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ABSTRACT: High-resolution, fully rotationally resolved direct absorption spectra
of hydroxymethyl radical, CH,OH, are presented in the infrared CH stretching
region. As a result of low rotational temperatures and sub-Doppler linewidths
obtained in the slit supersonic expansion, the K, = 0 < 0 band of the symmetric

CH stretch for CH,OH has been unambiguously identified and analyzed. By way of

chemical confirmation, hydroxymethyl radical is generated via two different slit jet
discharge syntheses: (i) direct dissociation of CH;OH to form CH,OH and (ii)
dissociation of Cl, followed by the radical H atom extraction reaction Cl + CH;OH
— HCI + CH,OH. The identified transitions are fit to a Watson A-reduced
symmetric top Hamiltonian to yield first precision experimental values for the
ground state rotational constants as well as improved values for the symmetric
stretch rotational constants and vibrational band origin. The results both
complement and substantially improve upon spectral efforts via previous double

resonance ionization detected infrared methods by Feng et al. [J. Phys. Chem. A, 2004, 108, 7093], as well as offer high-resolution

predictions for laboratory and astronomical detection of hydroxymethyl radical in the millimeter-wave region.

I. INTRODUCTION

Hydroxymethyl radical, CH,OH, has been the subject of over
100 experimental and theoretical papers in the last 40 years," in
large measure due to the important role it plays as a reactive
intermediate in combustion and environmental chemistry.” As
one example, the combustion initiation step for oxygenated
hydrocarbon fuels such as methanol is thought to be hydrogen
abstraction by O, to produce hydroxymethyl radical, ie.,
CH,OH + O, — CH,0H + HO,>* There is also central
involvement of hydroxymethyl radical in many of the
subsequent chain reaction kinetics, for example, a fundamental
chain propagation step in the oxidative combustion of methanol
is CH;OH + HO, — CH,OH + H,0,. Indeed, real time
monitoring capabilities for CH,OH radical in methanol
combustion, as well as a detailed understanding of the
underlying kinetics would be very desirable in optimizing
combustion processes.*”” Significantly complicating this task is
the ubiquitous presence of methoxy radical (CH;0) in many
combustion systems, which has the same chemical composition
as hydroxymethyl radical. This makes mass spectrometry a less
versatile method for monitoring the underlying radical kinetics,
although the recent combination of synchrotron VUV photo-
ionization and mass spectroscopy looks to be especially
promising.® "3

In addition to fundamental combustion processes, hydroxy-
methyl radical is an important intermediate for oxidative
reactions occurring in the troposphere. Indeed, atmospheric
scrubbing reactions of alkanes, alkenes, and alcohols all involve
hydroxymethyl radical as a reactive intermediate.>>'*!7
Alkenes account for about 10% of the nonmethane organic
compound concentration in many urban areas as a result of
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gasoline-based fuels and motor vehicle exhaust emissions.

The initial oxidative scrubbing reactions of simple alkenes such
as ethene are initiated by hydroxyl (OH) radical attack,"” which
features several steps involving CH,OH as an intermediate.'”"®
Furthermore, methanol itself has a nontrivial concentration in
the troposphere,” ranging from 400 to 700 ppt depending
upon the latitude, with about 85% of atmospheric oxidative
scrubbing reactions producing hydroxymethyl radical as a
transient intermediate.'®

As a third area of relevance and interest, hydroxymethyl
radical is likely to be an abundant polyatomic hydrocarbon
species in the interstellar medium.”'~>* Indeed, the precursor
methanol molecule is ubiquitous in interstellar spectroscopic
observations, so much so that it is considered a challenging
source of background transitions in the millimeter (mm)-wave
and/or far-infrared (IR) spectrum.zs_31 In the presence of
abundant high energy VUV light in the interstellar regions, the
photodissociation lifetime of methanol to form hydroxymethyl
radical is expected to be rather short.”"** This suggests the
possibility of direct detection of CH,OH by far-IR and/or mm-
wave (or possibly even near IR-) spectroscopy, which, in
conjunction with spectrally measured methanol densities, could
provide interesting information on hi§h energy radiation flux
levels involved in photofragmentation.”*** Alternatively and of
particular relevance to the present work, high-resolution
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observation and assignment of CH,OH spectral transitions in
the near-IR could greatly facilitate spectral search and detection
via lab-based studies in the far-IR/submm-wave region.32’33
This, in turn, could significantly advance future prospects for
successful search for these species in the interstellar medium
with new far-IR/submm telescope capabilities coming on
line 3*73¢

