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Abstract 

Hydroperoxyalkyl radicals (•QOOH) are transient intermediates in the atmospheric oxidation of 

volatile organic compounds and combustion of hydrocarbon fuels in low temperature (< 1000 K) 

environments.  The carbon-centered •QOOH radicals are a critical juncture in the oxidation mechanism, 

but have generally eluded direct experimental observation of their structure, stability, and dissociation 

dynamics.  Recently, this laboratory demonstrated that a prototypical •QOOH radical 

[•CH2(CH3)2COOH] can be synthesized by an alternative route, stabilized in a pulsed supersonic 

expansion, and characterized by its infrared (IR) spectroscopic signature and unimolecular dissociation 

rate to OH radical and cyclic ether products.  The present study focuses on a partially deuterated •QOOD 

analog •CH2(CH3)2COOD, generated in the laboratory by H-atom abstraction from partially deuterated 

tert-butyl hydroperoxide, (CH3)3COOD.  IR spectral features associated with jet-cooled and isolated 

•QOOD radicals are observed in the vicinity of the transition state (TS) barrier leading to OD radical and 

cyclic ether products.  The overtone OD stretch (2OD) of •QOOD is identified by IR action spectroscopy 

with UV laser-induced fluorescence detection of OD products.  Direct time-domain measurement of the 

unimolecular dissociation rate for •QOOD (2OD) extends prior rate measurements for •QOOH.  Partial 

deuteration results in a small increase in the TS barrier predicted by high level electronic structure 

calculations due to changes in zero-point energies; the imaginary frequency is unchanged.  Comparison of 

the unimolecular decay rates obtained experimentally with those predicted theoretically for both •QOOH 

and •QOOD confirm that unimolecular decay is enhanced by heavy-atom tunneling involving 

simultaneous O-O bond elongation and C-C-O angle contraction along the reaction pathway. 

* Equal contributions 

  

Page 1 of 15 Faraday Discussions



2 

 

Introduction 

The oxidation of volatile organic compounds (VOCs) in the troposphere and low temperature 

combustion of hydrocarbon fuels (<1000 K) proceed by analogous radical chain reaction mechanisms.1-3  

The VOC or fuel typically reacts with hydroxyl (OH) radicals by hydrogen abstraction from an alkyl 

group or addition to an unsaturated site to form carbon-centered radicals R•.  The R• radicals rapidly react 

with atmospheric O2 to form organic peroxy radicals ROO•.4  The ROO• radicals can then isomerize via 

intramolecular H-atom transfer to form transient hydroperoxyalkyl radicals •QOOH, composed of a 

hydroperoxide group (−OOH) and a new carbon radical center •Q, which have generally eluded direct 

experimental detection.5-7  The transient •QOOH radicals are a critical juncture in the oxidation 

mechanism leading to several possible outcomes:  isomerization via internal H-shift back to ROO•, 

unimolecular decay to release OH and a cyclic ether (chain propagating), elimination of HO2 to form an 

alkene (effectively chain terminating because HO2 is not very reactive), and bimolecular addition of a 

second O2 to generate oxygen-centered peroxy radicals •OOQOOH.  The •OOQOOH radicals can 

undergo analogous isomerization and decomposition steps, yielding additional OH radicals (chain 

branching).8  Alternatively, repeated cycles of H-transfer (ROO• → •QOOH) and O2 addition (•QOOH → 

