration of OH radical in the atmospheric
environment. Experimental evidence suggested that the
chemical reaction of the electronic excited NO, with water
may also provide the alternative pathway of generating the HO
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radical, which in turn plays a crucial role on the effect in the
production of troposphere ozone.

The OH + CO reaction has a complex and distinguished
history. Kinetic studies by Smith and Zellner™® first revealed
the non-Arrhenius behavior of this reaction, which displays a
rate constant that increases with decreasing temperature
between 210 and 460 K. A long-lived collision complex
model was proposed to explain these experimental results,
whereby slower collisions at a lower temperature would more
efficiently access the region of phase space associated with the
complex. The implicit assumption of a collision complex model
was based on spectroscopic identification of trans-HOCO in
the condensed phase, which was identified via matrix isolation
by Jacox and co-workers.” On the basis of transition-state
theory, Smith and Zellner were able to propose slight structural
adjustments in the transition state and thereby successfully
modeled the empirically observed rate constant behavior simply
from a thermal perspective.

Chemical reaction dynamics of OH + CO — H + CO, and
its reverse process have also been studied by Alagia et al.* and
Brouad et al.”'® under molecular beam conditions. Their results
indicate that this reaction is complex and exhibits nonstatistical
behavior. Alagia et al. were able to estimate that roughly 65% of
the available energy to form H + CO, must be partitioned into
the translational degree of freedom. However, the structure of
this intermediate complex had not been clearly identified. As
shown in Figure 1, there are several possible candidates for the
complex intermediate, which has been dubbed the HOCO
radical. Hence, the desire to structurally identify these
[HOCO]* intermediates had trigged considerable experimental
and theoretical spectroscopic research. The low-energy barrier
HO—CO orientation of the complex is apparently responsible
for the formation of the trans complex in early sta§es, as
confirmed by measurements by Lester and co-workers'' using
infrared action spectroscopy, which reveals the existence of the
linear complex structure with a binding energy estimated to be
430 cm™'. For the more covalently bound HOCO radical,
however, the structure can be either trans or cis, as shown in
Figure 2.

Figure 2. Schematic structures for (a) trans and (b) cis forms of the
HOCO radical. Only IR spectra for the OH stretching mode of the
transsHOCO conformer are reported in the current high-resolution
studies. To date, there has been no gas-phase spectral detection of the
corresponding OH stretching mode for the cis-sHOCO conformer.

The study of pure rotational spectra and laser magnetic
resonance spectra of the transsHOCO and DOCO enabled
Sears and co-workers'*™'* to determined centrifugal distortion,
spin—rotation constants, as well as a hyperfine constant with
the laser magnetic resonance (LMR). Petty and Moore'**¢
determined the fundamental frequencies of O—H stretching of
transsHOCO and DOCH by time-resolved infrared spectros-

copy (IR). Recently, Oyama et al.'” determined the hyperfine
structure of both trans and cis forms of HOCO radicals by
Fourier transform (FT) microwave spectroscopy and milli-
meter-wave double-resonance techniques. Furthermore, they
also observed the microwave spectra of the CO—trans-HOCO
complex. The experimental observation reveals that the
additional CO has almost no effect on the proton spin density
for HOCO."® The fundamental frequencies of the trans and cis
forms of HOCO had been identified by Jacox and co-workers
in Ar, Ne, and CO matrixes.”**?° Interestingly, however,
reports for corresponding infrared detection of the cissHOCO
conformer in the gas phase have been conspicuously absent.

Using completely different approaches, Continetti and co-
workers*' have determined the fundamental frequencies of
HOC bending, OC stretching, and OCO bending of trans-
HOCO and isotopically substituted species with cryogenic ion
trap photoelectron—photofragment coincidence spectroscopy.
In addition to probing vibrational frequencies of the trans form,
the bending modes of the cissHOCO have also been possible to
determine. The reason for this is that the cis form of the
HOCO™ anion is also populated in their source, from which
photodetachment excitation of the electronic wave function
projects significantly onto the neutral cissHOCO frame via the
Franck—Condon principle. From the experimentally measured
electron affinities for both forms, the binding well depths with
respect to the OH + CO fragmentation asymptote have been
obtained, which are 1.07(2) eV for transsHOCO and 0.99(2)
eV for cis-HOCO. Fortenberry et al.>*~>* recently also
published a series of state-of-the-art theoretical predictions for
vibrational frequencies using high accuracy quantum chemical
coupled cluster techniques and quartic force field calculations,
which yield a remarkably small residual standard deviation (~$
cm™') between theory and experiment. Such calculations
demonstrate the current computational feasibility of obtaining
a high-accuracy potential energy surface with high-level ab initio
methods and basis sets.”® The experimental and theoretical
values for the fundamental frequencies of both trans-HOCO
and cis-HOCO are summarized in Table 1.

