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ABSTRACT 

The entrance channel complex in the exothermic OH + CH4 → H2O + CH3 reaction has been 

isolated in helium nanodroplets following the sequential pick-up of the hydroxyl radical and 

methane. The a-type OH stretching band was probed with infrared depletion spectroscopy, 

revealing a qualitatively similar spectrum to that previously reported in the gas phase, but 

with additional substructure that is due to the different internal rotation states of methane 

(jCH4 = 0, 1, or 2) in the complex. We fit the spectra by assuming the rotational constants of 

the complex are the same for all internal rotation states; however, subband origins are found 

to decrease with increasing jCH4. Measurements of deuterated complexes have also been made 

(OD-CH4, OH-CD4, and OD-CD4), the relative line widths of which provide information 

about the flow of vibrational energy in the complexes; vibrational lifetime broadening is 

prominent for OH-CH4 and OD-CD4 for which the excited OX stretching state has a nearby 

CY4 stretching fundamental (X, Y = H or D). 
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1.  INTRODUCTION 

Methane is the second strongest anthropogenic greenhouse gas on account of its relatively 

large mid-infrared (IR) cross section and rapidly rising atmospheric concentration, which has 

more than doubled since pre-industrial times.1 It is primarily removed from Earth’s 

atmosphere through the hydrogen-atom exchange reaction with the hydroxyl radical, which is 

also a significant sink for this “detergent of the atmosphere”.2 At much higher temperatures 

(~1000 K), this reaction is relevant to hydrocarbon combustion chemistry,3 and at much 

lower temperatures (~10 K), it is suspected to play an important role in the eventual 

formation of complex organics in interstellar ices.4 The entrance channel complex (OH-CH4) 

has been characterized in cold (~3 K) molecular beam experiments, where its binding energy 

was determined to be only 210 cm-1,5-7 and the floppy exit channel complex (CH3-H2O) has 

been investigated in even colder (0.4 K) helium nanodroplets, which allowed for the 

characterization of the loose hydrogen bonding nature of the intermolecular interaction.8 

Here, we uncover new dynamics in this system by investigating the entrance channel 

complex formed in helium nanodroplets from the association of OH and CH4, and the various 

combinations of their perdeuterated isotopologues. 

 

The OH-CH4 complex has been investigated by IR action spectroscopy in both the OH6 and 

CH5, 7 stretching regions. In the OH stretching region, the band was consistent with that of a 

pseudodiatomic with unquenched hydroxyl radical electronic angular momentum, which is 

suggestive of a symmetric top structure having C3v symmetry (see inset of Fig. 1). The peaks 

were too broad, however, to resolve the finer structure that was expected from the three 

nuclear spin isomers of methane (A, F, and E), which have differing values of their internal 

rotational angular momenta (jCH4 = 0, 1, or 2, in their ground states). The “splitting” was 

partially resolved (for the A and F species), however, in the broader symmetric CH stretching 

region. For the related CO-CH4 complex, lines for all nuclear spin isomers of methane in the 

CO stretching region have been observed, but only the spectrum involving the A spin isomer 

of CH4 was analyzed.9 The CO-CH4 complex has also been investigated by millimeter-wave 

spectroscopy, where lines from all three nuclear spin isomers have been analyzed.10 Several 

other diatomic molecule-methane complexes have been investigated by microwave, IR, or 

electronic spectroscopy, including HCl-CH4,
11-12 HF-CH4,

12 HBr-CH4,
13 H2-CH4,

14 and NO-

CH4.
15 Helium nanodroplet isolation provides a useful medium, which typically simplifies the 

spectroscopy, whilst allowing for rotational resolution for small to medium sized molecular 

systems.16-18 Part of the motivation of this helium nanodroplet work is to resolve the three 
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sets of rovibrational peaks that originate from the free internal rotation states of methane in 

the weakly bound OX-CY4 complex (X, Y = H or D). 