•OOQOOH) can create more highly oxidized molecules that drive formation of secondary organic 

aerosols (SOAs) in the atmosphere.9-12 

A schematic reaction pathway for production and unimolecular decay of the prototypical carbon-

centered •QOOH radical transiently formed in the oxidation of isobutane or other branched hydrocarbons 

is illustrated in Figure 1.6, 13, 14 Recently, this laboratory demonstrated that this prototypical •QOOH 

radical could be generated and stabilized under jet-cooled and isolated conditions.6  Specifically, the 2-

hydroperoxy-2-methylprop-1-yl (•CH2(CH3)2COOH) radical was produced in the laboratory by H-atom 

abstraction from tert-butyl hydroperoxide (TBHP), and characterized through its infrared (IR) 

spectroscopic signature and unimolecular decay dynamics to OH products.6, 7  Prior experimental studies 

of this •QOOH radical under thermal conditions had detected only its products, specifically OH radicals 

and 2,2 dimethyl epoxide (DMEPOX), and •OOQOOH radicals formed upon addition of O2.14, 15  These 

prior studies also provided temperature- and pressure-dependent kinetic measurements for the appearance 

of OH products. 
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Figure 1.  Schematic reaction pathway for production and unimolecular decay of the carbon-centered 

hydroperoxyalkyl radical intermediate (•QOOH) in oxidation of isobutane or other branched 

hydrocarbons.  An alkyl radical (R•), typically formed by OH abstraction or addition, reacts with O2 to 

produce an alkylperoxy radical (ROO•), which can isomerize via an intramolecular H-shift to produce 

•QOOH.  IR spectral features of jet-cooled and stabilized •QOOH radicals have recently been observed at 

energies that lie below and above the transition state (TS) barrier leading to OH radical and cyclic ether 

products.6, 7  In the current study, partially deuterated •QOOD is vibrationally activated, which induces 

unimolecular decay and leads to OD radical products that are detected by UV laser-induced fluorescence. 

 

Recently, this laboratory conducted IR pump – UV probe measurements to obtain IR action spectra 

and time-resolved unimolecular decay rates for the •QOOH radical.6, 7  The experiments utilized IR pump 

excitation to vibrationally activate •QOOH at energies in the vicinity of the transition state (TS) barrier 

leading to OH and DMEPOX products.  A UV probe laser then detected the OH radical products resulting 

from unimolecular decay by UV laser-induced fluorescence (LIF).  Scanning the IR pump laser provided 

a distinctive spectral fingerprint of the •QOOH radical from 2950 to 7050 cm-1.7  The observed transitions 

are associated with overtone OH and CH stretch transitions, combination bands involving OH or CH 

stretch and a lower frequency mode, and fundamental OH and CH stretch transitions.  The •QOOH 

transitions observed in the IR action spectra are identified by comparison with anharmonic vibrational 

frequency calculations7 and, in most cases, readily distinguished from IR transitions of the TBHP 

precursor.16-18 

Importantly, the IR activation provides sufficient energy for the jet-cooled •QOOH radicals to 

surmount or tunnel through the TS barrier leading to OH and cyclic ether products.  As a result, the 

energy-resolved and time-dependent evolution of the •QOOH radicals to OH (v=0, N) products yield 

microcanonical energy-dependent unimolecular decay rates k(E) for •QOOH in the vicinity of the TS 

barrier.  These direct time-domain measurements revealed unimolecular decay rates ranging from 3.2 ± 

1.0  106 s-1 (and corresponding lifetime, τ = 309 ± 96 ns) at 3579.5 cm-1 to  2.6 ± 0.5  108 s-1 (τ  3.8 ± 

0.8 ns; laser limited) at 6971.5 cm-1.6   
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Energy-dependent microcanonical rates k(E) are exquisitely sensitive to the properties of the TS 

barrier that leads to unimolecular reaction.6, 19-21  For •QOOH, the experimental rates k(E) are both more 

rapid and extend to lower energy than anticipated based on a prior exploration of the TS barrier involving 

a high-level focal point analysis that yielded a zero-point corrected dissociation barrier of 12.0 kcal 

mol−1.13  Rather, substantially higher-level electronic structure methods were required to obtain a more 

reliable barrier of 10.3 kcal mol-1 and imaginary frequency (763i cm-1) at the TS, along with associated 

rovibrational properties at stationary points along the reaction coordinate.6  The theoretical analysis 

revealed that the minimum energy pathway is composed of the simultaneous elongation of the O-O bond 