In addition to spectroscopic efforts devoted to characterizing
trans and cis forms of the HOCO radical, the actual chemical
conversion from OH + CO reactants to H + CO, products has
also been the focus of much attention. Specifically, Continetti
and co-workers’®” studied dissociative photodetachment
spectroscopy of the HOCO™ anion and concluded that
quantum tunneling effects promoted by OH stretch excitation
at energies well below the calculated transition-state barrier may
be an very important process in accessing the H + CO, exit
channel. This experimental observation was later supported by
theoretical calculations®® by Guo and co-workers based on an
accurate, entirely ab initio potential energy surface.”” By way of
further confirmation of the relevance of such tunneling
dynamics in the exit channel, ab initio thermal rate constants
calculated by Nguyen et al.*® also agree quite well with the
available experimental data, which cover a range in temperature
that includes both combustion and terrestrial atmospheric
chemistry. Specifically, the calculations indicate that H + CO,
exit channel tunneling effects are indeed likely to be very
important below 1000 K and indeed increase markedly in
importance at the much lower temperatures relevant to
atmospheric chemistry. What makes this dynamically interest-
ing is that the H + OCO exit channel barrier is much closer to
the cissHOCO rather than trans-HOCO conformer (see Figure
1). As a result, tunneling lifetimes of the cis- versus trans-

dx.doi.org/10.1021/jp403386d | J. Phys. Chem. A 2013, 117, 13255—13264



The Journal of Physical Chemistry A

Table 1. Summary of Theoretical Predictions and Experimental Observations of the Fundamental Vibrational Frequencies for

trans and cis Conformers of the HOCO Radical

trans-HOCO cissHOCO
modes description Fortenberry et al.* CO matrix’ gas Fortenberry et al. CO matrix? gas

v, a’ O—H stretch 3636.0 3456 3635.7027 3446.1 3316

v, a’ C=0 stretch 1855.8 1833 1852.567°¢ 1816.6 1797

1289 a’ H-O—-C bend 15129 1261 12104 1282.7 1261 1290"
Uy a’ C—O stretch 1048.2 1077 1050 1040.3 1088 1040"
1283 a’ O—C—-0 bend 614.5 615 614 598.8 620 605"
Vg a” torsional 501.8 508 564.2

“Reference 36. “Reference 7. “Reference 23. “Reference 15. “Reference 13. Reference 21.

HOCO forms might be anticipated to depend strongly on
vibrational quantum state excitation, which could be seen in
high-resolution IR spectroscopy of the corresponding isomeric
species. Conversely, rapid predissociation dynamics from either
the cis or trans isomer in excited vibrational states could also
dramatically limit our experimental ability to probe HOCO via
sub-Doppler infrared spectroscopy in the slit-jet discharge
expansion environment.

As a necessary first step, therefore, we demonstrate efficient
formation, high-resolution detection, and improved spectral
analysis of the transsHOCO conformer. Specifically, this work
reports on the fundamental OH stretching vibrational mode of
trans-HOCO, investigated herein with supersonic cooling (13
K) and sub-Doppler resolution (60 MHz) in a tunable
difference frequency discharge infrared spectrometer. With
the combination of slit-jet absorption sensitivity and rotational
cooling, we are able to observe the predominantly strong a-type
transitions of the OH stretch band, as well as the much weaker
b-type transitions undetected in previous studies by Petty and
Moore."> In addition, the combination of sub-Doppler
resolution and low rotational temperature in the slit-jet
expansion enables us to completely resolve the electron
spin—rotation structure in this radical and therefore determine
the three diagonal spin—rotation constants (&,, &, &
unambiguously in the upper vibrational state. From Boltzmann
plots for integrated areas of the two band types, the ratio of
vibrational transition dipole moments along the a and b
principal axes can also be determined and compared with
quantum theoretical predictions. These studies lay the essential
groundwork for establishing necessary confidence in the trans-
HOCO discharge chemistry, which will be the basis for an
ongoing search in the OH stretching region for the elusive cis-
HOCO radical.

2. EXPERIMENTAL SECTION

Details of the sub-Doppler resolution infrared spectrometer
have been described elsewhere and need only be briefly
summarized.*"*> Tunable, narrow-band (<1 MHz) infrared
radiation is generated via difference frequency generation
(DFG) within the temperature-controlled PPLN crystal (50
mm X 10 mm, periodically poled LiNbO; crystal) via the
combination of two continuous waves from a single-mode ring
dye laser (<2 MHz line width, Spectra-Physics 380A with R6G
dye) and an etalon-stabilized Ar* ion laser (Spectra-Physics
Series 2000). The frequency range between 2500 and 4500
cm™ is accessed by Ar* laser operation at 488 or 514 nm,
scanning the oven temperature and poling period to achieve
quasi-phase-matching conditions. Roughly half of the total IR
power (~11 yW) is sent into the detection region S mm

downstream of the slit-jet discharge jaw orifice (4 cm X 300
um), multipassed 16 times with a Herriott cell for a 64 cm
optical path length, and focused on a N,-cooled InSb signal
detector. The remaining half is monitored on a matched N,-
cooled InSb reference detector, with a home-built servo loop (1
MHz bandwidth) to subtract laser noise contributions common
to both the signal and reference beams.