 

The group of Lester also investigated the OD-CH4 complex, for which the OD stretching 

overtone band was found to be significantly broader than for the analogous band in OH-

CH4.
19 This was attributed to vibrational lifetime effects, in that there are near resonances that 

lead to more efficient vibration-to-vibration (V-V) energy transfer in OD-CH4. Similar 

evidences for intracomplex V-V energy transfer in helium nanodroplets have been reported 

for HF-CX3
20 and HD-HF.21 In the HD-HF complex, for example, a near resonance between 

the stretching fundamentals was invoked to (tentatively) explain the much broader lines in the 

HF stretching band than in H2-HF and D2-HF. In the IR spectra of the entrance channel 

complexes reported below (OH-CH4, OH-CD4, OD-CH4, and OD-CD4), we find convincing 

evidence for intracomplex V-V energy transfer (from OX to CY4) from the differing 

linewidths between the sets of isotopologues. This bears relevance to understanding the 

reaction dynamics of this system, which have been investigated by crossed molecular 

beams,22-24 where evidence for intracomplex V-V energy transfer has been found in the exit 

channel. Several recent theoretical investigations (e.g. Refs 25-28) have found good 

agreement with much of the crossed molecular beam data, in addition to the rate constant data 

over a broad temperature range (see Ref. 29 and those within). 

 

2.  EXPERIMENTAL 

The hydroxyl (deuteroxyl) radicals were generated from the pyrolysis of tertbutyl 

hydroperoxide (deuteroperoxide) and doped into helium nanodroplets as previously 

described.30, (31) Following radical pick-up, methane or methane-d4 was doped into the 

droplets using a pick-up cell pressure that was optimized for, on average, one per droplet. The 

assembled complexes were then probed with the output of an Aculight OPO laser system that 

was tuned over a fairly narrow range,32 due to the availability of previously reported gas 

phase spectra involving methane (OH-CH4
5-7 and OD-CH4

19). Following IR photon 

absorption, the vibrationally hot complex decays through the evaporation of several hundred 

helium atoms. This decrease in droplet size is detected with a mass spectrometer, the signal 

from which is proportional to the droplet cross section. The mass spectrometer is equipped 

with a quadrupole ion guide that was used to mass select specific ion fragments. The selected 

mass fragments were H3O
+ (m/z = 19 u) for OH-CH4, H2DO+ (m/z = 20 u) for OD-CH4, 

HD2O
+ (m/z = 21 u) for OH-CD4, and D3O

+ (m/z = 22 u) for OD-CD4. The mass specific 
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spectra are inverted so that a positive peak corresponds to a laser-induced reduction in the 

ionization cross section of the droplet beam. The interested reader is referred elsewhere for 

further experimental details.18, 32-34  

 

3. RESULTS AND DISCUSSION 

Spectra and Assignments 

i. Normal isotopologue (OH-CH4) 

The OH stretching fundamental band of the OH-CH4 complex was previously investigated in 

the gas phase via IR action spectroscopy, from which the band origin was determined to be 

3563.45 cm-1.6 Since vibrational shifts in going from the gas phase to helium nanodroplets are 

on the order of 1 cm-1,35 we did not have to search far before observing depletion signal 

corresponding to the analogous band in helium nanodroplets (Fig. 1). The mass selected 

signal was relatively weak on account of the large distribution in the masses of ions produced 

following the electron impact ionization of OH-CH4 doped droplets (see Fig. S1), and so 

significant averaging was required to obtain good S/N. We used mass channel 19 u when 

recording spectra because it gave slightly better S/N than other candidate channels, whilst 

retaining good selectivity against “background” signals.   

 

The spectrum consists of more lines than expected for a simple pseudodiatomic on account of 

the three different values of the internal rotational angular momentum of CH4, which is 

directed along the principal axis of the complex (see inset of Fig. 1); this gives rise to three 

different subbands. The Q branch peak for each subband was found to saturate at relatively 

low power, as can be discerned from the power dependent spectra in Fig. 1. At high power, 

we detected peaks from weakly populated states not apparent at low power, but this was at 

the expense of power broadening, which resulted in complete blending of two Q branch 

peaks (E and F species) that are “well” resolved in the low power spectrum (which has ~2x 

narrower linewidths). All three expected Q branch peaks were observed for the regular 

isotopologue, which are labelled by the nuclear spin species of methane in the complex (Fig. 

1). The assignment is supported by the intensity ratio between the peaks, which was 

determined to be 5:9:1.4, which compares reasonably well with the expected 5:9:2 ratio for 

the A, F, and E spin species (see Fig. S2). 