and contraction of the C-C-O angle, leading to OH radical and cyclic ether products.  Subsequent 

statistical Rice–Ramsperger–Kassel–Marcus (RRKM) rate calculations22 that utilized the combined 

reduction in the TS barrier height and imaginary frequency resulted in excellent agreement with 

experimental rate measurements over a wide range of energies from 10 to 20 kcal mol-1, and demonstrated 

that heavy atom tunneling significantly enhances (two-fold) the unimolecular decay rates.6  The 

experimentally measured and theoretically validated microcanonical rates k(E) also enabled reliable 

extension using a fully a priori method23 to obtain the pressure-dependent thermal unimolecular rate 

constants k(T,P) for a prototypical •QOOH,6 which are in excellent accord with prior kinetic studies of 

k(T,P) based on the of appearance of OH products.14, 15  The thermal unimolecular rate constants k(T,P) 

are generally used in global chemical models of oxidation in atmospheric and combustion 

environments.24, 25 

A prior observation of a resonantly stabilized •QOOH derived from oxidation of 1,3-

cycloheptadience by Savee et al. utilized photoionization detection.5  The resonance stabilization 

increased the stability of •QOOH and significantly increased the barrier (ca. 30 kcal mol-1) for its 

unimolecular decomposition to OH products.  The latter is ca. three-fold greater than TS barriers of 10-12 

kcal mol-1 predicted for a wide range of •QOOH radicals,26 including the prototypical •QOOH 

investigated here. 

The present study expands our experimental and theoretical exploration of the microcanonical 

unimolecular decay rates for •QOOH upon partial deuteration of the hydroperoxyl group (•QOOD).  

Partial deuteration shifts the overtone OH/D stretch (2OH/D) and other vibrational mode(s) to lower 

frequencies, providing a new spectroscopic window on •QOOD and its microcanonical unimolecular 

decay rates.  Partial deuteration results in changes of the IR spectrum as well as the rovibrational 

properties of the •QOOD reactant and TS, requiring a small zero-point energy correction to the TS 

barrier.  Comparison of the experimental and computed rate(s) for •QOOD provide further validation of 

the high-level electronic structure calculations of the TS barrier and reaction pathway for this prototypical 
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•QOOH/D intermediate.  In addition, it enables further examination of the importance of heavy atom 

tunneling in the unimolecular decay of the carbon-centered •QOOH/D radical. 

Methods 

Partially deuterated tert-butyl hydroperoxide [(CH3)3COOD, TBDP, ca. 93% deuteration on the OOH 

moiety] is synthesized as described in Supplementary Information (SI, Figures S1 – S2).  Partially 

deuterated peroxyalkyl •QOOD radicals [2-deuteroperoxy-2-methylprop-1-yl, (•CH2(CH3)2COOD)] are 

generated in an analogous manner as that demonstrated recently to produce •QOOH.6  TBDP vapor is 

entrained in a gas mixture of Cl2 (0.25%), He (ca. 25%), and Ar (ca. 75%) at 40 psi and pulsed through a 

solenoid valve with an affixed quartz capillary reactor tube into a vacuum chamber.  Photolysis of Cl2 

near the exit of the capillary using the 355 nm output of a Nd:YAG laser (EKSPLA or Continuum 8000, 

ca. 5 mJ pulse-1, 10 Hz) generates Cl atoms, which abstract a H-atom from one of the methyl groups of 

TBDP.2  This produces •QOOD radicals that are collisionally stabilized and subsequently cooled in the 

supersonic jet expansion to a rotational temperature of ca. 10 K.27, 28  The gas mixture is intersected by 

counter-propagating, spatially overlapped, and focused tunable IR-pump and UV-probe laser beams ca. 1 

cm downstream in the collision-free regime of the expansion.  The tunable IR pump radiation is generated 

from a KTP-based OPO/OPA (LaserVision, ca. 3 mm, 0.9 cm-1 bandwidth, 10 – 30 mJ/pulse, 5 Hz, ∆tIR = 