The trans-HOCO radical is generated by flowing a CO/Ne
gas mixture saturated in a liquid water reservoir into the
supersonic free jet stagnation region, with 50 kHz square wave
modulation of the 500 V discharge voltage on the defining slit
jaw orifice. The radical absorption signal is demodulated with
phase-sensitive lock-in detection to suppress non-shot noise
contributions at low frequencies, with the phase optimized by
adjusting CO and H,O partial pressures for a typical trans-
HOCO line. The absorbance noise level is estimated to be
0.0011% rms in a 10 kHz detection bandwidth, which translates
into a signal-to-noise ratio (S/N) = 60 for strongest transitions
and near shot noise limited absorbance sensitivities of 1.4 X
1077/ \/Hz. The reported frequencies are obtained by
interpolating fringes from an ultrastable optical transfer marker
cavity with a 250 MHz free spectral range (FSR), yielding a rms
frequency reproducibility for a typical line of ~6 MHz.
Absolute frequencies are calibrated with respect to the v3, 1,
< 1, absorption line for H,'°O at 3638.08223 cm™, also
obtained in the same sub-Doppler slit-jet geometry.>*

3. RESULTS AND ANALYSIS

Figure 3 presents a global overview spectrum of the jet-cooled
trans-HOCO radical in the 3626—3644 cm™' region corre-
sponding to excitation of the OH mode, with small spectral
gaps due to absorption of the difference frequency IR light by
atmospheric water lines. Even at this global scale of resolution,
a number of rotational progressions can be recognized and
readily assigned to the trans-HOCO radical, with transitions in
the K, = 0 < 0 sub-band labeled with conventional railroad
diagrams. Note that at these slit-jet temperatures, the spectrum
is dominated by a 13 K thermal population in the lower K, = 0
manifold, with rotational progressions similarly dropping off
rapidly above N = 10. Thus, the present work nicely
complements previous studies of the fundamental OH
stretching mode by Petty and Moore,'> based on 193 nm
photolysis of vinyl formic acid (C,H;CO,H) and time-resolved
flash kinetic infrared absorption spectroscopy. Specifically, the
room-temperature trans-HOCO spectra in these earlier studies
reflect transitions from significantly higher angular momentum
states (N & 25—S55, K, < 8) than those populated in the jet-
cooled spectra reported herein. Furthermore, the present
combination of reduced spectral congestion and higher
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Figure 3. Jet-cooled and sub-Doppler rovibrational spectral transitions
observed in the fundamental OH stretching region (~3635 cm™) for
the transsHOCO radical. Rotational quantum numbers for the
dominant Py(N) and 9Ry(N) branches are labeled, as well as
approximate locations for the strongest PQ,(N), 1Q,(N), and "Qy(N)
branches. Breaks in the spectral data are due to strong absorption lines
of atmospheric water.

absorbance sensitivity permits the entire the OH stretch hybrid
band (i.e., both a-type and b-type components) to be observed,
assigned, and analyzed for the first time. Furthermore, the sub-
Doppler spectral resolution in the slit-jet spectrometer permits
the spin—rotation structure in each of the rotational transitions
to be readily measured, which permits a detailed analysis of the
fine structure splittings and spin—rotation tensor information
for the vibrationally excited state. Finally, the use of sub-
Doppler absorption methods permits a rigorous estimate of the
upper limit for predissociation lifetime dynamics for trans-
HOCO — H + CO, in the OH stretch vibrationally excited
state.

In the present work, transsHOCO is formed by collisions of
the OH radical with CO in the slit-jet discharge expansion, with
Ne atoms stabilizing the nascent hot HOCO radical by three-
body relaxation. Peak absorbances for the trans-HOCO radical
are estimated to be about ~0.06% for the strongest rovibra-
tional lines, with a rotational temperature estimated to be
13.0(6) K from the analysis of the Boltzmann plot. By way of
example, Figure 4 displays a systematic overlay of high-
resolution scan regions for the K, =1 < l and K, =0 < OR
branch sub-bands, where the additional spectral structure due
to K, = 1 asymmetry doubling and spin—rotation coupling is
immediately evident. The asymmetry splitting in the K, = 1
manifold increases as ~[N(N + 1)]"/% which for an a-type band
(AK, = 0), as expected, results in asymmetry doubling that
increases roughly linearly with the end-over-end rotational
quantum number N. However, the corresponding spin—
rotation structure in these asymmetry split transitions decreases
rapidly with increasing quantum number N, as will be analyzed
and discussed in more detail later. As a result, spin—rotation
information in the trans-HOCO spectra is most accessible from
the lowest rotational levels, which again are most favorably
populated under supersonic jet-cooled conditions.