 

The P and R branches begin at a separation of ~5B relative to the Q branch peaks, with some 

degree of convolution between the P and R branch peaks between the different internal 
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rotation states of methane in the complex. This spacing is most obvious for the more 

abundant F species, and is indicative of unquenched half integer orbital angular momentum 

in the complex. Naturally, this comes from the OH moiety, which does not seem to 

experience enough of an anisotropy in the intermolecular potential that would otherwise 

partially orient the electronic angular momentum in the b-c plane (perpendicular to the 

intermolecular axis); such partial quenching has been observed in helium nanodroplets for 

other complexes, such as OH-C2H2
36 and OH-H2O,37 but not for the related (linear) OH-CO 

complex.38 

 

The type of fit we perform here is based on the gas phase study, where the orbital and spin 

angular momentum of OH (L = 1 and S = 1/2, respectively) was found to be fully projected 

onto the intermolecular axis. We therefore set this projection (usually labelled P) to be 3/2 in 

the ground and excited vibrational states, and fit the spectrum using an effective Hamiltonian 

appropriate for an open shell pseudo-diatomic conforming to Hund’s case (a), with the 

computer program, PGOPHER.
39 The following equation was used for the transition 

frequencies: 
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Here, we assume that the B rotational constants are independent of jCH4, and that D is the 

same in the ground and excited vibrational states, which have band origins,
CH4jv .  For 

simplicity we use the nuclear spin symmetry species of methane in place of jCH4, i.e. A, F, 

and E for jCH4 = 0, 1, and 2, respectively. The resulting parameters from the fit are listed in 

Table 1, where they are compared with the gas phase values. As expected, the vibrational 

shift is very small (see section 3.Vibrational Dynamics.i.), and the B rotational constant is 

reduced to 0.42x its gas phase value due to the coupling of helium density to molecular 

rotation.35 

 

It is worth noting that we attempted to measure the b-type spectrum of OH-CH4 and OD-CH4 

in the 3000-3040 cm-1 CH4 stretching region (m/z = 19 u and partially on 20 u, respectively), 

however, it was very difficult to separate features due to other impurity species in the beam, 

such as the acetone-methane complex, and so we decided to not pursue this further. 
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ii. Minor isotopologues (OD-CH4, OH-CD4, and OD-CD4) 

We begin this subsection with an analysis of the OD stretching band of OD-CH4, which has 

the sharpest, most highly resolved peaks. It was found ~1 cm-1 to the red of the predicted 

value of 2626.6 cm-1, which was made by scaling the analogous shift in the non-deuterated 

complex viz, OD = OH x OD/OH. Its spectrum is shown in Fig. 2, where we have labelled 

individual transitions to peaks for the F species. The OX stretching bands of the other two 

minor isotopologues, i.e. OH-CD4 (Fig. 3), and OD-CD4 (Fig. 4) were found <0.1 cm-1 from 

the respective OH-CH4, and OD-CH4 bands. The ~5B spacing between the central Q branch 

and neighboring P/R branch lines is evident for all minor isotopologues of the complex 

investigated, once again indicating that the spin-orbital angular momentum of the 

deuteroxyl/hydroxyl radical in the complex is unquenched (i.e. P ≈ 3/2). As with the other 

normal isotopologue, we recorded the OX stretching spectra of the minor isotopologues at 

low power (<100 mW) to minimize saturation broadening.  

 

The spectroscopic parameters of the minor isotopologues, along with further details of the fits 

are provided in Table 1, and a comparison of all four spectra is shown in Fig. S3. For all 

isotopologues, the subband origin decreases in going from A to F to E. The finding that the 

subband origin shifts to lower wavenumber with increasing jCH4, suggests that the internal 

rotation constant, bJ, is lower in the vibrationally excited state than in the ground state. We 

suspect this is due to the larger dipole moment of OH in =1, which results in a greater 

anisotropy of the intermolecular potential. To model this effect, we would need to perform a 

detailed analysis similar to what has been suggested by Ohshima and Endo for the related 

HCl-CH4 system.11 Note that the subband origins for perdeuterated methane containing 

complexes are much closer together, which is due to the smaller internal rotational constant 

of CD4; while we do not resolve different nuclear spin isomers in the fully deuterated 

complex (Fig. 4), we do observe evidence for all three in OH-CD4 (Fig. 3). One of the most 

interesting aspects of this work is that the linewidths between the different isotopologues 

varies by up to 3x, and this is discussed below (section 3.Vibrational Dynamics.ii.). 
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Vibrational Dynamics 

i. Normal isotopologue 

The gas to helium droplet band origin shift amounts to ~1.3 cm-1, which corresponds to the 

difference between the gas phase average band origin (over the 3 nuclear spin species of 

methane),6 and the helium droplet F species subband origin. The (blended) homogeneous 

linewidth observed in the gas phase study was 0.14(2) cm-1, with the dominant source of 

instrumental broadening coming from the IR pump laser, having a bandwidth of 0.04 cm-1. 

