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Abstract 

An IR-VUV ion-dip spectroscopy method is utilized to examine the IR spectrum of acetaldehyde 

oxide (CH3CHOO) in the overtone CH stretch (2CH) spectral region.  IR activation creates a depletion of 

the ground state population that reduces the VUV photoionization signal on the parent mass channel.  IR 

activation of the more stable and populated syn-CH3CHOO conformer results in rapid unimolecular decay 

to OH + vinoxy products and makes the most significant contribution to the observed spectrum.  The 

resultant IR-VUV ion dip spectrum of CH3CHOO is similar to that obtained previously for syn-

CH3CHOO using IR action spectroscopy with UV laser-induced fluorescence detection of OH products.  

The prominent IR features at 5984 and 6081 cm-1 are also observed using UV+VUV photoionization of 

OH products.  Complementary theoretical calculations utilizing a general implementation of second order 

vibrational perturbation theory provide new insights on the vibrational transitions that give rise to the 

experimental spectrum in the overtone CH stretch region.  The introduction of physically motivated small 

shifts of the harmonic frequencies yields remarkably improved agreement between experiment and theory 

in the overtone CH stretch region.  The prominent features are assigned as highly mixed states with 

contributions from two quanta of CH stretch and/or a combination of CH stretch with an overtone in 

mode 4.  The generality of this approach is demonstrated by applying it to three different levels of 

electronic structure theory/basis sets, all of which provide spectra that are virtually indistinguishable 

despite showing large deviations prior to introducing the shifts to the harmonic frequencies. 
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Introduction 

Criegee intermediates are transient reaction intermediates with zwitterionic carbonyl oxide character 

(R1R2C=O+O2) formed in the ozonolysis of alkenes, the most abundant volatile organic compounds 

(VOCs) emitted into the atmosphere after methane.1, 2  The Criegee intermediates are typically formed 

with significant excess energy (ca. 50 kcal mol-1) and can undergo unimolecular decay promptly or after 

thermalization, leading to hydroxyl (OH) radicals and other products.3, 4  Alternatively, the Criegee 

intermediates can react with water vapor or trace atmospheric gases, which can lead to secondary organic 

aerosol formation.5-7  This study reexamines the infrared spectrum of the acetaldehyde oxide (CH3CHOO) 

Criegee intermediate, both experimentally and theoretically, in the overtone CH stretch (2CH) region.  

This spectral region offers relatively strong transitions for spectroscopic identification of the Criegee 

intermediates at energies in the vicinity of the transition state (TS) barrier(s) leading to unimolecular 

decay. 

The CH3CHOO Criegee intermediate has two distinct conformational forms, syn and anti, in which 

the terminal oxygen points toward or away from the methyl group as shown in Figure 1.  The syn 

conformer is more stable by ca. 3 kcal mol-1 due to an intramolecular hydrogen bonding interaction 

between the methyl group and terminal oxygen.  The two conformers of stabilized CH3CHOO do not 

interconvert due to the high isomerization barrier (ca. 38 kcal mol-1)8 associated with internal rotation 

about the C=O bond.  Most recent laboratory studies generate CH3CHOO through an alternate synthetic 

approach in which a diiodo ethane precursor (CH3CHI2) is photolyzed at 248 nm (or 351 nm), generating 

an internally hot CH3CHI radical, which subsequently reacts with O2 to displace the remaining I atom and 

form CH3CHOO.  The syn and anti conformers of CH3CHOO are rapidly thermalized or jet-cooled prior 

to VUV photoionization,9 UV absorption,10-13 IR spectroscopy,4, 14-18 or FTMW studies.19, 20  Prior studies 

have also examined the conformer-dependent bimolecular reactions of syn- and anti-CH3CHOO with 

water vapor and trace atmospheric gases.8, 9, 11, 15, 21-25 

 
Figure 1.  Structures of the syn (left) and anti (right) conformers of CH3CHOO with the terminal oxygen 

pointing toward or away from the methyl group, respectively. 

