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ABSTRACT: Substantial non-Arrhenius behavior has been previously observed in
the low temperature reaction between the hydroxyl radical and methanol. This

behavior can be rationalized assuming the stabilization of an association adduct in the
entrance channel of the reaction, from which barrier penetration via quantum
mechanical tunneling produces the CH;O radical and H,O. Helium nanodroplet

=0

isolation and a serial pick-up technique are used to stabilize the hydrogen bonded

prereactive OH--CH;OH complex. Mass spectrometry and infrared spectroscopy are

used to confirm its production and probe the OH stretch vibrations. Stark ‘

spectroscopy reveals the magnitude of the permanent electric dipole moment, which

is compared to ab initio calculations that account for wide-amplitude motion in the complex. The vibrationally averaged structure
has C, symmetry with the OH moiety hydrogen bonded to the hydroxyl group of methanol. Nevertheless, the zero-point level of
the complex exhibits a wave function significantly delocalized over a bending coordinate leading to the transition state of the

CH;0 producing reaction.

I. INTRODUCTION

The elimination of volatile organic compounds (VOCs) from
the atmosphere is initiated by reactions with OH, NO;, and
03.1’2 For oxygenated VOCs, such as alcohols, ketones, ethers,
etc, reaction occurs nearly exclusively with the hydroxyl
radical.> Furthermore, the potential energy surface for the
reaction between OH and an oxygenated VOC generally
features a prereactive complex, stabilized by hydrogen bonding,
which leads to a reaction rate that increases as the temperature is
lowered.®> This was exquisitely demonstrated for the reaction
between OH and methanol (MeOH), where the rate constant
increased by nearly 2 orders of magnitude when the
temperature decreased from ~200 K to below 70 K.*° In this
study, we trap the prereactive complex formed between OH
and MeOH using He nanodroplet isolation (HENDI)
techniques,®~® and probe this species using a combination of
mass spectrometry and infrared (IR) laser Stark spectroscopy.

Over the past decade, airborne measurements of atmospheric
composition have revealed high concentrations of VOCs in the
free and upper troposphere, where they exert a significant
impact on photochemistry.” "' One of the most abundant
oxygenated VOCs in the upper troposphere is MeOH,'>"
which is an important precursor to CO, formaldehyde, and
ozone.'! Its main sources are believed to be biogenic emissions,
with smaller contributions from methane oxidation, biomass
burning and damage/decay of flora."* Hydroxyl radical initiated
oxidation is accepted to be the major loss mechanism for
atmospheric MeOH.” Several experimental*>'>~"7 and the-
oretical'®"” studies of the reaction between OH and MeOH
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have probed its kinetics over a broad temperature range. The
reaction can proceed via two competing pathways, correspond-
ing to either a methyl-hydrogen (la) or hydroxyl-hydrogen
(1b) abstraction:

‘OH + CH,0H — H,0 + "CH,0OH (1a)

‘OH + CH,0OH — H,0 + CH,0’ (1b)

Reaction 1a is the dominant pathway at room temperature,
which is expected on the basis of thermochemical data that
show the methyl group to have the lower C—H bond
dissociation energy.">~'” Many investigations have focused on
accurately determining the product branching ratios for these
two reactions at temperatures greater than 200 K.'>~'7 This
was also the focus of a detailed theoretical study, where rate
constants for la and 1b, as well as branching ratios, were
calculated on the basis of an ab initio potential energy surface
computed at the CCSD(T)/6-311+G(3df2p)//MP2/6-
311+G(3df,2p) level of theory."” The potential energy surface
for this reaction features a prereactive complex with a
computed binding energy equal to 4.9 kcal-mol™". This rather
large binding energy is derived from strong hydrogen bonding
between the OH moiety and the hydroxyl group in MeOH.
The reaction barriers on this potential surface are 1.0 and 3.6
kcal-mol™ for pathways 1a and 1b, respectively, and channel 1a
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at room temperature is predicted to account for x95% of
products.