Figure Sa and b feature a similar high-resolution display of
the Q branch region, which, due to supersonic jet cooling, is
dominated by the lowest optically allowed transitions out of the
K, = 1 stack. Most importantly, the spectra clearly reveal both
a-type and b-type transitions with S/N > 10. Using near-
symmetric top notation, we clearly observe two dominant b-

type "Qy(N) (Figure Sb) and PQ;(N) (not shown here) sub-
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Figure 4. Systematic overlay of the high-resolution R branch scans for
a-type transitions out of the K, = 0 and 1 levels, clearly displaying sub-
Doppler fine structure due to spin—rotation interactions. Transitions
are arbitrarily registered with respect to the corresponding R, line for
each value of the end-over-end angular momentum. The lines indicate
the trend in spin—rotation splittings as a function of rotational energy,
which for the present trans-HOCO a-type band, rapidly merges into a
single unresolved line of approximately twice the intensity.

branches in the region near the band origin, with progressions
of lines in the "Po(N) and "Ry(N), PR;(N) sub-branches
identified and assigned despite the ~2-fold weaker P/R versus
Q branch signal intensities. This is at first a bit surprising
because only a-type band transitions were reported in Petty and
Moore’s early study, despite unambiguous predictions from
their spectral fits for where the corresponding b-type band
transitions should occur.'® Indeed, given that the ratio of a-
type/b-type band intensities is determined to be only ~3:1 in
the current slit-jet spectra, it is not immediately clear why these
b-type transitions were not observed previously. However, we
can offer two possible suggestions. First of all, the trans-HOCO
populations at room temperature are diluted into appreciably
higher N and K, levels, which, in conjunction with lower
spectral congestion due to sub-Doppler resolution, may help
explain the greater visibility for b-type transitions under slit-jet-
cooled conditions. Second and more quantitatively, the a-type
spin—rotation splittings for trans-HOCO blend with increasing
rotational quantum number N into a single unresolved line and
therefore generate a fortuitous 2-fold increase in peak intensity.
By way of contrast, the b-type spin—rotation splittings remain
fully resolved up to high N values, therefore eliminating such a
2-fold enhancement in signal strength for spectra obtained
under room-temperature, Doppler-limited conditions.

From Figure 5a and b, additional spectral structure due to
the spin—rotation interaction is also evident. As illustrated in
the accompanying figure legend, there are four allowed spin—
rotation transitions associated with a given N rotational
quantum number for a Q branch. Indeed, for the very lowest
optically allowed transitions out of N = 1 levels, one can indeed
see evidence in Figure Sa for four a-type lines at sub-Doppler
resolution. However, for N > 1 values, the spin—rotation
transition intensities asymptotically approach the usual AN =
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Figure S. (a) The a-type Q branch progressions out of the K, = 1 and 2 manifolds in the band origin region near 3635.7 cm™". Note that of the four
allowed spin—rotation transitions, the two fine structure lines following the AN = AJ propensity rule are strongest and merge into an unresolved and
2-fold more intense peak with increasing N value. (b) A single b-type "Qy(N) branch progression out of the K, = 0 manifold. Note that the trans-
HOCO spin—rotation interactions yield fully resolved fine structure splittings up to high N values. This reduces the signal intensity with respect to
the a-type band by an additional factor of 2, which, in conjunction with spectral congestion, is likely responsible for lack of observation of any b-type

band transitions in the previous studies of Petty and Moore.".
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Figure 6. The a-type spin—rotation structure in the (a) N=1,K, =0, 1 and (b) N =4, K, =0, 1, 2 transition multiplets. The transitions are labeled
by asymmetric top N,k quantum numbers at the top, with the corresponding J' <~ ]’ components labeled below, with the stick plot and spectral
simulation shown in blue and red, respectively. Note again that a-type spin—rotation splittings are systematically small and would therefore merge
into single, unresolved lines with approximately twice the intensity under non-sub-Doppler conditions.

AJ = 0 propensity rule, where J = N + § in the Hund’s case b;
coupling scheme. In this limit, Q branch transitions for a-type
and b-type bands are dominated by a pair of two strong A] = 0
lines, whose splittings provide high-resolution information on
the corresponding components of the spin—rotation tensor.
Additional detailed spin—rotation information is obtained from
the corresponding P and R branches, as illustrated in sample
high-resolution scan regions shown in Figure 6a and b. In each
of these branches, there are now only three optically allowed
spin—rotation transitions but with the usual propensity rule AN
= AJ = +1 resulting in only two dominant transitions out of all
but the very lowest N levels.