2.8 ± 0.1 ns Gaussian pulse width) pumped by a Nd:YAG laser (Continuum Surelite EX) and the UV 

probe radiation is derived from a frequency-doubled Nd:YAG pumped dye laser (Continuum 7020 and 

ND6000, ca. 5 mm, ca. 3 mJ/pulse, 10 Hz, ∆tUV = 3.0 ± 0.1 ns Gaussian pulse width).  IR activation of 

•QOOD generates OD X2Π3/2 (v=0) products that are probed by UV laser-induced fluorescence (LIF) on 

the OD A2Σ+ – X2Π3/2 (1,0) Q1(3.5) transition.  Further details of the experimental methods are provided 

in Supplementary Information (SI). 

The present study on •QOOD utilizes the high-level electronic structure calculations of the TS barrier 

region recently obtained for unimolecular decay of •QOOH, specifically geometries and harmonic 

vibrational frequencies calculated for •QOOH at the CCSD(T)-F12/cc-pVDZ-F12 level of theory coupled 

with higher level composite energies.6  For •QOOD, harmonic vibrational frequencies of the reactant and 

TS are similarly computed at the CCSD(T)-F12/cc-pVDZ-F12 level of theory in Molpro.29  The 

anharmonic vibrational frequencies and IR absorption intensities are evaluated for optimized B2PLYP-

D3/cc-pVTZ geometries using second-order vibrational perturbation (VPT2) theory as implemented in 

Gaussian16.30  XSEDE resources31 are utilized for the anharmonic frequency calculations.  Energies 

presented herein are obtained at the ANL0F level of theory,32 as described previously,6 and are 

anharmonic zero-point energy (ZPE) corrected unless otherwise stated.  The ANL0F method includes 

basis set, CCSDT(Q) and other high-level corrections to the CCSD(T)-F12/cc-pVDZ-F12//B2PLYP-

D3/cc-pVTZ within a focal-point like composite scheme.  The energy-dependent unimolecular decay 
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rates, k(E), for •QOOD are calculated using statistical RRKM theory.22  The calculations are analogous to 

those carried out previously for •QOOH using the Master Equation System Solver (MESS).33  The 

harmonic and anharmonic frequencies for •QOOD are summarized in Table S1.  

Results and Discussion 

The experimental search to identify IR transitions of partially deuterated •QOOH (•QOOD) under jet-

cooled and stabilized conditions was guided by anharmonic vibrational frequencies and IR intensities 

computed using VPT2.  The calculations indicate that the overtone OH stretch (2OH), combination band 

involving OH stretch and OOH bend (OH + δOOH), and fundamental OH stretch will be shifted to 

significantly lower frequencies upon partial deuteration, as listed in Table 1 and illustrated in Figure 2.  

Specifically, the overtone OH/D stretch (2OH/D) is predicted to shift from 6984 cm-1 in •QOOH to 5201 

cm-1 in •QOOD with greater than 2-fold loss in intrinsic intensity.  The OH/D + δOOH/D transition is 

computed to shift from 4880 cm-1 in •QOOH to 3630 cm-1 in •QOOD, again with a 2-fold drop in 

predicted intensity for an already weak combination band.  Finally, the fundamental OH/D stretch (OH/D) 

is predicted to shift from 3580 cm-1 in •QOOH to 2647 cm-1 in •QOOD, once again with nearly 2-fold loss 

in intensity.  Moreover, the fundamental OD stretch (OD) of •QOOD shifts significantly below the TS 

barrier for dissociation to OD products, precluding detection by IR action spectroscopy.  The frequencies 

and intrinsic intensities of other vibrations of •QOOD are expected to be essentially unchanged from 

those in •QOOH.  Thus, the experiments focused primarily on observation of the overtone OD stretch 

(2OD) of •QOOD predicted at 5201 cm-1.   