More recently, the kinetics of this system were studied at
temperatures between 56 and 202 K, and substantial non-
Arrhenius behavior was observed. At 56 K, an increase of nearly
2 orders of magnitude was observed in the overall reaction rate,
in comparison to that measured at room temperature.“’5
Additionally, the higher energy pathway reaction 1b was favored
at these lower temperatures, and this was rationalized as being
due to the stabilization of the prereactive complex and
subsequent quantum mechanical tunneling (QMT) through
the reaction barrier. Despite the hydroxyl-hydrogen abstraction
(1b) barrier being higher by ~2.6 kcal-mol™, the barrier width
is predicted'® to be significantly smaller than for abstraction of
the methyl hydrogen atom (1a). At temperatures below 200 K,
chemical master equation calculations incorporating QMT
predict branching ratios favoring the CH;O product, and this
was rationalized as being due to the larger probability for H
atom tunneling through the narrower barrier associated with
pathway 1b.* This dramatic change in the rate constant due to
QMT at low temperatures implies the important role of
prereactive complexes in the chemistry of the interstellar
medium (ISM).*

The direct detection of the prereactive complex, formed
between MeOH and OH, has proven elusive owing to the
fleeting nature of this species. Helium droplets provide a means
to trap reactive species, such as the OH--MeOH complex,
where the energy released upon complex formation is rapidly
dissipated by He atom evaporation. The resulting complex then
equilibrates at the temperature of the droplet (ie, 0.4 K),
allowing for its spectroscopic study. Here we report the
synthesis of the OH--MeOH complex within a He nanodroplet.
We have probed the free and hydrogen bonded OH stretch
modes of the complex with laser spectroscopy. The hydrogen
bonded OH stretch is sufficiently resolved to allow for an
analysis of its dipole moment via Stark spectroscopy. The
experimental data is analyzed in the context of electronic
structure calculations. Stark spectroscopy reveals a wide-
amplitude bending motion of the OH radical within the
complex and a rather significant complexation-induced dipole
moment, both of which are relevant for a detailed under-
standing of the QMT at play in this prototypical system.

Il. EXPERIMENTAL METHODS

Helium nanodroplet isolation (HENDI) is a well-established
technique for studying the spectroscopy of molecules.®™® A
custom apparatus at the University of Georgia, consisting of
three differentially pumped chambers, was used to record IR
spectra of the hydroxyl-methanol (OH--MeOH) complex.
Helium droplets were generated by continuously expanding
high pressure He (~30 bar) into vacuum through a S + 1 ym
aperture cooled to 16 K. The resulting droplets were cooled to
~0.4 K, via He atom evaporation,20 and skimmed into a beam.
Using known scaling laws,”’ He droplets formed within this
source consist of approximately 5000 atoms; droplets of this
size can dissipate nearly 72 kcal-mol ™.

The OH--MeOH complex was formed within a He droplet
using a serial pick-up process. First, the He droplet beam passed
in front of an effusive pyrolysis source comprised of a quartz
tube, the tip of which (~0.5 mm in length) was wrapped with a
resistively heated tantalum wire. Hydroxyl radicals were
generated from the pyrolysis of tert-butyl hydrogen peroxide
(TBHP):*
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A
TBHP — °OH + °CH, + (CH,),CO" (2)

Fragmentation of the precursor is nearly complete above 800
°C, and the droplets have an equal probability of picking up a
hydroxyl, methyl, or acetone molecule. Next, the droplets
passed through a 2 cm long, differentially pumped pick-up cell
(PUC) filled with MeOH vapor. Unless otherwise stated, the
pressure of MeOH was maintained at ~2.5 X 107° Torr, which
optimized the pick-up of a single MeOH molecule, a value that
was empirically determined from PUC pressure dependence
curves (vide in{ra). The droplet beam then traversed a Stark/
multipass cell,”>** where the embedded chromophores were
subjected to IR radiation supplied by a continuous wave, optical
parametric oscillator (B-module, Aculight). The tuning and
calibration of this laser system is described elsewhere.”> The
Stark cell consists of two parallel gold-coated mirrors situated
orthogonal to two stainless steel electrodes to which a static
electric field can be applied for Stark spectroscopy. The doped
droplet beam was then analyzed with an off-axis electron impact
quadrupole mass spectrometer. Upon vibrational excitation, the
energy deposited into the embedded cluster is quenched by
statistical evaporation of He atoms (~5 cm™ per atom) from
the droplet. This leads to a reduction in the geometrical and
ionization cross-section of the doped He droplet, which is
ultimately observed as a decrease in the ion-signal in the mass
spectrum.