The above examples provide strong motivation for develop-
ment of high-resolution near-IR experimental tools for
spectroscopic identification of hydroxymethyl radical, as a key
reactive intermediate in combustion, atmospheric, and
interstellar chemical reactions. Such keen levels of interest
have spurred significant spectroscopic efforts. The earliest such
studies on hydroxymethyl radical were based on electron spin
resonance (ESR) detection, which, in conjunction with high
level ab initio theoretical efforts, predicted a quasi-planar
structure of the radical.’’ ~*' Low-resolution infrared detection
of CH,OH radical was first obtained by Jacox via matrix
isolation spectroscopy and UV photolysis of methanol, which
identified several vibrational modes in the fingerprint
region.“’43 These pioneering efforts, in turn, stimulated a
plethora of additional theoretical, spectroscopic, and kinetic
studies.>'**>*7% Of particular relevance to our work is a
series of resonance enhanced multiphotoionization (REMPI)
studies by Hudgens and co-workers, which identified multiple
Rydberg states and Franck—Condon active vibrational
progressions in these lower and upper state manifolds.*’~*

In order to facilitate interpretation of their spectral data,
Hudgens and co-workers calculated a 2-dimensional potential
energy surface at the MP2/6-311G(2df,2p) level for the lowest
frequency OH torsion (vg) and CH, (vy) wag coordinates,
yielding detailed energy/frequency predictions for these two
coupled modes."*”** By way of example, their potential surface
calculations predict the frequency of the first excited vy wag
mode at 238 cm™’, which is in excellent agreement with the
observed value at 234 + S5 cm™. Furthermore, these studies
determined that quantum state labels for these two modes
remained approximately separable, at least for vibrational
energies sufficiently low with respect to the (~1700 cm™)
OH torsional barrier height. Most importantly, the presence of
such a torsional barrier predicts closely spaced tunneling levels,
specifically with splittings between ground and first excited
torsional modes (vg) lower than the ~1 cm™ precision of the
calculations." On the basis of such an upper limit for these
torsional splittings, one expects both ground and first excited
tunneling levels to be populated even under jet-cooled
conditions (T,,, = 20—30 K), and thus the possibility for line
doubling in high-resolution near-IR spectra.

More recently, Reisler and co-workers have performed a
number of studies on dissociation dgrnamics and the spectros-
copy of hydroxymethyl radical>**™>® In particular, these
studies elucidated the spectroscopy of low lying electronic
states including the 3s, 3p,, and 3p, Rydberg levels as well as
the CH symmetric stretch, CH asymmetric stretch, and OH
stretch fundamental and first overtone. Specifically, Feng et al.
exploited double resonance ionization detected IR spectroscopy
via the 3p, Rydberg state to probe both CH and OH stretch
spectral regions with ~0.4 cm™' laser line width and thus
achieving partial rotational resolution. Least squares analysis of
the rovibrational band contours yielded (i) vibrational band
origins and (ii) A, B, and C rotational constants for the upper
states, based on ab initio estimates for the ground state. The
antisymmetric CH stretch and OH stretch spectra closely
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matched theoretical predictions of pure B-type and mixed A/B-
type bands, respectively, as predicted by ab initio calculations.
In contrast, the symmetric CH stretch was theoretically
predicted to be predominantly A-type but in fact required a
more mixed 60% A-type/40% B-type character to adequately fit
the data. Furthermore, Feng et al. did not see any evidence of
additional doubling structure in their spectral data due to
tunneling across the OH torsional barrier, which provided a 10-
fold lower estimate (< 0.1 cm™) for any putative tunneling
splittings in the ground state.