Earlier work in this laboratory examined the IR spectroscopy and unimolecular decay dynamics of 

syn-CH3CHOO upon vibrational activation in the overtone CH stretch (2CH),4, 14, 17 combination band 

(CH + j),
16 and fundamental CH stretch (CH)18 regions under jet-cooled and isolated conditions.  In each 
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case, IR action spectra were recorded with UV laser-induced fluorescence (LIF) detection of OH products 

resulting from unimolecular decay.  Most of the above studies were supported by calculations of the 

vibrational spectra, typically performed using second order vibrational perturbation theory (VPT2).  

While the VPT2 calculations did an excellent job of reproducing the measured spectrum in the 

fundamental CH stretch region at ca. 3000 cm21,18 spectral assignments were not rigorous at higher 

energies.  Indeed, large differences were noted in the region that reflected excitation of two quanta in the 

CH stretching vibrations.  At these energies, the density of vibrational states is much larger, leading to 

strongly coupled states that are close in energy.  In these situations, small discrepancies in the vibrational 

frequencies of the CH stretches can lead to large changes in the overall spectral envelope.26-28  

Additionally, the states with two quanta in the CH stretching vibrations are expected to be coupled to 

states that involve three or four quanta of excitation.  In studying this spectral region, we exploit the 

flexibility of a recently developed implementation of vibrational perturbation theory, PyVibPTn,29, 30 

which is based on the development of perturbation theory originally described by Sakurai and Kato.31, 32  

This code has been used in studies of several similarly sized and larger molecules, e.g. protonated ethene, 

the vinoxide anion and a hydroperoxyalkyl radical, with good success.28, 33, 34  In this work, we explore 

how we can incorporate semi-empirical corrections to the harmonic frequencies to improve the agreement 

between experiment and calculation using this approach. 

The unimolecular decay of syn-CH3CHOO proceeds by 1,4 H-atom transfer from the methyl group to 

terminal O-atom via a 5-membered cyclic transition state (TS), transiently forming vinyl hydroperoxide 

(VHP), followed by O-O fission to yield OH + vinoxy radicals as shown in Scheme 1.  Comparison of the 

energy-dependent unimolecular rates k(E) with the computed RRKM (Rice-Ramsperger-Kassel-Marcus) 

rates including quantum mechanical tunneling confirmed a high-level calculation of the transition state 

barrier of 17.1 kcal mol−1 (5960 cm−1) for syn-CH3CHOO.4  The unimolecular decay rates observed for 

syn-CH3CHOO in the 2CH region (5600-6100 cm-1) are on the order of 108 s-1, corresponding to lifetimes 

less than 10 ns.4  Recent work has also identified an OH roaming mechanism that results in a minor yield 

of thermalized hydroxycarbonyl products or hydroxymethyl [CH2OH] and acyl [RC(O)] radicals by C-C 

fission of initially hot hydroxycarbonyl products.35, 36  
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Scheme 1.  1,4 H-atom transfer mechanism for syn conformer of CH3CHOO via a 5-membered cyclic 

transition state (TS) to vinyl hydroperoxide (VHP), followed by O-O cleavage to vinoxy and OH radical 

products.   

 

The unimolecular decay dynamics of anti-CH3CHOO, however, have primarily been investigated 

theoretically.8, 37-39  Unimolecular decay of anti-CH3CHOO is predicted to proceed via a 1,3 ring-closure 

mechanism in a rate limiting step that forms methyl dioxirane with a TS barrier of 15.6 kcal mol-1 as 

shown in Scheme 2.8  Unimolecular decay is expected to continue with O-O ring opening and 

isomerization to form hot acetic acid [CH3C(O)OH; ca. -110 kcal mol-1] that can be collisionally 

stabilized and/or dissociate over a barrier to more stable CH4 + CO2 products [ca. -125 kcal mol-1].40-43  

Theory has shown that the highly activated acid does not undergo homolysis to OH,37 and provided an 

alternative explanation for an early report to the contrary.44 

 

Scheme 2.  1,3-ring closure mechanism for the unimolecular decay of anti-CH3CHOO via the COO ring 

closing TS structure to dioxirane. 