lll. THEORETICAL METHODS

All electronic structure calculations were performed at the
uMP2/aug-cc-pVIZ level of theory using the Gaussian09
package.”® The geometries and harmonic frequencies were
computed for OH, MeOH, and the OH:-MeOH complex. The
optimized geometry of the complex is in agreement with that
predicted by Lin and co-workers at the CCSD(T)/6-311+G-
(3df2p)//MP2/6-311+G(3df2p) level of theory."” Anhar-
monic frequencies were also calculated for the complex and
MeOH using VPT2 (as implemented in Gaussian09) to
determine the cubic and quartic force constants at the same
level. The results from frequency calculations are summarized
in Table 1.

Table 1. Vibrational Band Origins in the OH Stretching
Region (cm™)

OH:--MeOH
H-bonded OH free OH MeOH OH
harmonic 3619 3860 3859 3794
anharmonic 3487 3699 3686 3642
expt 3445.0 3684 3685 3568

“Scaled harmonic frequency; scale factor 0.9598.

IV. RESULTS AND DISCUSSION

IVa. Mass Spectrometry. Figure 1 presents a series of mass
spectra illustrating the sequential steps leading to the formation
of the OH:-MeOH complex in He droplets. The mass spectrum
of the neat He droplet beam is found in Figure la. A series of
mass peaks separated by 4 u are assigned to (He),* clusters that
are generated via the ionization and fragmentation of pure He
droplets. A peak at 18 u is also observed, and this signal is
derived from background water molecules that are picked up by
the droplet beam. Figure 1b presents the mass spectrum when
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Figure 1. Mass spectra of the droplet beam: (a) neat droplet beam;
(b) MeOH-doped droplet beam; (c) MeOH-doped droplet beam with
TBHP flowing through the room temperature pyrolysis source; (d)
MeOH-doped droplet beam with TBHP flowing through the ~1000
°C pyrolysis source. The red and blue arrows indicate mass peaks that
qualitatively change upon heating the pyrolysis source.

the PUC is filled with MeOH vapor to 2.5 X 107 Torr. A series
of MeOH fragment ions are present in this mass spectrum. This
type of fragmentation is quite typical for He-solvated
molecules,”” where ionization of the droplet gives rise to
He", which can charge-transfer ionize the dopant.”” Because of
the approximately 14 eV difference between the He ionization
potential and that of the dopant, the molecular ion generated
via this mechanism undergoes fragmentation similar to that
observed in gas-phase electron impact ionization mass
spectrometry. Figure 1, parts ¢ and d, are mass spectra
recorded following the serial pick-up of TBHP and MeOH
when the pyrolysis source was operated at room temperature
and ~1000 °C, respectively. The primary mass peak indicative
of TBHP pick-up is m/z = 43 u. As the temperature of the
pyrolysis source increases, the ion signal on this mass channel
decreases (indicated by the blue arrow in Figure 1d), with a
concomitant increase of ion signal in channels m/z = 1§
(CH;%), 17 (OHY), and 31 u (CH;O%). The former two
channels have been shown to carry ion signal depletion in the
spectroscopy of the methyl radical®® and the hydroxyl radical,**
both of which are pyrolysis products of TBHP. Although we
did not observe a unique mass channel arising from the
formation and subsequent ionization of the OH:--MeOH
complex, the small increase in 31 u under high temperature
pyrolysis conditions motivated the acquisition of survey IR
spectra as ion current depletion in this mass channel.