In this current study, we have built on the pioneering work of
Reisler and co-workers to help guide a near IR search for
hydroxymethyl radical with sub-Doppler, fully rovibrationally
resolved spectral resolution. Figure 1 shows the equilibrium

Figure 1. Quasi-planar structure of hydroxymethyl radical with
HOMO, predominant OH stretch normal mode coordinate, and
principle axis orientation shown. Though small enough not to be
immediately evident, the equilibrium geometry has a slightly bent
methyl group in the out-of-plane bend coordinate, due to competition
between sp® and sp” hybridization around the central C atom.

structure and principle axes of hydroxymethyl radical, obtained
via CCSD(T)/AVQZ calculations in MOLPRO.*” Although we
have very good estimates from the previous studies for all three
H-stretching bands, we have chosen first to focus on the
symmetric CH stretch spectral region near 3043 cm™', which is
predicted to have the highest integrated CH band intensity.
Indeed, we observe a surprisingly rich spectrum in this region,
partially congested by discharge induced hot band transitions in
methanol, which is still under further analysis. However, as the
first high-resolution data on this critical combustion radical, we
have been able to unambiguously identify and assign the K, = 0
« 0 progression of symmetric stretch excited CH,OH, which
serves as the primary focus of this article.

Il. EXPERIMENTAL SECTION

The high-resolution infrared spectrometer used in these
experiments has been described in detail elsewhere and can
be briefly summarized.**"® Narrow-line width (<2 MHz),
high-precision infrared light is generated by difference
frequency generation of a single frequency argon ion laser
(Ar*) and a tunable cw dye laser (R6G, Exciton dyes) in a
temperature tuned periodically poled lithium niobate (LINbO;)
crystal. The infrared radiation is split into reference and signal
beams, with the reference beam directed onto a liquid-nitrogen
cooled InSb detector. The signal beam enters a 16-multipass
Herriot cell in the slit jet discharge expansion vacuum chamber
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Figure 2. Comparison of two different discharge chemistries for the synthesis of jet-cooled CH,OH. The red line represents three sample high-
resolution spectral regions for a discharge with CH;OH doped into Ne70 diluent. The corresponding black line illustrates comparable data scans for
a CH;0H + Cl, discharge, which generates hydroxymethyl radical via Cl + CH;OH — HCI + CH,OH chemistry. Panel a reveals how CH,OH
radical density approximately doubles for chemical formation via H atom abstraction by discharge generated Cl atoms. Interestingly, panels b and ¢
also reveal how the spectral density of undesired species (such as methane and precursor methanol) can be substantially minimized via the Cl atom

reactive synthesis pathway.

through a CaF, window, with each pass sampling a 4 cm long
path length of jet cooled radicals. Spectra of CH,OH radical are
recorded via transient depletion of the transmitted IR light
monitored by the signal InSb detector. The signals from the
two detectors are combined in a common mode noise
subtractor before being sent to a lock-in detector and
subsequently recorded on a computer (via a NI-602SE
analogue-digital card). Relative frequency precision (10 MHz)
is obtained by monitoring dye laser fringes through an actively
stabilized (<1 MHz rms) Fabry—Perot etalon, with the Ar*
laser actively locked to the same Fabry—Perot cavity to provide
single frequency operation and stability while scanning.
Absolute frequency calibration is achieved by comparison
with well characterized v; CH stretch absorptions of jet cooled
methane doped into the expansion and monitored in the same
spectral region.®"

Jet-cooled hydroxymethyl radicals are produced by super-
sonic expansion of trace amounts of precursor in 70% neon,
30% helium (Ne70) buffer gas mixture through a pulsed slit jet
nozzle (19 Hz, 500 pus duration). Radicals are generated via
electron associative detachment in a square-wave modulated
(50 kHz) discharge at the expansion orifice. For the many
radicals previously studied with this apparatus, the precursor
has been designed to contain a weak bond cleavage point (e.g,,
C—Br or C-I) to form the desired target radical, typically by
dissociative attachment. Such precursors for hydroxymethyl are
unstable, which led us to develop two recipes based on
methanol, though this requires cleavage of a strong CH bond.
Our first approach, ie., simply a Ne70 discharge with trace
methanol, is successful in generating quite good concentrations
of hydroxymethyl radical but also generates spectral interfer-
ences from methane and vibrationally excited methanol. Our
second approach is based on doping Cl, into the Ne70/
methanol discharge expansion, which generates hydroxymethyl
by more selective CH bond abstraction reactions of Cl +
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CH;0H — CH,OH + HCI and, most importantly, yielding
fewer spectral interferences.®>