Assignment of all spectral structures to both rotational
(N'gake < Nk ko) and spin—rotational quantum numbers
(where ] = N + 1/2) is straightforward, loosely guided by the
rovibrational analysis of Petty and Moore and then rigorously
confirmed by two-line combination differences from the
precision microwave studies of Oyama et al.'” A list of all
assigned transitions is available in the Supporting Information.
A-reduced Watson effective rotational Hamiltonian, including
the effective spin—rotation interaction,*® is used to analyze the
rovibrational transitions. The effective Hamiltonian is

13259

H, = AN? + BN} + CN? — AyN* — Ay N°N? — AN?
= (55N + 6N (N = N7)
— (Ny = ND)(BuN” + 5¢Ny)
+ &,N,S, + NSy, + NS, (1)

In eq 1, the top line reflects terms due to the rigid asymmetric
top rotational energy (4, B, C), with the second line comprising
the lowest fourth-order centrifugal distortion correction terms
(Any Ang Ag Sy k). The third line contains diagonal spin—
rotation interaction contributions (e,, &, €.), which are the
only nonvanishing terms for a molecule with orthorhombic
symmetry. Additional hyperfine interactions due to nuclear spin
(e.g., isotropic Fermi contact terms due to the H atom) are
predicted to be on the order of 10—20 MHz and thus too small
to be significant even with 60 MHz sub-Doppler resolution.
The ground-state asymmetric top and spin—rotation
constants are fixed at values from the Oyama et al. microwave
study,'” while constants for the upper state are floated in a
nonlinear least-squares fitting to all a-type, b-type, and spin—
rotation resolved transitions. The final results for these
molecular constants as well as the vibrational band origin

dx.doi.org/10.1021/jp403386d | J. Phys. Chem. A 2013, 117, 13255—13264
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Table 2. Molecular Constants for trans-HOCO in the Ground State and First Excited OH Stretching Level

ground state

Voy = 1 stretching state

vibration calculation” LMR® microwave®
A 5.61276 5.5960782(64) 5.596140(1)
B 0.38188 0.3813800(21) 0.381375(1)
C 0.35698 0.3564640(21) 0.356468(1)
Ay© X 107 3.033(18) 2.96(1)

Ang X 10° —9.882(11) —9.884(7)

Ay x 10* 7.8689(33) 7.86891(3)
Sy % 10° 4.10(11) 3.37(2)

8 X 10° 3.67(89) 3.6(3)

@, x 10" —1.6(6)

Dy X 10° —4.69(16) —4.7(1)

Ean 0.051661(53) 0.0517165(9)
&4 0.000319(17) 0.000319"
€. —0.000914(27) —0.0009075(1)
ag —0.0002295(1)
T, 0.0000778(3)
Ty, —0.000176(3)
T, 0.000390(3)
AS, X 10° —1.802(70) —-1.86(2)

A +0.076% +0.076%

Y

flash kinetic spectroscopy® sub-Doppler, slit-jet supersonic discharge

5.54790(13) 5.55158(7)

0.381026(11) 0.381015(2)

0.3559852(74) 0.355990(3)

2.76(17) 2.35(19)

—9.24(28) —3.33(115)

7.337(21) 7.19(14)

3.8(14) e

f e

f

0.0516(11) 0.05121(7)

f 0.00030(2)

f —0.00081(2)

+0.073¢

3635.7020(15) 3635.69930(5)

“Reference 36. "Reference 12. “Reference 17. “Reference 15. “Fixed at microwave values./Fixed at values from LMR studies. Snertial defect A = I,

— I, — I, (unit in amu-A ?).

(vy) are summarized in Table 2, with results from previous
LMR, FT microwave, and IR studies also included.'*'*?*
Under the present jet-cooled conditions with relatively small N
and K, values, the weaker asymmetric top quadratic distortion
constants 6y and Oy for the upper state are not reliably
determined and are thus held fixed at the ground-state
microwave values. Though there are small differences between
the current sub-Doppler analysis and previous reports for the
upper state, the agreement is generally excellent. Indeed, the
fortuitous combination of low congestion due to supersonic jet
cooling, sub-Doppler spectral resolution, as well as inclusion of
both a-type and b-type transitions in the least-squares fits
makes for a significantly improved spectral analysis. In
particular, this permits all three spin—rotation constants to be
determined with high precision in the vibrationally excited
state, as summarized in Table 2 and discussed in more detail
below.

4. DISCUSSION

A. trans-HOCO Molecular Constants. In the present
work, both a-type and b-type hybrid bands as well as spin—
rotational splitting are observed and resolved experimentally,
which enables a significantly improved determination of the
low-order molecular constants. This is to be expected as the
previous flash kinetic measurements'® involve fitting to high N
states populated at near or above room temperature, as
opposed to the very much lower energy N states thermally
available under supersonically cooled expansion conditions and
with sub-Doppler resolution. The present least-squares fitting
results are shown in Table 2. The band origin for the
fundamental OH stretching mode of trans-HOCO is found to
be 3635.69930(5) cm™’, which is in excellent agreement with
theoretical predictions of 3636.0 cm™! by Fortenberry et al,*
3639.6 cm ™! by Wang et al,*” as well as results of the previous
experimental study by Petty and Moore'® of 3635.7020(15)
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cm ™. The most significant difference (i.e, >3 &) between the
two experimental sets of end-over-end rotational constants lies
in the determination of A, which the present work specifies
with much improved precision due to simultaneous observation
of both a-type and b-type transitions. Furthermore, the sub-
Doppler capability of the current slit-jet expansion geometry
permits complete resolution and least-squares fitting of the
spin—rotation constants, yielding precision experimental results
for all three values in the vibrationally excited state, specifically
£, = 005121(7), &, = 0.00030(2), and €, = —0.00081(2)
em™!, Because the spin—rotation interaction is thought to be
dominated by second-order electronic interactions, this yields
valuable information on the excited-state energy level structure,
as will be addressed later in the Discussion section.