IVb. Vibrational Spectroscopy of OH--MeOH. A survey
vibrational spectrum through the OH stretch region was
recorded under conditions in which droplets sequentially
picked-up room temperature TBHP and MeOH (Figure 2a),
whereas the spectrum in Figure 2b was obtained with the
pyrolysis source operated near ~1000 °C. Both spectra were
collected by monitoring the laser-induced depletion of m/z =
31 u, and the raw signal is presented (not normalized to laser
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Figure 2. Survey spectra of the (a) MeOH doped droplet beam
recorded with the TBHP precursor flowing through the room
temperature pyrolysis source. The HOH--MeOH complex is present
due to the pick-up of water molecules that originate from the TBHP
sample. (b) Spectra recorded under identical conditions but with the
pyrolysis source heated to ~1000 °C. The three new bands in the
hydrogen bonded OH stretch region are assigned to MeOH--CHj,,
MeOH--O=C(CH;),, and OH--MeOH complexes (high to low
frequency), all of which have an equal probability of being synthesized
within the He droplets. The minimum energy geometry at the uMP2/
aug-cc-pVTZ level of theory is shown as the inset.

power) in both cases. Because a substantial fraction of droplets
are doped with only a single MeOH molecule, we expect to
observe the rovibrational v, band (OH stretch) of MeOH, the
spectrum of which was recently reported in He droplets.”
Indeed the transitions associated with the v; band of MeOH
are located near 3690 cm™ in both spectra. Moreover, intense
bands at 3563 and 3567 cm™ are present in both spectra. Two
likely candidates for the latter two vibrational bands are the
hydrogen bonded MeOH dimer and the water-MeOH
complex, where the water originates from the incompletely
dried TBHP sample. Gas-phase, jet-cooled FT-IR spectra of
pure and mixed complexes of MeOH and H,O have previously
been reported,®® and the gas-phase vibrational bands assigned
to the hydrogen bonded OH stretches of HOH--MeOH and
(MeOH), are within 4 and 8 cm™ of the bands at 3563 and
3567 cm™" in the droplet spectrum, respectively. We therefore
make similar assignments, as indicated in Figure 2.

Three prominent features at 3445, 3526, and 3624 cm™! are
clearly dependent upon the temperature of the pyrolysis source
(Figure 2b). At this stage of the analysis, these features are
tentatively assigned to complexes containing MeOH and the
pyrolysis products of TBHP. The three pyrolysis products of
TBHP, presented in eq 2, give rise to the MeOH:-CHj,,
MeOH--O=C(CH;),, and OH--MeOH complexes, all of
which have an equal probability of being synthesized within
He droplets. To identify the transitions associated with the
methyl and acetone containing complexes, we performed the
same experiment, but instead, we used di-tert-butyl peroxide
(DTBP) as the pyrolysis precursor. DTBP thermally
decomposes into two methyl radicals and two acetone
molecules, whereas it does not produce the hydroxyl radical.
The two bands centered at 3526 and 3624 cm™' are also
present in the spectrum recorded using the DTBP precursor
(Figure S1), and these bands are assigned to the hydrogen
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bonded OH stretches of MeOH--O=C(CH,), and MeOH--
CHj, respectively. However, this spectrum does not contain the
lowest frequency band at 3445 cm™', and we therefore assign
this band to the hydrogen bonded OH stretch of the OH--
MeOH complex.

The computed minimum energy geometry of the OH:-
MeOH complex is presented in the inset of Figure 2b. At this
geometry, the hydroxyl radical is the H-bond donor, with the
oxygen atom of MeOH acting as the acceptor. We therefore
expect hydrogen bonded and free OH stretching modes
localized on the hydroxyl radical and MeOH fragments,
respectively. The corresponding harmonic and anharmonic
frequencies of these vibrations are collected in Table 1. The H-
bonded OH stretch is predicted to be within 42 cm™ of the
experimental 3445 cm ™' band when anharmonic corrections are
computed with vibrational perturbation theory (VPT2).
Although not definitive, this anharmonic frequency calculation,
which apparently under-predicts the complexation induced red
shift, is at least consistent with our assignment of this band to
the H-bonded OH stretch of the OH--MeOH complex.