Figure 2 shows sample spectral data generated with the two
different synthesis approaches: (i) CH;OH in Ne70 discharge
(red) and (ii) CH;OH + Cl, + Ne70 discharge (black). The
first panel plots the CH,OH 4¢4 < 303 (N'gy ke < N'gor kv
labeling) line, which shows an approximate 2-fold increase in
absorbance upon the addition of Cl, (spectral assignments to
be discussed in section IIT). The second panel illustrates that a
methanol discharge yields methane, but essentially vanishes for
a Cly-doped discharge. The third panel represents a sample
methanol absorption line that illustrates a desirable decrease in
precursor absorption with the addition of Cl, molecular
chlorine. While both sources of CH,OH radical yield spectra
relatively congested in the symmetric CH stretch region, the
synthesis with Cl, clearly represents the pathway with reduced
spectral interferences.

lll. RESULTS AND ANALYSIS

A sample R-branch region of the CH,OH symmetric stretch
band is shown in Figure 3, with representative experimental
data and assignments plotted (panel a), a Watson asymmetric
top Hamiltonian (A-reduction) simulation (panel b) based
upon least-squares fit to the data (see below), and an inset of
the 1y, < Oy transition (panel c) highlighting the respectably
high (>10:1) signal-to-noise. These hydroxymethyl radical lines
represent the lowest three R-branch lines in the K, = 0 < 0
progression, which will be the highest intensity progression
based upon ortho/para nuclear spin statistics, as discussed
below. Guided by Reisler and co-workers predictions for the
symmetric stretch rotational constants and band origin, we are
able to identify a full P branch (3,3 < 44) to R branch (7, «
60s) progression of A-type K, = 0 « O lines, with an
approximate (B + C) =~ 1.86 cm ™' spacing. By way of additional
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Figure 3. Sample data shown with simulation based upon least-squares
fits to a Watson asymmetric top Hamiltonian. Panel a reveals a spectral
scan region near the v; symmetric CH stretch band origin, with
assignment of the K, = 0 « 0 progression shown above (in blue). The
green arrow indicates the missing line in the progression that makes
the band origin assignment and J-labeling unambiguous. Panel b
provides a spectral simulation (in red) of the A-type band K, =0 < 0
progression based upon spectroscopic constants from the least-squares
fit. The blow up region in panel c illustrates a single 1y < 0Oy
absorption line in the v; band, which serves to characterize typical
signal-to-noise levels of >10:1 in the current experiment.

confirmation, we also compare the spectral data obtained with
two different chemical mechanisms of generating hydroxy-
methyl radical, as described above. While the same K, =0 < 0
lines progression appears with both source chemistries, the
signals are approximately twice as intense when formed by Cl
radical abstraction from methanol. Indeed, this closely mirrors
the efforts by Reisler and co-workers, who report efficient
production of CH,OH radical in a supersonic jet by UV
photolysis of Cl, followed by H atom abstraction.>***>%

The absence of Q-branch lines for an A-type K, = 0 < 0
band greatly facilitates high-resolution identification of the
spectral band origin. Specifically, the spectrum indicates an
approximately 2-fold larger spacing (ie., ~2(B + C)) between
the lowest R branch 1y, < 0y, and P-branch 0y, <1 lines,
which unambiguously identifies the band origin to be at
3041.7560(5). We note that this differs from the study of Feng
et al,> where the band origin is obtained from fits to the
rotational band contours and is reported to be 3043.3 cm™.
However, one obvious advantage of the present study is a
~100-fold increase in spectral resolution, which makes
identification of this missing K, = 0 < 0 Q-branch region
immediately apparent. Given that there is clearly rotational
structure in the study by Feng et al, it seems likely that such
differences in the two spectral analyses arise simply from a AJ =
2 registry shift in the J assignment, as correctly summarized in
Table 1.