Table 1.  Comparison of the observed IR transitions (cm-1) with calculated (B2PLYP-D3/cc-pVTZ) 

anharmonic frequencies (cm-1) and intensities (km mol-1) for •QOOH and •QOOD using VPT2.6, 7  

Transition Observed Frequency  Calculated Frequency (Intensity)  

 •QOOH •QOOD •QOOH •QOODb 

2OH/D 7015.5a    

 6971.5 5198.1 6984 (4.8) 5201 (2.0) 

2CH2 6187.0  6209 (0.3) 6209 (0.3) 

2CH3 5932.0  5942 (0.4) 5942 (0.4) 

   5921 (0.3) 5921 (0.3) 

OH/D + δOOH/D 4879.0  4880 (0.6) 3630 (0.3) 

CH2 + δHCH 4534.0 4534.0 4562 (0.9) 4562 (1.0) 

OH/D  3597.8a    

 3579.5  3580 (19) 2647 (11.9) 

CH2 3025.0  3049 (21) 3049 (20.0) 

CH3 2985.5  3000 (20) 3000 (20.0) 

a: Observed feature attributed to 2OH transition of •QOOH2 and/or •QOOH3 conformers with a 

combined estimated population of 15%. 

b: Bold indicates calculated transitions that change upon partial deuteration. 
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Figure 2.  Comparison of calculated (B2PLYP-D3/cc-pVTZ) anharmonic frequencies using VPT2 for 

•QOOH and •QOOD radicals, •CH2(CH3)2COOH/D.  Vibrations associated with the partially deuterated 

OOD moiety show a substantial decrease in frequency.  The horizontal black dotted lines represent the TS 

barriers, computed to be 10.3 kcal mol-1 for •QOOH and 10.5 kcal mol-1 for •QOOD, associated with the 

unimolecular dissociation of •QOOH/D to OH/D products.6, 7  
 

A spectral search revealed the 2νOD transition of •QOOD centered at 5198.1 cm-1, which is shifted 

only 3 cm-1 to lower energy than that predicted theoretically.  The IR-UV time delay was set at 50 ns, 

consistent with the predicted rapid dissociation to OD products (see below) that were detected by LIF on 

the A-X (1,0) Q1(3.5) transition.  Scans across the 5170 to 5245 cm-1 region revealed no additional 

features, which might originate from higher energy conformers (•QOOD2 and/or •QOOD3) theoretically 

predicted to lie at 5219 and 5224 cm-1 (Table S2).  In addition, the 2νOD transition of TBDP, theoretically 

predicted at 5229 cm-1 (Table S2), is not observed, which would require IR multiphoton dissociation to 

release OD products utilized for detection in IR action spectroscopy.17, 34, 35 

The rotational band contour for the overtone OD stretch of •QOOD (2νOD) at 5198.1 cm-1 is consistent 

with a single isolated transition spanning ca. 15 cm-1, as shown in Figure 3.  The simulation is performed 

with PGOPHER36 using a rotational temperature of 10 K along with computed rotational constants, the 

OPO bandwidth, and Lorentzian broadening of 1.7 cm-1, the latter of which is consistent with rapid 

intramolecular vibrational energy redistribution (IVR) on a few picosecond timescale, although some 
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power broadening cannot be excluded.  The homogeneous broadening washes out any detail of the 

rotational structure or transition type.  The rotational band contour for the overtone OD stretch of •QOOD 

(2νOD) is similar to that observed for the fundamental OH stretch of •QOOH (νOH) at 3579.5 cm-1, but 

differs considerably from the overtone OH stretch of •QOOH (2νOH) at 6971.5 cm-1 as shown in Figure 3. 

 
Figure 3.  Comparison of IR spectral features observed by IR action spectroscopy with OH/D LIF 

detection for the overtone OH stretch of •QOOH (2OH, 6971.5 cm-1; top), fundamental OD stretch of 

•QOOD (OD, 5198.1 cm-1; middle), and fundamental OH stretch of •QOOH (OH, 3579.5 cm-1; bottom).  