Upon formation of the hydrogen bonded complex, harmonic
and anharmonic calculations also predict, respectively, blue
shifts of 1 and 13 cm™" for the free OH stretch on the MeOH
moiety. This makes it particularly challenging to experimentally
identify the free OH stretch of the complex, as the v, band of
He-solvated MeOH contains 10 transitions spanning 3684—
3698 cm™'.%’ Furthermore, it was determined that the broad
transition centered at 3683.5 cm™' was due to the free OH
stretch of larger (MeOH), clusters.”” Considering the free OH
stretch bands, it is reasonable to expect comparable complex-
ation induced frequency shifts for (MeOH), and OH:-MeOH,
which have similar hydrogen bonded geometries. The free OH
stretch of the latter complex could contribute to the broad
transition at 3683.5 cm™., as there is no other band in this
vicinity that can be assigned to OH:--MeOH. To test this
hypothesis, we collected PUC curves, with the results presented
in the inset of Figure 3. Pressure dependence curves for the
optimal pick-up of one and two MeOH molecules were
generated by monitoring the bands at 3693.79 and 3567.71
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Figure 3. Pick-up cell pressure dependence curves; color indicates the
fixed laser frequency. The MeOH monomer (blue) curve and the
OH:--MeOH curve (red) almost exactly overlap. Signal intensity on the
3683.5 cm™' band has a pressure dependence intermediate between
that of the methanol monomer (blue) and dimer (green).
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cm™!, respectively (highlighted in blue and green in Figure 3).
The depletion signals at these frequencies are optimized at
PUC pressures equal to 42 X 107° and 9.5 X 10~° Torr,
respectively. As expected, the signal due to the MeOH dimer
peaks at approximately twice the optimal pressure for the
monomer. For the band assigned to the H-bonded OH stretch
of OH:-MeOH (red trace in Figure 3), the PUC curve follows
almost exactly the curve generated for the MeOH monomer,
consistent with the aforementioned assignment. Interestingly,
the PUC curve generated with the laser tuned to 3682.72 cm™"
(highlighted in violet in Figure 3) peaks at a slightly lower
pressure than the optimal pressure determined for the pick-up
of two MeOH molecules. Moreover, the leading edge of this
curve lies between those for MeOH and (MeOH),, perhaps
indicating the contribution of a complex containing a single
MeOH molecule to the broad feature at 3683.5 cm™".

Figure 4 presents a series of IR spectra over the free OH
stretching region. The pressure of the PUC was maintained at

! c)
A |
) ~ b)
T T ul T T T a )
3680 3684 3688 3692 3696 3700

Wavenumber (cm")

Figure 4. Free OH stretch region of the methanol monomer. All
features above 3685 cm™" are due exclusively to the monomer. The
broad feature centered near 3683.5 cm™" is attributed to the methanol
dimer. The intensity of the broad feature is similar in spectra a and b,
which were recorded under identical conditions. In spectrum a, only
MeOH is present in the pick-up chamber, whereas in part b the TBHP
precursor is flowing through the room temperature pyrolysis source
(see Figure 2a). In spectrum c, the pyrolysis source is heated to ~1000
°C. The intensity of the 3683.5 cm™ feature grows in intensity upon
heating the pyrolysis source, thus upon producing the hydroxyl radical
and the OH--MeOH complex.

~$ X 1077 Torr, which substantially reduces the probability for
forming (MeOH), clusters via the sequential pick-up of two
MeOH molecules. The spectrum obtained with only MeOH
present in the PUC is shown in Figure 4a, which provides a
baseline spectrum of the MeOH monomer at these
experimental conditions. While the broad feature centered at
3683.5 cm™ is present, the relative intensity with respect to the
free OH stretch transitions of isolated MeOH has decreased
compared to the spectrum in Figure 2a. A nearly identical
spectrum (Figure 4b) is obtained when TBHP is introduced
into the pick-up chamber with the pyrolysis source operated
near room temperature. Figure 4c presents the spectrum
recorded with the pyrolysis source temperature at ~1000 °C.
The transitions derived from the v, band of MeOH are
relatively insensitive to the temperature of the pyrolysis source,
as expected. However, the intensity of the broad transition at
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3683.5 cm ™' increases, as indicated by the arrow in Figure 4.
The pyrolysis source temperature dependence and the PUC
curves suggest an assignment of the 3683.5 cm™ band to the
free OH stretch of OH--MeOH, although, in addition to
(MeOH),, the free OH stretch of HOH:-MeOH is also likely
contributing to the signal at this frequency.