Prior IR action spectroscopy studies of CH3CHOO with OH LIF detection selectively detected the syn 

conformer, consistent with the IR spectroscopic assignments and/or unimolecular decay rates observed.4, 

14, 17  The present study utilizes an alternative IR-induced ground state depletion method for spectroscopic 

detection of CH3CHOO, which should, in principle, detect both syn and anti conformers.  Moreover, the 

unimolecular decay rate resulting from overtone CH stretch excitation (2CH) of anti-CH3CHOO is 

expected to be even more rapid than that for syn-CH3CHOO based on the lower computed TS barrier for 

anti-CH3CHOO (ca. 15.6 kcal mol-1) compared to that determined for syn-CH3CHOO (17.1 kcal mol-1).  

It should be noted that the electronic spectrum of CH3CHOO recorded on the strong * transition 

under jet-cooled conditions in this laboratory appeared to be dominated by the syn conformer.10  By 

comparison, the analogous B 1A′  X 1A′ absorption spectrum obtained by Sheps et al. under thermal 

flow cell conditions exhibited contributions from both syn- and anti-CH3CHOO conformers, the latter 

extending the spectrum to longer wavelength and accounting for ca. 30% of the total population.11  In this 

study, the spectra of the two structural isomers were separated by their different reactivity towards H2O 
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and SO2, which preferentially react with the anti-CH3CHOO conformer. Other studies utilizing different 

experimental conditions and detection techniques (VUV photoionizaton,9 IR,15 and FTMW19) have 

reported anti-to-syn population ratios ranging from ca. 1:10 to 2:3.  

The present investigation utilizes IR-VUV ion dip spectroscopy,45-49 which is implemented by IR 

activation of CH3CHOO in the overtone CH stretch (2CH) region followed by VUV photoionization 

detection of ground state CH3CHOO with mass-resolved detection (m/z) using time-of-flight mass 

spectrometry.  Prior studies have demonstrated that 10.5 eV is suitable for photoionization detection of 

both syn- and anti-CH3CHOO, which have photoionization thresholds of ca. 9.4 and 9.2 eV, respectively.9 

25 The experimental spectroscopic results are compared with new theoretical calculations that provide 

insights on the spectroscopic assignments of features observed in the overtone CH stretch region. 

 

Theoretical Methods 

A. Vibrational Perturbation Theory (VPT) 

Calculations of the spectra were performed using second order vibrational perturbation theory 

(VPT2), as implemented in PyVibPTn.29, 30, 50 These calculations require quartic expansions of the 

Hamiltonian in terms of the normal coordinates.  While most implementations of vibrational perturbation 

theory expand the Hamiltonian in coordinates that are linear combinations of the Cartesian displacements 

of the atoms,26, 51, 52 this need not be the case.  When the spectrum reflects couplings among nearly 

degenerate vibrational levels, the expansion of the Hamiltonian in normal modes that are developed from 

linear combinations of displacements of internal coordinates, e.g. bond lengths and angles, can result in 

more accurate results.30, 53  The coordinates used for the present study are provided in Tables ST1 and 

ST2.  Using this choice of coordinates, the Hamiltonian that is used in the VPT2 calculations is given by 

 ÿ = ÿ(0) + ÿ(1) + ÿ(2) (1) 

and ÿ(0) = 12 ∑[�ÿþÿĀ(��)�Ā + ýÿĀΔÿÿΔÿĀ]ÿ,Ā  

    (2) 

where Gi j(re) represents an element of the Wilson G-matrix,54 evaluated at the equilibrium structure, and 

ri represents the displacement of the ith internal coordinate, which may be a bond length or an angle, 

from its value in the equilibrium geometry.  Following Wilson,54 the normal coordinates are constructed 

as linear combinations of the ri by requiring G and F to both be diagonal.  The diagonal elements of G 

and F in this representation are the harmonic frequencies, e.g. we construct the normal coordinates and 

their conjugate momenta to be dimensionless.  With this transformation from the internal coordinates, the 

normal coordinates can be represented by q, and their conjugate momenta become p.  The resulting 
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normal mode coordinates for syn-CH3CHOO, their descriptions and harmonic frequencies are shown in 

Figure ST1. 