The intensities are in arbitrary units.  Simulated rotational band contours are overlaid on the experimental 

IR action spectra.  Simulations are shown at rotational temperature of 10 K with laser linewidth (0.9 cm-1, 

gray), and with added contribution from homogenous broadening (1.7 cm-1, black).  Homogenous 

broadening is primarily attributed to rapid (ca. 3 ps) intramolecular vibrational energy redistribution 

(IVR), although some power broadening cannot be excluded.  Simulations use computed rotational 

constants for •QOOH1 (A: 4.62 GHz, B: 2.87 GHz, and C: 2.80 GHz) and •QOOD1 (A: 4.59 GHz, B: 

2.79 GHz, and C: 2.73 GHz) and transition types from VPT2 calculations.7  The top and bottom panels 

are reproduced from Hansen et al., J. Chem. Phys., 2022, 156, 014301 with permission of AIP Publishing. 

 

The outlier appears to be the •QOOH (2νOH) feature at 6971.5 cm-1, which has a significantly greater 

span (ca. 30 cm-1) than the rotational band contours observed for other •QOOH/D transitions or 

simulations.  As discussed recently,7 the breadth of the 2νOH feature likely arises from coupling with 

nearby •QOOH state(s) with three (or more) quanta of excitation through cubic terms in the expansion of 

the potential, which are not considered in VPT2 as implemented in Gaussian.30  An extended VPT2 

treatment37 has identified many three quantum states in close proximity of 2νOH,7 although not the specific 

state(s) that would give rise to an accidental degeneracy with 2νOH.  We note that 2vOH excitation prepares 

•QOOH above the TS barrier to ROO• (19.3 kcal mol-1).6, 13  This could potentially introduce 
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anharmonicities in the •QOOH potential that are not captured by the VPT2 calculations.7  The unexpected 

breadth of the 2OH feature is not fully understood and warrants further study. 

An additional •QOOD feature was observed at 4534 cm-1 with OD LIF detection, ascribed to the CH2 

+ δCH2 combination band, which is precisely the same frequency as the analogous transition observed for 

•QOOH as shown in Figure S3 using a 100 ns pump-probe delay.  Unfortunately, this feature is too weak 

for rotational band contour analysis, as had been found for the same transition of •QOOH.7  Nor was this 

feature strong enough for a lifetime measurement.  Other weak CH combination bands observed for 

•QOOH were not explored for •QOOD. 

The unimolecular decay rate of •QOOD following IR activation on the 2νOD transition at 5198.1 cm-1 

was measured by varying the time delay between the IR pump and UV probe lasers.  A temporal profile 

showing the rate of appearance of OD products is given in Figure 4.  The temporal profile is fit using a 

dual exponential function that accounts for the rapid appearance of OD products k(E), and slow decay as 

OD products move out of the probe laser volume, along with the temporal profiles of the IR pump and 

UV probe lasers (see SI).  The resultant rate for OD production and associated •QOOD unimolecular 

decay rate k(E) is 1.0 ± 0.3  108 s-1 (τ = 9.8 ± 3.0 ns) with ±1 uncertainty derived from repeated 

measurements.  For comparison, Figure 4 also shows the temporal profiles that yield the unimolecular 

decay rates (and associated lifetimes) for •QOOH (2OH) at 6971.5 cm-1 of 2.6  0.5  106 s-1 (3.8 ± 0.8 

ns, laser limited) and that for •QOOH (OH) at 3579.5 cm-1 of 4.1 ± 1.3  106 s-1 (247 ± 77 ns).6 
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Figure 4.  Representative time-resolved appearance profiles for OH or OD products following IR 

activation of •QOOH or •QOOD, respectively.  Temporal profiles showing the appearance of OH/D 

radical products (points) following IR activation of •QOOH at 6971.5 cm-1 (2OH, blue) or •QOOD at 

5198.1 cm-1 (2OD, purple) in the top panel, and •QOOH at 3579.5 cm-1 (OH, red) in the bottom panel.  