IVc. Stark Spectroscopy of OH-MeOH. The PUC
pressure dependence curves clearly show that the carrier of
the 3445 cm™ band contains a single MeOH molecule.
Moreover, its frequency shift and dependence on pyrolysis
source conditions support the assignment of this band to the
hydrogen bonded OH stretch within the OH--MeOH complex.
A slower scan over this vibrational band reveals partially
resolved rotational structure that can be further analyzed, as
shown at the bottom of Figure S. A rigid, asymmetric rotor

3444 3445 3446 3447 3444 3445 3446 3447

Wavenumber (cm™)

Figure 5. Zero-field and Stark spectra of the hydrogen bonded OH
stretch band of the OH--MeOH complex. The zero-field spectra along
the bottom exhibit a rotational contour that can be simulated with an
asymmetric top model parametrized by the constants given in Table 2.
The Stark simulations are produced using the zero-field rotational
constants and the computed expectation values of the inertial dipole
components for the OH--MeOH complex (see text). The Stark
simulations are in excellent agreement with the experiment for all field
strengths and both laser polarization configurations (perpendicular, a;
parallel, b), providing convincing evidence for the assignment of the
3445 cm™ band.

analysis via a contour fitting procedure in PGOPHER®" gives
the associated rotational constants, A = 0.67 and (B+C)/2=0.04
cm ™. When compared to ab initio values for the C, symmetry
OH--MeOH geometry (Table 2), the experimental A and (B +
C)/2 constants are 1.8 and 3.3 times smaller, respectively.
Rotational constants of He-solvated molecular systems are
typically reduced by a factor of 2 to 3 from gas-phase values,
when comparisons are available.*” The helium solvent
contributes to the effective moment of inertia of the molecular
rotor, hence the rotational constant renormalization.

The above rotational contour analysis assumes that the
electronic orbital angular momentum of the OH radical is fully
quenched as a result of the strong hydrogen bonding
interaction present in the complex.>> >* This assumption is
validated by calculations at the CIS(D)/ aug-cc-pVIZ//uMP2/
aug-cc-pVIZ level, which predict an ~1100 cm™ energy
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Table 2. Rotational Constants (cm™"') and Dipole Moment
Components (Debye) Used in Rovibrational Zero-Field and
Stark Simulations®

OH-- constrained relaxed C,

MeOH  simulation potential potentialb (Minimum)  C; (TS)
A 0.67° 1.165 1.207
B 0.04° 0.138 0.136
C 0.04° 0.126 0.125
(i) 39 3.95 3.92 4.027 4.087
(uy) 0.8 0.80 0.78 0.801 0.8867
() 0 0 0 0.489¢ 0.0¢

“The hydrogen bonded OH stretch band in the OH--MeOH complex
is an a-/b-hybrid band. The ratio of transition dipole moment
projections onto the inertial a- and b-axes is (f,/ft;,) = 4.8. This value
is equivalent to that computed for the hydrogen bonded OH stretch
band at the minimum energy geometry. The band origin in the
simulations is 3445.13 c¢m™!, and the rovibrational transitions are
convoluted with a 0.3 cm™' Lorentzian line width. *We note that
similar dipole moment calculations employing a relaxed potential
energy scan (relaxed bond lengths and angles of the OH and MeOH
fragments) give results that are essentially the same as those from the
constrained potential surface. “Rotational constants are reduced from
computed values on account of the helium’s contribution to the rotor’s
effective moment of inertia. Here, (B + C)/2=0.04 cm™". “Equilibrium
components of the dipole moment at the C; minimum energy (¢ ~
15°) and C; transition state (¢) = 0°) geometries.