Once the normal coordinates are determined, the expansion of the Hamiltonian in Eq. 1 is expressed 

as ÿ0 =  ∑ ÿÿ2 [ýÿ2 + þÿ2]ÿ  

 (3) ÿ(1) = ∑ [12 ýÿ (ĀþÿĀĀþā þā) ýĀ + 16 Ā3�ĀþÿĀþĀĀþā þÿþĀþā]ÿ,Ā,ā  

 (4) ÿ(2) = 14 ∑ ýÿ ( Ā2þÿĀĀþāĀþĂ) þāþĂýĀÿ,Ā,ā,Ă + ∑ [18 Ā4�Āþÿ2ĀþĀ2 þÿ2þĀ2 + 16 Ā4�Āþÿ3ĀþĀ þÿ3þĀ]ÿ≠Ā+ 12 ∑ Ā4�Āþÿ2ĀþĀĀþā þÿ2þĀþā + 124 ∑ Ā4�Āþÿ4 þÿ4ÿÿ≠Ā≠ā + �′(��) 

 (5) 

In addition to the G-matrix elements and their derivatives along with derivatives of the potential function, 

the final term in Eq. 5 provides a contribution to the kinetic energy operator that results from the fact that 

coordinates and momenta do not commute.  At second order, this term provides only a constant shift to 

the energy and may be neglected since our interest is in transition frequencies and not the absolute 

energies of the states.  The expression of the Hamiltonian provided by Eqs. 1 and 3 to 5 represents a 

restricted quartic expansion of the Hamiltonian.  The terms that are not included involve fourth 

derivatives with respect to four different normal mode coordinates.  At second order perturbation theory, 

these terms will contribute only if they couple nearly degenerate states.  The exclusion of such terms is 

typically done in VPT2 calculations as these terms are expected to be small, in general.  By not requiring 

the calculation of the mixed fourth derivatives, the evaluation of the expansion of the potential is greatly 

simplified as all the required terms can be obtained by numerically differentiating the Hessian with 

respect to each of the normal mode coordinates using a three-point finite difference scheme. 

B. Handling Near Degeneracies and Adjusting Vibrational Frequencies 

Because this work focuses on the spectral region that includes the overtone of the CH stretching 

vibrations, we expect that the states that are being accessed in the experiment will have contributions 

from several states that are close in energy.  These would include states with different pairs of CH 

stretching vibrations excited and states with two or more quanta of excitation in lower-frequency 

vibrations.  To account for this state mixing, we utilize degenerate perturbation theory.  These 

calculations are performed in three steps.  Initially we must identify which states are considered to be 
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nearly degenerate.  This is achieved by performing a standard VPT2 calculation in which possible near-

degeneracies are not considered, and identifying situations in which the perturbation theory results are 

likely affected by strong resonance interactions.  Once this set of nearly-degenerate states has been 

identified, we perform a perturbation theory calculation, neglecting the contributions from H(1) and H(2) 

that couple the nearly-degenerate states.  The resulting energies will be referred to as the deperturbed 

energies in the discussion that follows, and will be denoted as DVPT2 energies.  Finally, we set up a 

small basis set calculation in the basis of the identified nearly degenerate states, where the off-diagonal 

elements are evaluated using second order perturbation theory.  This approach has been called generalized 

VPT2 (GVPT2) or the deperturb and diagonalize approach.26, 55   

While in the implementation of VPT in PyVibPTn the inclusion of nearly degenerate states is 

straightforward extension of the standard VPT2 calculation, the identification of the nearly degenerate 

states requires careful consideration.  Several approaches have been suggested.56, 57  The most commonly 

used approach is the so-called Martin test, which focuses on pairs of states and compares the energies 

obtained using VPT2 (without consideration of resonances) and those obtained when diagonalizing a 22 

matrix.  The diagonal elements of this matrix are the DVPT2 energies of the states of interest, while the 

off-diagonal elements are the matrix elements of H(1) evaluated in the basis of zero-order states.  If the 

differences between the energies obtained by the two approaches exceed a threshold, then the states are 

considered to be degenerate. 