Coincidentally, this is about the same as the linewidths observed here in the OH stretching 

band (in the low power spectrum), and so if the splitting between the subbands (labelled by 

the nuclear spin species of methane, i.e. E, F, and A) is the same in both environments (gas 

phase and helium nanodroplets), then the gas phase spectra in the absence of lifetime or 

power broadening effects should look similar in the Q branch region.  

 

The vibrational lifetime of OH-CH4 was given as an upper limit in the gas phase, since it was 

determined by linearly extrapolating a plot of signal intensity against laser power to zero 

power (which should be non-linear at low power).6 Unfortunately this does not allow for one 

to separate lifetime from power broadening effects. If lifetime broadening dominates the 

linewidth in the gas phase, then the vibrational lifetime is much longer in helium 

nanodroplets (as evidenced by the narrower linewidths), which is in contrast to the effect that 

helium has on the vibrational lifetime of complexes studied so far; e.g. the HCN dimer40 and 

the HF dimer41 have shorter vibrational lifetimes in helium nanodroplets. We note, however, 

that the factor of 2 decrease in Lorentzian linewidths in going from the gas phase to helium 

nanodroplets for OH-CH4 is similar to what was reported for HOOO ( = 0.212(8) cm-1 in 

the gas phase42 and  = 0.1 cm-1 in helium nanodroplets34), and it was stated in the gas-phase 

study that the corresponding spectrum was not power broadened (as deduced from the 

linewidth not changing with laser power).42 If we assume that for OH-CH4, the dominant 

source of gas phase broadening is from near resonant V-V energy transfer,6, 19 then we are left 

with the counterintuitive conclusion that the rate of transfer is slower in helium nanodroplets. 

On the basis of the aforementioned previous studies, in which vibrational lifetimes are 

reduced for the helium-solvated systems, we conclude instead that power broadening effects 

are responsible for the ~2x broader lines in the gas phase measurement.  
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ii. Minor isotopologues 

Out of the minor isotopologue containing complexes investigated here, only OD-CH4 has 

been investigated in the gas phase. Its OD stretching overtone spectrum was reported,19 

which can be directly compared to the OH stretching overtone spectrum for the normal 

isotopologue.6 The comparison shows that there is a large reduction in the linewidth in the 

gas phase in going from OH [0.21(2) cm-1]6 to OD [0.10(1) cm-1].19 The faster decay of the 

excited state for OH-CH4 was broadly attributed to prereaction and/or predissociation. 

Analysis of the rotational energy distribution of the predissociated OX radicals more 

specifically indicated that near resonant V-V transfer is responsible for the faster decay in 

OH-CH4 compared to OD-CH4.
19 In helium nanodroplets we see a similar reduction in the 

linewidths in going from OH [0.035(5) cm-1] to OD [0.013(3) cm-1]. 

 

Fig. 5 shows a comparison of the linewidths in the Q branch region for all isotopologues of 

the complex under investigation, along with an energy level diagram which plots the potential 

V-V relaxation channels. For the normal isotopologue, the OH stretch can decay to one 

quanta of CH stretch, leaving behind ~550 cm-1 excess energy, which must be redistributed to 

other molecular/droplet collective degrees of freedom. In comparison, the OD stretch can 

decay to one quanta of CH4 bend, requiring the redistribution of twice the excess energy as 

for OH (~1100 cm-1). This suggests that the narrower (broader) lines in the OD (OH) 

stretching fundamentals result from a larger (smaller) energy gap between the excited state 

and nearest accessible relaxation channel, i.e. the difference in lifetimes is due to faster V-V 

transfer in OH-CH4, which is similar to what was observed in the gas phase overtone 

spectra.6, 19 

 

Upon switching the methane partner to perdeuterated methane, we switch the energy gaps so 

that the excited OH(D)-CD4 complex now has a very large (small) amount of excess energy 

upon V-V relaxation (Fig. 5). This is reflected in the linewidths, for which OH-CD4 is about 

as narrow as OD-CH4, while OD-CD4 is about as broad as OH-CH4.  We note that the energy 

difference between the fundamental of OH and the overtone of the CD4 bend is similar to that 

between the OH and CH4 stretching fundamentals. Nevertheless the OH stretch line widths 

are similar to those for OD-CH4. This likely reflects the comparatively poorer coupling of the 