For a perfectly rigid, flat object, the inertial defect (A = I —
I, — L,,) can be readily shown to vanish identically. However,
this is not rigorously true for real molecules with only planar
equilibrium geometries when one also includes the finite mass
of the electron cloud and zero-point rovibrational displace-
ments away from planarity. Indeed, Oka and Morino>® showed
that there are mainly three physical sources that contribute to
the experimental observation of the finite inertial defect,
specifically (i) vibrational, (ii) electronic, and (jii) centrifugal
distortion terms. The centrifugal correction depends on higher-
order rotationally induced distortion of the nuclei positions;
this can be estimated to be quite small (<10~ amu-A?) for
most molecular systems” and therefore plays only a relatively
minor role. Also small but more significant is the electron
cloud, which systematically yields a negative contribution due
to finite mass density away from the nuclear plane.>® However,
the largest corrections typically originate from a combination of
finite in-plane versus out-of-plane quantum motion of the
nuclei, either due to quanta of vibrational excitation or even just
at the zero-point level. In the case of the trans-HOCO radical,
the inertial defect for the ground-state zero-point vibrational
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level is estimated to be +0.076 amu-A> from LMR and
microwave studies, which is indeed the correct sign anticipated
for large-amplitude in-plane bending modes with heavy atoms.
For v = 1 OH vibrational excitation of trans-HOCO, this
predominantly in-plane OH stretch results mainly in a change
in moments of inertia along the b- and c-axis. The upper state
inertial defect is determined to be 0.073 amu-A? that is,
reflecting a small decrease (—3.9%) due to excitation of large-
amplitude in-plane motion.

Fine structure comes from the coupling of the unpaired
electron spin (S) to the molecular end-over-end rotation
angular momentum(N) of the radical system.>*** It has been
shown®****! that there are two physical contributions to such
fine structure interaction. This first contribution is relatively
weak and based on direct first-order interaction between the
electron spin magnetic moment with the magnetic field
generated by tumbling rotation.*” However, the much larger
effect is thought to arise from second-order mixing of excited
rovibronic states through electronic Coriolis interactions. The
experimentally measured spin—rotational constants provide
invaluable information about the symmetry and energetic
position for the excited electronic state. For example, as shown
in Table 2, the dominant term, ¢, is mainly influenced by the
energy of the first excited’A” state. The first A” excited state
for trans-HOCO was predicted by Sears et al."? to lie ~36 kcal/
mol above the ground state, based on the simple assumption of
similar electronic state behavior for HCO and trans-HOCO
radicals. Li and Francisco®® subsequently performed these
calculation using CCSD(T) methods and cc-pVDZ and cc-
pVTZ basis sets, which predicted this excitation to be ~71
kcal/mol, that is, considerably higher. This work also revealed
that discrepancies between these two calculations could arise
from significant differences in vertical excitation energies,
specifically 2.2 eV (50.7 kcal/mol) and 4.2 eV (96.6 kcal/
mol), predicted for HCO and trans-HOCO radicals,
respectively. Interestingly, the Li and Francesco calculations
also suggested this first excited *A” state to exhibit significant
predissociation dynamics correlating with the entrance channel
OH(X’M) + CO('Z") limit. Experimental support of this much
higher energy prediction was later provided by dissociative
photodetachment studies of Continetti and co-workers.****

B. OH Stretch a-Type/b-Type Band Intensity Ratio.
This jet-cooled study represents first spectral detection of both
a-type and b-type components in the OH stretch hybrid band,
which makes it possible to estimate the ratio of vibrational
transition dipole moments along the molecule frame a- and b-
axes, respectively. In order to achieve such an estimate, we
perform separate Boltzmann simulations for each of the a-type
and b-type absorption line data. In particular, the integrated
intensity for a given i < j absorption line in a thermally
equilibrated sample is well described by

S = Cyg, HL-exp(—E o /kT) @)

In eq 2, S; reflects a sum over all intensity contributions due to
spin—rotation structure, C; is a coefficient proportional to the
a-type or b-type vibrational dipole transition moment lu,/*or
lupl?, gy is the 2N + 1 rotational degeneracy of the rotational
level, HL the generalized Honl—London factor for an N'y, k.
N ke asymmetric top transition, and exp(—E,/kT) is
the usual Boltzmann factor at a temperature T for the lower
state. Figure 7 displays the corresponding Boltzmann plots of
In[S;; /gn/HL] versus E,, which have been least-squares fit for
a- and b-band types to a common rotational temperature of T,,,

'10 T hd T T T T b T T
! T _=13.0(6) K
- b " I fu,* = 3.16(10)
T o ", I myl = 1.78(5) |
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Figure 7. Boltzmann plot for the a-type and b-type band rovibrational
transition intensities. The slope from a combined least-squares fit to
the two bands is consistent with a common rotational temperature of
13.0(6) K, with the intercepts indicating the ratio of a-type to b-type
integrated band intensities to be lu,/u,l > = 3.16(10).