difference between the spin—orbit coupled *A” and 2A” states.
These lowest lying electronic states differ in the orientation of
the singly occupied pr orbital relative to the symmetry plane of
the C; symmetry OH--MeOH complex. Each rovibrational
transition is convoluted with a Lorentzian line shape function
having a full-width at half-maximum equal to 0.3 cm™. The
laser bandwidth is substantially less than this line width, and the
broadening observed for the 3445 cm™ band is likely due to a
homogeneous vibrational deactivation mechanism related to
the relatively strong hydrogen bonding present in this system.
In large part due to this broadening, simulations employing the
angular momentum quenching model in refs 32—34 are not
sensitive to the A" —A" energetic separation once it is larger
than about 500 cm™'. Therefore, the assumption that the
hydroxyl radical orbital angular momentum is quenched upon
complexation with MeOH should be acceptable for the analysis
of the partially resolved rotational contour observed here.
Although consistent with our assignment, the analysis of the
zero-field rotational contours is not definitive. We also
measured several Stark spectra of the 3445 cm™ band, which
are shown in Figure 5, parts a and b, for perpendicular and
parallel laser polarization configurations, respectively. Unlike
rotational constants, it has been shown that the dipole
moments of He-solvated molecules are nearly identical to
those in the gas-phase,”> and we can much more confidently
compare the dipole moments extracted from He droplet spectra
to those computed with ab initio theory.”* The Stark spectrum
at each electric field strength was simulated using the rotational
constants determined from the zero-field spectrum (Table 2).
At all field strengths, and for both laser polarization
configurations, the agreement between experiment and
simulation is excellent when the magnitude of y, and p, are
fixed to 3.9 and 0.8 D, respectively. The perpendicular
polarization spectra (Figure Sa) are particularly sensitive to
the a- component of the dipole moment. This strongly
supports the assignment of this band to the hydrogen bonded
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OH stretch within the OH--MeOH complex, which has
computed equilibrium dipole components y, = 4.02 D and
Hy = 0.80 D.

The experimental Stark spectra necessarily probe the
expectation values of the inertial dipole components. To
explore the effect of wide-amplitude motion on the OH:-
MeOH dipole moment, a one-dimensional potential energy
surface was constructed by varying the O(1)—0(2)—C—H(3)
dihedral angle, ¢ (Figure 6). The OH bond axis was
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Figure 6. One-dimensional potential energy surface (black)
constructed by varying the O(1)—O(2)—C—H(3) dihedral angle, ¢,
while keeping all other degrees of freedom fixed. The OH bond axis
was constrained to point along the line connecting the two O atoms.
The structure is presented as a top-down view, with the O—C bond
pointing into the page. With ¢ = 0, the complex has C, symmetry. The
mirror plane contains the OH moiety and the O(2), H(1), C and
H(3) atoms on MeOH. The electronic structure calculation predicts
the C; structure to be a transition state, although the barrier between
the two equivalent C; minima is only 15 cm™". The zero-point energy
is 104.3 cm™". The absolute values of the inertial dipole components
(pink, red, and blue) were averaged using the square of the ground-
state wave function (gray) obtained from a Cooley—Numerov
calculation. By symmetry, the expectation value of y, is zero because
its sign changes in going from positive to negative values of ¢.

constrained to point along the line connecting the two O
atoms, and all other degrees of freedom were kept fixed. This
coordinate was chosen because it captures the large-amplitude
bending motion of the OH moiety with respect to the
H(3)CO(2)H(1) plane. Indeed, the lowest frequency vibration
computed for the C; symmetry equilibrium structure is almost
entirely projected onto this distinguished reaction coordinate.
The grid points in the potential were calculated every S degrees
from ¢ = 0° to ¢ = 120°. The final potential was completed by
taking advantage of symmetry, V(¢) = V(—¢). The minimum
energy geometry has C; symmetry with ¢ ~ + 15°. The
geometry at ¢ = 0° corresponds to a transition state with C;
symmetry, where the normal coordinate associated with the
imaginary frequency is also approximately coincident with the
distinguished reaction coordinate chosen here. The potential
barrier is 15 cm™ above the two equivalent C; minima, as
determined from fully relaxed geometry optimizations of the C,
and C; configurations. The potential was interpolated using an
eighth order polynomial fit to generate a finer grid for use in a
Cooley—Numerov algorithm adapted from Levine.”® The
reduced mass used for the Numerov program was taken from