The experimental •QOOH/D unimolecular decay rates (and corresponding OH/D risetimes) are: 2.6  

0.5  106 s-1 (3.8 ± 0.8 ns; laser-limited), 1.0 ± 0.3  108 s-1 (9.8 ± 3.0 ns), and 4.1 ± 1.3  106 s-1 (247 ± 

77 ns).  A much slower exponential decay originating from OH/D products moving out of the UV probe 

laser beam is derived from time profiles recorded on a longer timescale.  The experimental time profiles 

are fit with a dual exponential function (black solid line) convoluted with the IR and UV pulse widths.  

The OH/D LIF intensities are in arbitrary units.  The •QOOH 2OH and OH time traces are reproduced 

with permission from Hansen et al., Science, 2021, 373, 679-682 (2021).  Copyright 2021 AAAS. 

The energy-dependent unimolecular decay rates k(E) for •QOOD are computed using statistical 

RRKM theory for comparison with experiment and prior investigation of •QOOH dissociation rates in the 

3250 to 7500 cm-1 region.6  The TS barrier leading to unimolecular dissociation increases slightly for 

•QOOD (10.5 kcal mol-1) compared to •QOOH (10.3 kcal mol-1) as a result of changes in the ZPE of the 

reactant and TS (Table S3) associated with the OH/D stretch, OOH/D bend, and COOH/D torsion (Table 

1).  Changes in these vibrations upon partial deuteration also affect the density of states of the reactant 

and tunneling-weighted sum of states at the TS.  The imaginary frequency at the TS is unchanged (763i 

cm-1), since tunneling involves heavy atom motion associated with simultaneous O-O bond elongation 

and C-O-O angle contraction along the reaction pathway to yield OD (or OH) and cyclic ether 

(DMEPOX) products.   
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The RRKM rates computed for •QOOD are shown in Figure 5 (Table S4) with tunneling (purple) and 

without tunneling (light gray).  At 5200 cm-1, the calculated rate with tunneling is 7.6 × 107 s-1 (τ = 13 ns), 

which is within 1 uncertainty of the experimentally observed rate.  Tunneling increases the 

unimolecular dissociation rate significantly at energies in the vicinity of the TS barrier (10.5 kcal mol-1), 

although the tunneling enhancement falls off with increasing energy.  Specifically, tunneling is predicted 

to enhance the unimolecular decay rate of •QOOD by more than 7-fold at 3700 cm-1, 40% at 5200 cm-1 

and 15% at 7500 cm-1.  The corresponding experimental and computed RRKM rates for •QOOH are also 

shown in Figure 5 with (red) and without (dark gray) tunneling.6  Again, tunneling significantly enhances 

the unimolecular decay rate of •QOOH at low energies in the vicinity of the TS barrier (10.3 kcal mol-1), 

in accord with experimentally observed rates.6   

 
Figure 5.  Rates and lifetimes (semi-log scale) for the unimolecular decay of •QOOH and •QOOD to 

OH/D and cyclic ether products.  The experimental rates are given by the circles (•QOOD in purple and 

•QOOH in red and gray, the latter attributed to a higher energy conformer6) with error bars (±1σ) derived 

from repeated measurements.  RRKM rates and lifetimes are calculated with tunneling (solid lines, 

•QOOD in purple and •QOOH in red) and without tunneling (solid lines, •QOOD in light gray and 

•QOOH in dark gray).  The gray shaded region indicates rates limited by the experimental time resolution 

(4 ns).   
 

The RRKM dissociation rate is predicted to be nearly two times faster for •QOOH than •QOOD at ca. 