The key motivation for the present work has been to provide
precision predictions with which to facilitate spectral search
efforts in other laboratories for CH,OH radical in the far-IR/
mm-wave region. Because of the finite information content in a
single K, = 0 < 0 progression, we are restricted in the level of
Hamiltonian modeling used in the least-squares fitting
procedure. However, the precision of the spectral data and
molecular asymmetry of the radical is sufficiently large to
independently determine B and C rotational constants in both
the upper and lower vibrational states. Specifically, we least-
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Table 1. Experimental Line Positions of the K, = 0 < 0
Progression with Assignments Using the N'y,/ g <
N"ka” ke Notation; Obs — Calcd Values Are Based on
Predictions from the Least Squares Fitted Rovibrational
Constants Reported in Table 2

experimental frequency obs — calcd
N'kv ke N'ka ke’ (em™) (x107* em™)

30 o4 30343183 1

202 303 3036.1742 -2

1oy 20 3038.0342 0

0o 1o 3039.8959

1y, 0o 3043.6137 -3

20 1o: 3045.4665 0

303 20, 3047.3112

44 30 3049.1460

Sos 404 3050.9677 -1

606 Sos 3052.7747 -1

Tor 606 3054.5650 1

squares fit the K, = 0 « 0 progression to a Watson A-reduction
asymmetric top Hamiltonian, with the A rotational constants
fixed at ab initio values (A” = A’ = 6.450 cm™") obtained from
our highest level MOLPRO calculations at the CCSD(T)/
AVQZ level of the CH,OH potential minimum.>’

The fit results are summarized in Table 2, with simulated
spectral predictions based upon these constants shown in panel

Table 2. Comparison of Molecular Constants (in cm™),
Based on Least Squares Fit to a Watson A-Reduced
Asymmetric Top Hamiltonian Model (With Fixed at ab
Initio Values A’ = A” = 6.45 cm™'); the Number in
Parentheses Represents the Error on the Last Digit

s . ss
ab initio values previous work present work®

B” 0.9984 0.9951(6)
c” 0.8722° 0.8656(5)
B’ 0.93 0.9945(4)
c’ 0.88 0.8632(3)
U3 3022(10)° 3043.3 3041.7563(1)

“MOLPRO ab initio calculations at the CCSD(T)/AVQZ level.%’
YEstimates from calculations at the B3LYP\6-311++g(3df,3pd) level,*
with a harmonic band origin scale factor of 0.9637 based on Dong et
al.%° “Residual standard deviation ¢ = 0.00024 cm™" (7.2 MHz).

b of Figure 3 and observed minus calculated values in Table 1.
Even with this simplified Hamiltonian, the quality of the
spectral fit is extremely good, with residual standard deviations
(0.00024 cm™ = 7.2 MHz) already smaller than our typical
experimental frequency accuracy estimates of <10 MHz.
Though there are sizable differences between the present fitted
B’ and C’ rotational constants and previously reported values
(+7.0% and —1.6%, respectively), the ground state results are
now in much better agreement with our highest level
MOLPRO predictions (CCSD(T)/AVQZ), with the antici-
pated slight decrease in B and C (—0.33% and —0.71%) due to
anharmonic zero point quantum motion of the CH bond.
Indeed, this improved agreement is echoed between the lower
and upper state B and C rotational constants, with a small but
significant decrease (AB —0.06% and AC —0.27%)
consistent with extension of the CH bond length due to
symmetric stretch excitation. Indeed, as a final consistency test,
the molecular asymmetry predicted from the fitted B and C
rotational constants is also in good agreement with the ab initio

~

~ ~

~
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A value (ie, (1/C — 1/B)™! = 665 cm™ vs 645 cm™)
predicted for a near planar CH,OH radical geometry with a
nearly zero inertial defect.