We have explored an alternative approach, which focuses on the expansion of the state of interest in 

terms of eigenstates of H(0).  If up to the desired order of perturbation theory, the contribution of a zero-

order state exceeds a predetermined value, represented by max, and the range of DVPT2 energies that is 

spanned by the resonance space is smaller than 500 cm−1, we consider the two states to be strongly 

coupled.  The choice of max is important, as too large a value will miss important resonances, while a 

very small value will lead to solving the approximate Hamiltonian in Eq. 1 in a basis that contains all the 

states that are within  250 cm−1 of the state of interest.  We find that max = 0.3 provides a good 

compromise.30 This value corresponds to identifying states that contribute to the eigenstate by roughly 

10% or more.  A comparison of the GVPT2 spectra calculated for syn-CH3CHOO using several values of 

max is provided in Figure ST2. 

While in many cases the above approach yields spectra that are similar to those obtained using the 

Martin test to identify near degeneracies, we believe that using max has several significant advantages.  

First, the Martin test focuses on contributions to the energy through terms in H(1), whereas the present 

approach is applied to all of the terms in the expansion of the Hamiltonian.  Additionally, the Martin test 

focuses on the states in the initial basis, which typically consists of states with one or two quanta of 

excitation.  In the implementation of GVPT2 in PyVibPTn, any state that is coupled to the state of interest 
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is considered.  At second order, this will correspond to states with up to four quanta of excitation.  

Additionally, max is dimensionless, while the Martin test compares values that have units of energy.  

What is considered to be a small or large deviation can vary depending on the energy of the state of 

interest.  Finally, other properties, notably intensities, can be more sensitive to higher-order corrections to 

the wave function than are the energies.  It is not unusual to find that a GVPT2 calculations can yield 

reasonable energies while the intensities are problematic.  This problem is diminished when the size of 

the corrections to the wave function are used to identify nearly degenerate states.30 

In the absence of near-degeneracies, VPT2 provides a good description of anharmonic systems, like 

syn-CH3CHOO, in which the vibrational motions of interest are localized near a single minimum in the 

potential surface.  When resonances are involved, the quality of the agreement between experiment and 

calculation can be very sensitive to small shifts in the depeturbed frequencies.  In recent studies, we27, 28 

and others26 have addressed this challenge by shifting the deperturbed frequencies to improve agreement 

with values obtained from experimental studies.  This approach becomes more challenging when we are 

considering all of the two quanta transitions in syn-CH3CHOO that involve CH stretching vibrations.  syn-

CH3CHOO has Cs symmetry with four high-frequency normal mode vibrations ascribed to CH-stretching 

motions, two of which result from the motion of hydrogen atoms that lie in the COO plane (1, 2) and 

two of which involve motions of the out-of-plane hydrogens, one symmetric and one asymmetric (3, 13).  

The fundamental frequencies of the four CH stretches and 4 (a combination of the CO stretch and the 

carbonyl oxide CH wag) are known from earlier experimental studies.15, 18   We use the difference 

between these frequencies and those obtained from GVPT2 calculations to shift the values of the 

harmonic frequencies used in subsequent GVPT2 calculations.  This second set of GVPT2 calculations 

will be identified as shifted or GVPT2-sh in the following discussion.  Shifting the harmonic frequencies 

allows us to adjust the zero-order energies of the states with two quanta of excitation in the CH stretching 

vibrations in an internally consistent manner.  Such an approach can be viewed as being similar to the 

strategy utilized when optimized geometries are evaluated at a higher level of theory than vibrational 

frequencies, as is done in for example the Gaussian-n composite approaches in electronic structure 

theory.58  In this case, the frequencies would be calculated at a higher level of theory than the 

corresponding cubic and quartic terms in the expansion of the potential.  Indeed, one could use 

frequencies obtained at the CCSD(T) level of theory to correct the anharmonic results obtained at a lower 

level of theory.  While in the present study we are not using multiple levels of theory for different parts of 

the calculation, adjusting the harmonic frequencies so that the anharmonic frequencies from GVPT2 agree 

with experiment is in the spirit of substituting a much higher level of electronic structure theory for the 

calculation of the harmonic frequencies while using the lower level of theory for the higher order 

derivatives. 
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C. Summary of Computational Approaches 

For the calculations described above, we used three levels of electronic structure/basis sets B2PLYP-