3700 cm-1, where tunneling is significant.  The more rapid RRKM rate for •QOOH than •QOOD at low 

energy is primarily due to the slightly higher TS barrier for •QOOD, which slows tunneling due to an 

increase in the volume of the inverted potential from the barrier top for •QOOD.  At higher energies, the 

RRKM rate predicted for •QOOD approaches that for •QOOH.  For example, the •QOOD decay rates at 

5200 and 7500 cm-1 are only 30% and 20% slower than those for •QOOH, respectively.  As the energy 

increases above the TS barrier, the importance of tunneling decreases and the density of reactant states 
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(Figure S4) primarily determines the relative rates.  If the TS barrier for •QOOD is artificially set at 10.3 

kcal mol-1, the same as that for •QOOH, with vibrational frequencies unchanged, the unimolecular decay 

rates for •QOOD and •QOOH are nearly the same across the full energy range as shown in Figure S5. 

The kinetic isotope effect (KIE), defined as k(•QOOH) / k(•QOOD), is predicted to decrease from 1.7 

to 1.2 with increasing energy over the 3700 to 7500 cm-1 range.  This small KIE demonstrates that the 

unimolecular dissociation of •QOOH/D to OH/D + cyclic ether products is not enhanced by light atom 

(H/D) tunneling associated with a bond to the isotopically labeled H/D atom being formed or broken.  

Rather, the slight change in unimolecular dissociation rate upon partial deuteration arises from a small 

increase in the TS barrier height due to ZPE effects.  The significant tunneling enhancement in the 

unimolecular dissociation rate for •QOOH/D has been shown theoretically to originate from heavy atom 

motion involving simultaneous O-O elongation and C-O-O contraction along the reaction coordinate.6   

Conclusions 

The infrared spectroscopy and unimolecular dissociation dynamics of a prototypical 

hydroperoxylalkyl radical (•QOOH) are examined upon partial deuteration (−OOH/D) and compared with 

recent reports on •QOOH.6, 7  The IR spectral feature and microcanonical unimolecular dissociation rate 

of the •CH2(CH3)2COOD (•QOOD) radical are characterized upon vibrational activation of the overtone 

OD stretch (2OD) at 5198 cm-1. The 2OD transition of •QOOD is shifted to significantly lower frequency 

than the 2OH transition of •QOOH at 6971 cm-1, in very good accord with the calculated anharmonic 

frequencies (VPT2).  The CH2 + δHCH combination band observed at 4534 cm-1 is essentially unchanged 

upon partial deuteration as expected theoretically.  The observed spectral features expand the IR 

fingerprint of •QOOH/D and further validate the theoretical (VPT2) predictions. 

The vibrational energy associated with •QOOD (2OD) excitation provides a new window for probing 

the energy-dependent unimolecular dissociation rates of •QOOH/D.  The time-resolved appearance of OD 

products following vibrational activation of •QOOD at 5198 cm-1 yields a microcanonical dissociation 

rate k(E) of 1.0 ± 0.3  108 s-1 (τ = 9.8 ± 3.0 ns) with ±1 uncertainty.  This expands the experimental 

observation of unimolecular decay rates for •QOOH/D.  Complementary statistical RRKM calculations of 

the unimolecular dissociation rate for •QOOD at 5200 cm-1 including tunneling is 7.6  107 s-1 (τ = 13 ns), 

which is within experiment uncertainty.  Heavy-atom tunneling involving simultaneous O-O bond 

elongation and C-O-O angle contraction with associated imaginary frequency of 763i cm-1 increases the 

unimolecular dissociation rate predicted at this energy by 40%.  The very good agreement of experimental 

and RRKM microcanonical rates with tunneling for •QOOD provide further validation of the TS barrier 

predicted from high level theory for a prototypical •QOOH radical, after accounting for small changes in 

ZPE upon partial deuteration.  In addition, the analogous unimolecular decay rates for •QOOH and 
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•QOOD at similar energies, after accounting for small changes in ZPE, demonstrate that the heavy atom 

tunneling predicted for •QOOH/D is essentially unaffected by deuteration of the hydroperoxy (−OOH/D) 

group.  Moreover, the very good agreement between experiment and theory for •QOOD further validates 

the overall interpretation of the observations. 
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