IV. DISCUSSION

In spite of spectral congestion and limited line assignment, the
current data provides useful diagnostics with which to
characterize the discharge chemistry as well as rotational
temperature in the slit-jet expansion. The intensity of any one
rovibrational line reflects a product of lower state population,
intrinsic vibrational band strength, Honl-London factor, 2] + 1
degeneracy, and a Boltzmann factor of lower state energy and
jet rotational temperature. Figure 4 presents a standard

7.0
® CH,OH + Cl, discharge
Linear fit of CH,OH + Cl, discharge data
-7.54 ® CH,OH discharge
| —— Linear fit of CH,OH discharge data

o
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Figure 4. Boltzmann analysis of v; symmetric CH stretch band
spectral line intensities for jet-cooled CH,OH radical obtained under
both (i) CH;OH doped discharge (red squares) and (ii) Cl,/CH;OH
discharge (blue circles) conditions. S, is the integrated line strength
in units of absolute absorbance), with S; and g = 2] + 1 representing
the line strength factor and m; degeneracy, respectively. The lower
signal levels in the CH;OH vs Cl,/CH;OH discharges reflect lower
densities of CH,OH radical. Comparison of logarithmic intercepts
indicates an approximately 2-fold greater efficiency for CH,OH radical
generation under Cl,/CH;0H-doped discharge conditions.

semilogarithmic Boltzmann plot of the experimental popula-
tions vs rotational energy of the lower state, with black circles
(red sqaures) representing (i) CH;OH + Cl, discharge
synthesis vs (ii) CH;OH only discharge. The fit quality
indicates rotational populations of both synthesis are
reasonably well described by a single rotational temperature
that does not differ within least-squares fitting uncertainty
between the two syntheses (T, = 30(6) K and 28(3) K,
respectively). However, the difference between the two
intercepts does differ significantly and demonstrates a 2.3-fold
greater efficiency for CH,OH formation upon the addition of
Cl, to the discharge.

The quantum state resolved populations of CH,OH in the
jet expansion are also influenced quite generally by nuclear spin
statistics due to equivalence of the methylenic hydrogen atoms
for any finite height barrier.”> More specifically, this exchange
symmetry arises by combination of (i) COH torsional motion
over (even) a high barrier and (ii) CH, wagging motion over a
low barrier, which is formally equivalent to a C, rotation of the
(C,,) planar tunneling transition state around the A axis.
Interchange of the hydroxyl H with methylenic H atoms may
occur but is likely infeasible on resolution limited experimental
time scales (<10 MHz; >16 ns) and therefore need not be
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considered. Referenced to the planar C,, transition state,
Fermi—Dirac statistics for the identical methylenic H atoms (I
= 1/2) require the total wave function ¥, =
oo torPsib Yot Pruc spin to be antisymmetric with respect to
C, rotation. The electronic wavefuntion ¥,  for such a #
radical (see Figure 1) is antisymmetric with respect to C,
operation, with the torsion-vibrational wave function (¥,,,\¥;)
symmetric for the vibrationless ground state. However, the
rotational wave function (¥,,,) is symmetric (antisymmetric)
for K, = even (odd) at the C,, transition state, which therefore
predicts a 3:1 nuclear spin statistic ratio for K, = 0/K, = 1
states, respectively. Conversely, the first excited tunneling level
is antisymmetric in W, therefore yielding K, = 0/K, = 1 states
with inverted 1:3 nuclear spin statistics. Overall, this implies the
absence of any nuclear spin statistical alternation with J state for
a given K and tunneling subband (as indeed confirmed in
Figure 3) and predicts a 3-fold decrease in the total line intensity
for the K, = 1 « 1subband.®®

Though the present work represents first fully rovibrationally
resolved IR spectroscopic data for CH,OH radical, much more
analysis remains to be done. One obvious question is why the
corresponding K, = 1 < 1 progression is not readily assigned in
this same spectral region spectrum. Though nuclear spin
statistics will reduce the K, = 1/K, = 0 signal ratio by an
additional 3-fold, our current K, = 0 « 0 signal intensities
suggest that the corresponding K, = 1 < 1 subband should be
readily visible above noise levels. One dynamically interesting
possibility is that large amplitude quantum motion in the CH,
wagging coordinate leads to a strong vibrational and torsional
state dependence to the effective A constant, resulting in
significant K, dependent shifts in the AK, = 0 subband origins.
We have made some progress in this direction by solving for
eigenvalues and eigenfunctions on the ab initio 2D COH
torsional/CH, wagging potential energy surface obtained at the
CCSD(T)/AVQZ level. However, this would also be an ideal
target for vibrational MULTIMODE calculations on permuta-
tionally invariant potential surfaces in higher (ideally, full 3N —
6 =9) degrees of freedom, such as developed so successfully by
Bowman and co-workers.*>*"6%¢”