OH =1 stretching state to overtone/combination CD4 bending states. 
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4. SUMMARY 

We report the a-type IR spectrum (OX stretch where X=H/D) of the van der Waals complex 

formed between the hydroxyl radical and methane in helium nanodroplets. The spectra in the 

OH and OD stretching regions consist of the convolution of three subbands that originate 

from the different internal rotation ground states of methane (jCH4 = 0, 1, and 2, for the A, F, 

and E spin species, respectively). The subbands were largely resolved for OX-CH4 and 

unresolved for OX-CD4, for which the splitting due to the heavier methane was much 

smaller. The decrease in subband origin with increasing jCH4 indicates a reduction in the 

internal rotation constant upon OX stretch vibrational excitation, which is consistent with the 

larger dipole moment of OX in the excited vibrational state and the expected increase in the 

intermolecular anisotropy. From the spacing between the P, Q, and R branch peaks in the 

helium droplet spectra, it is apparent that the internal rotational anisotropy experienced by the 

singly occupied pπ orbital in the b/c plane is too weak to induce any localizing effects, i.e. the 

spin-orbit angular momentum is in the unquenched limit, which is the same as what was 

determined from lower resolution gas phase spectra.6, 19 Comparison of the linewidths 

between the different isotopologic complexes indicates that resonant V-V transfer dominates 

the linewidths for the species with smaller energy gaps between the excited OX stretching 

state and next lowest in energy methane fundamental vibrational state. 

 

Supporting Information 

Difference mass spectrum for OH stretching band of OH-CH4; Lorentzian fits to the OD-CH4 

Q-branch peaks; Comparison of all four spectra in the OX stretching regions. 
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Table 1. Ground and excited OX stretching state rotational constant, average 

centrifugal distortion constant, and methane nuclear spin species subband origins for 

OX-CY4 embedded in helium nanodroplets. 

 

 OH-CH4 OD-CH4 OH-CD4 OD-CD4 

constant gas phasea He droplet gas phaseb He droplet He droplet He droplet 

B" 0.15(1) 0.0627(8) 0.144(1) 0.0618(6) 0.0591(2) 0.0584(5) 

B' 0.15(1) 0.0625c - 0.0616(7) 0.0588(6) 0.0578(8) 

JD  - 0.00017d - 0.00017(3) 0.00017(3) 0.00017e 

 E - 3562.024(6) - 2625.516(1) 3562.073f 2625.599f 

 F 3563.45(5)g 3562.084(3) - 2625.557(1) 3562.087(2) 2625.606(3) 

 A - 3562.177(3) - 2625.621(1) 3562.110(2) 2625.619f 

h 0.14(2) 0.035(5) - 0.013(3) 0.016(3) 0.030(5) 

 

aGround state constant from Ref 6. 

bGround state constant from Ref 19. 

cDifference between B' and B" fixed to value for OD-CH4.
 

dFixed to value for OD-CH4. 

eFixed to value for OH-CD4. 

fAssumed scaled value 

gCentral unresolved Q branch peak. 

hFull-width at half-maximum linewidth. 
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Fig. 1. High and low power scans of OH-CH4 in helium nanodroplets, shown in red and 

black, respectively. Inverted spectra are simulations using parameters listed in Table 1 and a 

temperature of 0.4 K, where green corresponds to the E nuclear spin species of methane 

(J=2), red is F (J=1), and blue is A (J=0). The average structure taken from Ref. 6 is also 

shown. 
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Fig. 2. Spectrum and simulation of OD-CH4 in helium nanodroplets using parameters listed 

in Table 1. Transitions corresponding to the F species (red) methane are labelled. 
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Fig. 3. Spectrum and simulation of OH-CD4 in helium nanodroplets using parameters listed 

in Table 1. The expected 5:18:4 ratio for the A (blue), F (red), and E (green) spin species of 

CD4 are used to weight the relative intensities of the subbands. Note the weak hump on the 

red edge of the R(3/2) peak, which is likely due to the E species complex. 
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Fig. 4. Spectrum and simulation of OD-CD4 in helium nanodroplets using parameters listed 

in Table 1. The expected 5:18:4 ratio for the A (blue), F (red), and E (green) spin species of 

CD4 are used to weight the relative intensities of the subbands. 
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Fig. 5. Left: Comparison of OX stretching Q branches and fitted Lorentzians for F species 

peak (orange). Right: Energy level diagram showing OX and CY4 fundamental modes and 

lowest energy relaxation channels between them for each complex. 
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