D3/cc-pVTZ, B3LYP/aug-cc-pVTZ, and MP2/aug-cc-pVTZ.  These reflect choices that were made for 

previous studies of this and similar systems.  All electronic structure theory calculations were performed 

using Gaussian 16,59 and, unless specifically noted, the perturbation theory calculations were performed 

using  PyVibPTn.50 

 

Experimental Methods 

The CH3CHOO Criegee intermediate is generated from the 2,2-diiodoethane [CH3CHI2] precursor, as 

described previously.14  In brief, CH3CHI2 vapor is entrained in 20% O2/Ar carrier gas at 10 psi and 

pulsed through a nozzle into a quartz capillary reactor tube (1 mm I.D., ~ 25 mm length).  Near the exit of 

the tube, 248 nm radiation from a KrF excimer laser (Coherent COMPex 102, 10 Hz, ~65 mJ/pulse, 

cylindrically focused) is used to photolyze the precursor, producing monoiodo CH3CHI radicals that 

subsequently react with O2 to form CH3CHOO.  The Criegee intermediates are collisionally stabilized in 

the capillary and cooled to a low rotational temperature upon supersonic jet expansion.  The gas passes 

through a skimmer and is probed in a collision-free interaction region ~ 4 cm downstream, where the 

molecular beam is crossed with spatially-overlapped, counterpropagating IR pump and VUV probe 

beams.  

CH3CHOO is detected by time-of-flight mass spectrometry (TOFMS) using single photon ionization 

with 118 nm (10.5 eV) VUV radiation on its parent mass m/z 60.  The VUV radiation is generated by 

frequency tripling the 355 nm output of a Nd:YAG laser (Innolas SpitLight 600, 10 Hz) in a phase-

matched Xe/Ar gas mixture.  CH3CHOO is vibrationally activated using tunable IR radiation from an 

optical parametric oscillator/amplifier (OPO/OPA, Laservision; 0.9 cm−1 bandwidth) pumped by a 

Nd:YAG laser (Continuum Precision II 8000, 5 Hz).  The IR radiation is introduced ca. 50 ns prior to 

VUV photoionization.   

The critical spatial overlap of the focused IR radiation (~ 40 cm focal length) with the VUV radiation 

is optimized using a separate procedure.  The optimal alignment is achieved by first ionizing the CH3CHI2 

precursor with VUV radiation, generating CH3CHI2
+ cations, and then introducing IR radiation ca. 20 ns 

later that results in dissociation of the CH3CHI2
+ cations to CH3CHI+ + I.  The enhancement of the 

CH3CHI+ signal (m/z 155) is then utilized to achieve the best spatial overlap of the IR and VUV beams. 

In a few experiments, OH radicals resulting from unimolecular decay of IR-excited syn-CH3CHOO 

are detected by 1+1 resonance-enhanced multiphoton ionization (REMPI).60, 61  For these experiments, an 

additional dye laser is utilized, specifically a Nd:YAG (Ekspla NL303HT, 10 Hz) pumped dye laser 

(NarrowScanK, Rh 590 dye, 10 Hz, ~ 1 mJ/pulse).  As detailed previously,60, 61 1+1 REMPI is achieved 
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by sequential OH A-X (1,0) excitation at ca. 281.5 nm followed by VUV excitation at 118 nm (typically 

delayed by 20 ns), which leads to an autoionizing 3d Rydberg state and OH+ cations that are detected (m/z 

17).  The spatial overlap of the UV and VUV beams was optimized by maximizing the UV-induced 

depletion of the CH3CHOO+ signal at m/z 60.   

 

Experimental Results 

The present study utilizes IR-VUV ion-dip spectroscopy to record the IR spectrum of CH3CHOO in 

the overtone CH stretch (2CH) region under jet-cooled conditions as illustrated in Figure 2.  CH3CHOO is 

initially detected using time-of-flight mass spectrometry (TOFMS) with single photon VUV ionization at 

118 nm (10.5 eV) on the parent mass channel m/z 60.  Vibrational activation initiates unimolecular decay 

of syn-CH3CHOO via a 1,4 H-atom transfer mechanism, releasing OH + vinoxy radical products.  