= 13.0(6) K. The difference between the two y-intercepts, as
shown in Figure 7 and experimentally determined from
multiple scans, yields the logarithm of the a-type to b-type
transition dipole moment ratio, which permits extraction of I,/
w1 = 3.16(10) and thus |y, /| = 1.78(5). Indeed, this |,/ u;)
value is in remarkably quantitative agreement with Gaussian 09
theoretical predictions (B3LYP/6-311++g(3df3pd)) of lu,/pl
= 1.85, obtained from the dot product of the dipole moment
derivative vector for the OH stretching vibration with unit
vectors along the a and b principal axes. Interestingly, the b-
type band intensity for the OH stretch would appear to be
down only by ~3-fold from the a-type band, which makes it a
bit surprising that it was not observed in the previous flash
kinetic efforts."> However, on the basis of the spectral data in
Figure 5b, these b-type band transitions are quite readily
detectable under the much lower temperatures, sub-Doppler
resolution, and lower spectral congestion obtained with the slit-
jet discharge expansion source.

C. Initial Search for cis-HOCO Spectra in the OH
Stretch Mode. We briefly return to the issue of gas-phase
spectral detection for both trans- and cis-HOCO conformers
possible in our slit-jet discharge expansion. As indicated in the
Figures 1 and 2, it is possible for the HOCO radical to exist in
both trans and cis structures, with the cis-HOCO minimum
theoretically predicted to be AE = 1.77 kcal/mol energetically
above trans-HOCO. This is only a modest energy difference
compared to kT under typical combustion temperature
conditions, and thus, these two conformers can both be
dynamically important. However, a sizable ~9.3 kcal/mol
barrier separating the trans from the cis configuration is also
predicted, which would significantly slow rates of collisional
interconversion and equilibration. Thus, it is not at all clear
how rapidly populations between these two isomer wells can
interconvert and/or reach an equilibrium status, either at the
extremely low temperatures of a supersonic expansion or the
much higher temperatures relevant to combustion.

It is well worth noting in this regard is that both ground
vibrational state trans-HOCO and cissHOCO isomers have
been spectrally identified in the microwave rotational work by
Oyama et al., under the same, low-temperature conditions of a
supersonic pinhole expansion.'” From relative intensities of the
two rotational spectra, they estimated approximately equal
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formation of the trans and cis isomers from OH + CO reactions
in their pinhole discharges. Thus, clearly, both isomers are
stable with respect to dissociation into the H + CO, product
channel, at least for the vibrationless ground state. There is no
experimental evidence, however, on the stability of trans- or cis-
HOCO in the OH stretch vibrationally excited state, which
would significantly impact feasibility for detection via high-
resolution methods. Indeed, the dynamics of cis- and trans-
HOCO in their ground and vibrationally excited states
represents an ongoing challenge for both experiment and
theory. Alternatively stated, the success of obtaining such
spectra for c¢is-HOCO in condensed-phase matrixes yet a
corresponding failure (to date) in the gas phase makes high-
resolution infrared detection of cis-HOCO a topic of
considerable interest.

By way of preliminary effort, we have performed a high-
resolution IR search for the cis-HOCO isomer in the OH
stretch region, guided by predictions from both high-level
theory™ as well as experimental matrix studies by Jacox and co-
workers.”'*?® For measurements of the trans-HOCO rovibra-
tional transitions discussed above, the typical signal-to-noise
ratio for a strong peak is S/N = 60:1. According to Huang et
al’s calculations,® the predicted integrated OH stretch band
intensities for trans-HOCO and ¢is-HOCO should be 80.3 and
14.9 km/mol, respectively. Thus, if we take such a ~5.4-fold
difference in absorbance strength into account, this would
imply that cis-HOCO isomer concentrations in our slit-jet must
be at least 11 times smaller than those of trans-HOCO to
remain undetected under the present sensitivity conditions. We
are currently in the process of pursuing alternative precursors
for increasing OH concentrations to provide an additional
improvement in both trans- and ciss-HOCO isomer signals.