A second issue is why we do not see a similar progression for
the asymmetric tunneling state arising from COH torsional
excitation, which is thought to be <1 cm™! above the ground
state and would therefore clearly be thermally populated under
30 K supersonic slit expansion conditions. One important
consideration is that selection rules in such torsional hot bands
correspond to upper < upper and lower < lower tunneling
level transitions.® As a result, these band origins will be shifted
by the difference in tunneling splitting between the ground and
excited symmetric CH stretch state. If the tunneling splittings
in both states were < 1 cm™, one would therefore expect from
nuclear spin statistics a K, = 1 < 1 progression corresponding
to upper < upper tunneling transitions of comparable strength
to the K, = 0 « 0 lower < lower progressions reported herein.
Further scanning, identification and assignment of these
progressions in both the ground and excited tunneling states
clearly represent critical directions for ongoing efforts.

A third issue worth noting is that we do not see any B-type
progressions out of the CH, symmetric stretch. Indeed, any
appreciable B-type component to the reported A-type band of
this near prolate asymmetric top should be particularly visible
due to the strong Q-branch transitions predicted near the band
origin. Given current signal-to-noise on the A-type band, we
estimate any B-type band strength to be <10%. This differs
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from predictions from previous least-squares fits to CH,OH
spectral band contours, which suggest a 40%/60% B-type/A-
type ratio of band strengths. Interestingly, a <10% B-type/A-
type band strength ratio would be in fact consistent with ab
initio calculations, which predict a dipole derivative dominated
by motion along the A-axis and therefore a much smaller B-type
transition moment. However, further scanning and assignment
efforts will be necessary to make a more quantitative
comparison.

As a final comment and tribute, we note that these relatively
small but highly reactive combustion radicals such as CH,OH
offer a profound and enduring challenge to the state-of-the art
in both ab initio quantum mechanics and theoretical dynamics,
a direction in which Professor Bowman has been a pioneer and
leader for many decades.>**~"" His elegant work in generating
both (i) high-quality permutationally invariant potential
surfaces for small polyatomic closed shell and radical
species®”®*7! and (ii) full multidimensional quantum
calculations®>*"® of the nuclear dynamics on these surfaces
has established a remarkably high bar for rigor, as well as close
interaction and collaboration between detailed theory and
experiment. We would like to take this opportunity to thank
Professor Bowman for his many pioneering contributions to
the field of dynamics of highly reactive molecules. Indeed, we
hope that the present work on hydroxymethyl radical provides
yet one small example of how high-resolution direct infrared
absorption spectroscopy on transient species cooled to low
temperatures may continue to provide future challenges for the
Bowman group to tackle!

V. CONCLUSIONS AND SUMMARY

First, fully rotationally resolved high-resolution spectra of
hydroxymethyl radical have been obtained in the K, = 0 « 0
symmetric CH stretch region, resulting in much improved
experimental values for ground state rotational constants and
vibrational band origin. Additional confirmation of the spectra
arising from hydroxymethyl radical is achieved by synthesizing
the radical in two different ways: (i) electron bombardment
cleavage of methanol doped in a supersonic discharge
expansion (CH;OH — CH,OH + H) and (ii) selective
chemical H atom removal by Cl + CH,OH — CH,OH + HCl
reactions in a Cl, and methanol doped discharge. The precision
of the ground state rotational constants provide high quality
frequency predictions with which to minimize spectral search
and thereby enable further laboratory detection and character-
ization of this highly reactive radical in the microwave, mm-
wave, far-IR, and near-IR spectroscopic regions. The large
amplitude COH torsional tunneling and out of plane CH,
wagging motion provide important state-of-the-art challenges
for benchmarking high quality potential energy surfaces as well
as furthering the development of efficient computational
methods for multidimensional QM dynamics calculations. It
is our hope that such synergism between high-resolution
spectroscopic efforts, ab initio chemistry, and rigorous
dynamical theory will help elucidate the role of this important
radical in diverse venues ranging from combustion chemistry to
chemistry in the interstellar medium.
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