Similarly, vibrational activation of anti-CH3CHOO results in unimolecular decay via a 1,3 ring closure 

mechanism to methyl dioxirane, leading to acetic acid and/or CH4 + CO2 products.  [Note that acetic acid 

(m/z 60) will not be detected with 10.5 eV radiation due to its higher ionization energy of 10.65 eV.62]  

2CH activation of both syn and anti conformers provides sufficient energy to surmount their respective 

TS barriers and lead to prompt unimolecular decay (< 10 ns, Figure SE1).  As a result, IR activation of 

both syn- and anti-CH3CHOO conformers is expected to result in depletion of their ground state 

populations and associated reduction in intensity (dip) of the VUV photoionization signal on the m/z 60 

mass channel.  VUV photoionization is delayed by 50 ns relative to IR excitation to provide adequate 

time for unimolecular decay and thereby avoid photoionization of CH3CHOO (2CH).  Alternatively, the 

IR action spectrum of syn-CH3CHOO is obtained with photoionization detection of the OH products (m/z 

17), which is analogous to prior studies utilizing OH LIF detection (Figure 2, right).4, 14, 17 

 
Figure 2.  The IR spectra and unimolecular decay dynamics of CH3CHOO in the overtone CH stretch 

(2CH) region are investigated by IR-induced ground state depletion of the VUV photoionization signal at 

m/z 60 (left) or IR action spectroscopy with detection of OH products by UV laser-induced fluorescence 
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(LIF) or 1+1 REMPI techniques (right).  The experimental detection techniques utilize 282 nm (UV) 

and/or 118 nm (VUV) radiation. 

 

The IR-VUV ion dip spectrum of CH3CHOO (m/z 60) is obtained by scanning the IR OPO over the 

5650-6120 cm-1 range in 0.5 cm-1 steps.  The 8IR on9 signal is subtracted from a relatively constant 8IR 

off9 ionization signal on alternating VUV laser pulses to obtain the IR spectrum shown in the top panel of 

Figure 3.  A significant IR induced depletion of the VUV photoionization signal is observed upon IR 

activation at 5984 and 6081 cm-1 (Figure SE2), while weaker features are observed in the 5700 to 5900 

cm21 region.  The percentage depletion, [(IRoff - IRon)/IRoff)] ×100%, of the two prominent peaks at 5984 

and 6081 cm-1 are ~30% and ~22%, respectively, based on Gaussian fits of their mass peaks. 

The ion dip spectrum for CH3CHOO is compared with previously reported IR action spectrum for 

syn-CH3CHOO obtained via the OH LIF detection method in Figure 3.  Both experimental spectra exhibit 

a similar pattern of IR transitions, particularly in the spectral regions around 5700, 5984 and 6081 cm-1.  

The similarity observed between the IR ion dip spectrum and the IR action spectrum indicates that the 

primary spectral carrier in the ion-dip spectrum is the syn conformer.   

The anti conformer is predicted to have a distinctly different IR spectrum in the overtone CH stretch 

(2CH) region (see Figures SE4 and ST3), as might be expected since it lacks the intramolecular hydrogen 

bonding interaction between the methyl group and terminal O atom of the syn conformer.  However, the 

strongest predicted anti transition at ca. 5770 cm-1 (Table ST3) with comparable predicted intensity as 

predicted for the syn conformer (Tables ST4) is not observed.  (Other weaker anti transitions predicted in 

the 5900-6000 cm-1 region would not be distinct because they overlap strong syn transitions.)  This is 

consistent with a low abundance of the anti conformer.  Prior experimental studies utilizing a wide range 

of spectroscopic techniques have shown that syn-CH3CHOO is preferentially generated compared to anti-

CH3CHOO (anti accounts for < 40% of the two conformers)9-11, 15, 19 using the alternate synthetic 

approach for producing the Criegee intermediates.  
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12 

 
Figure 3.  Experimental IR ion-dip spectrum (top) and previously reported IR action spectrum (bottom) of 

CH3CHOO in the overtone CH stretch (2CH) region from 5650 to 6120 cm-1.  The two prominent peaks 

in the ion-dip spectrum at 5984 cm-1 and 6081 cm-1 are indicated by blue and red asterisks, respectively.  