8130

the single imaginary frequency associated with the C; structure.
It is evident from the solution of the 1D Schroédinger equation
that the vibrationally averaged structure is effectively C, with
the zero-point level located 89 cm™ above the barrier.
Nevertheless, the wave function is significantly delocalized
over ¢. Interestingly, this wide-amplitude bending motion is in
the direction of the transition state to reaction 1b, and zero-
point motion along this coordinate is expected to impact the
analysis of QMT in this system.

At each point in the potential, the dipole moment
components were obtained from the MP2 density matrix in
the inertial frame. The square of the computed ground state
wave function was used to calculate the expectation value of the
magnitude of each inertial dipole moment component (Table
2). For free MeOH, the a-axis is approximately along the C—O
bond, and the b-axis lies perpendicular to the C—O bond and in
the COH plane. Upon complex formation with OH, the - and
b-axes remain in the mirror plane of the complex (assuming C,
symmetry), and the c-axis is perpendicular to this plane. By
symmetry, the expectation value of y, is zero, because its sign
changes in going from positive to negative values of ¢. The
expectation values of p, and p;, are 395 and 0.80 D,
respectively, which are in excellent agreement with experiment.
Despite the wide-amplitude motion present in the complex,
vibrational averaging has only a minor effect on the a- and b-
components of the dipole moment, as these are relatively
insensitive to motion along ¢ in the vicinity of the C; structure.

The dipole moment of OH is 1.67 D,”* and the dipole
moment of MeOH has components y, = 0.89 and y, = 1.43
D.* It is interesting to note that the magnitude of (i) in the
complex (4.03 D) is significantly larger than the sum of the
dipole moments of the monomers (pyeon + Hou = 3.30 D),
implying a complexation-induced dipole moment of ~0.73 D.
From the Stark spectroscopy and theoretical analysis presented
here, we can conclude that the 3445 cm™ band derives from a
carrier having a vibrationally averaged C, structure and a
permanent dipole moment equal to ~4.0 D. This C, symmetry
structure had not been previously considered in theoretical
studies of this prototypical system.

V. CONCLUSIONS

A hydrogen-bonded complex between the hydroxyl radical and
methanol was formed in He droplets via the sequential pick-up
of the monomers. IR spectroscopy in the OH stretch region
reveals bands at 3445.1 and 3683.5 cm ™' that can be assigned,
respectively, to the H-bonded and free OH stretches localized
on the OH and MeOH moieties within the complex. The red-
shifted H-bonded stretch exhibits partially resolved rotational
structure, which has been probed with Stark spectroscopy. The
experimental rotational contours measured at several electric
field strengths are in excellent agreement with predictions from
ab initio theory that take into account a wide-amplitude
bending motion in the complex. The vibrationally averaged
geometry of the OH--MeOH complex is C; symmetry, with the
OH radical hydrogen bonded to the hydroxyl group of MeOH
(Figure 6). Nevertheless, the potential energy surface for OH
bending relative to the COH plane in MeOH is rather flat, with
only a 15 cm™ barrier between equivalent C; minima. For this
reason, the calculated ground-state wave function in this
potential is significantly delocalized. Future high-level compu-
tations of reaction rates and their temperature dependence,
which take into account QMT, will necessarily have to consider
the zero-point energy associated with the wide-amplitude
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motion discussed here. Indeed, this degree of freedom
corresponds approximately to the minimum energy pathway
between the hydrogen bonded complex and the transition state
for hydroxyl-hydrogen abstraction, which leads to the
production of CH;0 + H,O.
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Figure S1, survey spectrum of MeOH plus the pyrolysis
products of DTBP. The Supporting Information is available
free of charge on the ACS Publications website at DOI:
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