We can, however, offer the following observations. If the
isomer populations were equilibrated to the observed T, ~ 13
K rotational temperature, the ~1.77 kcal/mol energy difference
would correspond to a ~107 ratio of cis-HOCO to trans-
HOCO, that is, far lower than any conceivable experimental
sensitivity levels. By way of a counter example, both ground-
state trans- and cissHOCO species are detectable in pinhole
discharge expansions, which implies that true thermal
“equilibration” between forward and reverse barrier crossings
is clearly not always maintained. However, the number of
strong, thermalizing collisions in a supersonic jet can be
dramatically different for pinhole versus slit expansion geo-
metries. Specifically, the slit-jet versus pinhole environment
offers a much slower (1/r versus 1/r) drop-off in expansion
density, which for HOCO would typically translate into 1-2
orders of magnitude more cooling collisions prior to the freeze-
in region.*” In many van der Waals complexes, for example, this
additional boost in slit-jet collision frequency proves sufficient
to maintain essentially complete thermalization of rotation and
vibration, at least up to relatively low frequencies of ~667
m™".*7>! Whether this represents sufficient collision numbers
to begin to equilibrate cis- and trans-HOCO isomer populations
over a 9.3 kcal/mol barrier is not clear. It is worth noting that
requisite reduction of cisHOCO versus transsHOCO pop-
ulations consistent with our present sensitivity levels would
only require “cooling” a presumed equilibrium isomer
distribution to ~370 K. One plausible dynamical scenario is
that the increased number of collisions in the slit-jet expansion
relaxes HOCO from the OH + CO direction into the trans
potential well more efficiently, with the trans-HOCO then
experiencing strong collisions too infrequently at these low jet

temperatures to surmount the barrier to form the cis-HOCO
isomer. Another potential path for accessing the cis-HOCO well
could come from H + CO, reagents in the reverse direction,
though this would requires overcoming an even larger barrier
(AE,, ~ 25 kcal/mol) than for the OH + CO forward
direction (AEg, ~ 9 kcal/mol).

As a final comment, it bears noting from Figure 1 that the
OH stretch excitation of both trans- and cissHOCO is
theoretically predicted to be above the limit to H + CO,
formation, which could therefore lead to predissociation from
metastable vibrationally excited states.”"****>> The current
sub-Doppler linewidths (<60 MHz) observed in the slit-jet
provide a rigorous lower limit to such a dissociation lifetime of
>2.7 ns for the trans-HOCO isomer. What the corresponding
lifetime might be for the cissHOCO isomer is clearly not well
understood, although one could reasonably argue that it would
be shorter than that for trans-HOCO becaue (i) the OH stretch
is largely parallel to the dissociation coordinate and (ii) the cis
well is separated only by a single rather than a double barrier
from H + OCO products (see Figure 1). It is additionally worth
noting, of course, that any predissociation dynamics with
lifetimes < 2.7 ns will yield additional line broadening beyond
our sub-Doppler limit, with concomitant reduction in peak
spectral absorbance and detection sensitivity for the ciss HOCO
versus trans-HOCO isomer. Thus, one intriguing possibility
would be that the high-resolution infrared spectrum of cis-
HOCO is sufficiently broadened by tunneling dissociation
dynamics to fall below our current S/N limit. In any event, we
hope that the present work will stimulate further experimental
and theoretical efforts in these directions, from which we can
elucidate further details of the potential energy surface for both
trans- and cis-HOCO, as well as possible reaction dynamics as a
function of the isomer and vibrational quantum state.

5. SUMMARY AND CONCLUSION

The combination of high radical density and high detection
sensitivity in the slit-jet discharge infrared spectrometer has
been used to explore the fundamental OH stretching mode for
the jet-cooled trans-HOCO radical under sub-Doppler
resolution conditions. In these initial studies, the HOCO
radical has been formed via discharge of H,O to form OH,
which, under slit-jet expansion conditions, in turn reacts with
CO to make significant concentrations of the trans-HOCO
form. Each rovibrational transition in trans-HOCO exhibits
additional fine structure splittings due to open-shell spin—
rotation interactions, which permits the three nonvanishing
components of the spin—rotation tensor to be determined
experimentally. Additionally, b-type as well as a-type transitions
are identified in this study for the first time, which provides
additional information and accuracy for analysis of both
fundamental rovibrational constants and spin—rotation inter-
actions. The low temperature of the slit-jet expansion has also
been exploited to determine the ratio of a-type to b-type band
intensities via detailed Boltzmann analysis of the rotational line
strengths The ratio of vibrational transition dipole moment
along the a- and b-axis is determined to be lu,/p,l = 1.78(5),
which is in excellent agreement with simple DFT calculations
(lpo/ 1) = 1.85) and provides valuable information with which
to compare and evaluate more sophisticated level quantum
theoretical treatments (see Figure 8). Indeed, it is our hope that
these high-resolution IR studies of trans-HOCO and future
studies of cissHOCO will offer the necessary quantitative
metrics for both validating and improving the state of the art ab
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Figure 8. (a) Spectral simulation for accidentally overlapping a-type
[Ry,1(6)] and b-type ['Qy(N)] transitions in the OH stretching
fundamental band, with the ratio of transition dipole moments (l,/pl
= 1.78(5)) and rotational temperature (T, = 13.0(6)K) taken from
the accompanying Boltzmann plot in Figure 7. Interloper transitions
not assigned to trans-HOCO are marked with .

initio predictions of Francisco, Lee, and co-workers, as well as
testing the recent permutationally invariant potential energy

and dipole moment surfaces of Bowman and co-work-
ors, 24363746
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