The bottom trace is adapted from Ref. 14. 

 

Despite the clear similarity of the IR ion dip and IR action spectra, there are notable differences, in 

particular the breadth and relative intensity of the dominant features at 5984 and 6081 cm-1.  These 

changes can be understood by closer examination of the rotational band contour for the 6081 cm-1 feature, 

which is slightly broader with a weaker relative peak intensity in the IR ion dip spectrum compared to the 

IR action spectrum.  The rotational band contours were simulated in Figure 4 using the experimental laser 

linewidth and typical homogeneous broadening due to intramolecular vibrational energy redistribution 

(1.7 cm-1 Lorentzian), along with rotational constants from a prior FTWM study19 and computed near 

equal a:b transition type contributions (see SI Sec. SE4 for additional details).  However, the IR ion dip 

feature exhibits a rotational band contour characteristic of a ca. 43 K rotational temperature compared to 

the ca. 10 K rotational temperature obtained in the IR action spectrum.  This can be understood by the 

different backing gas pressures used in the two experiments with 10 psi of 20% O2/Ar carrier gas used in 

the ion dip study and 30 psi of the same gas mixture used in the prior LIF study.  Nevertheless, the 

rotational band contours have the same integrated intensities (Figure 4, solid lines).  Therefore, the 

different breadths and relative intensities of the experimental 6081 cm-1 features can be mainly attributed 

to the different rotational temperatures achieved in two experimental setups.  In contrast, the 5984 cm-1 

feature is less sensitive to rotational temperature change, as shown in Figure SE5.  This feature likely 

involves multiple underlying transitions and/or more complicated coupling between various modes, as 

evident from its broader spectral profile. 
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13 

 

Figure 4.  Rotational band contour fits (solid lines) and the experimental data (points) of the 6081 cm-1 

feature recorded with the IR ion-dip (purple) and IR action (black, Ref. 14) spectroscopy methods.  The 

simulated traces show that the change in the band contour arises from the different rotational temperatures 

achieved in the two experiments, specifically 43 K (ion dip) compared to 10 K (action), but notably the 

band origin, spectral linewidth, and integrated areas of the band contours are unchanged.  

 

Finally, IR excitation syn-CH3CHOO in the 2CH region yields OH products, which have been 

detected in this study by 1+1′ REMPI utilizing OH A-X (1,0) R1(1.5) excitation at 281.5 nm and VUV 

ionization at 118 nm (Figure 2, right).60, 61  The OH REMPI signals detected at m/z 17 resulting from IR 

activation of syn-CH3CHOO at 5984 and 6081 cm-1 are shown in Figure SE3.  In each case, OH 

background (IR off) arising from prompt unimolecular decay of energized CH3CHOO within the capillary 

tube has been subtracted.  

The IR-induced changes in the photoion signals for CH3CHOO (m/z 60) and OH radical (m/z 17) are 

measured concurrently for comparison in Figure 5.  The integrated CH3CHOO photoion signal (m/z 60) 

obtained upon IR activation at 6081 cm-1 compared to that at 5984 cm-1 yields a ratio of ca. 83%.  

Similarly, integration of the OH ion signal (m/z 17) measured upon IR excitation at 6081 cm-1 compared 

to 5984 cm-1 exhibits a ratio of ca. 85%.  These two ratios are equivalent considering the 2-3% 

uncertainty in the depletion measurements.60, 61, 63  The similar OH radical yields upon IR activation of 

CH3CHOO at 5984 and 6081 cm-1 provides further evidence for the dominant contribution of the syn-

CH3CHOO conformer to the IR spectrum at these energies. 
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Figure 5.  IR-induced depletion of the CH3CHOO photoionization signal (m/z 60, left) and the 

corresponding IR-induced OH product photoionization signal (m/z 17, right) upon IR excitation of 2CH 

transitions at 5984 cm-1 (blue) and 6081 cm-1 (red).   

 

Theoretical Results 

The GVPT2 results obtained in the 2CH region using the B2PLYP-D3/cc-pVTZ electronic structure 

method/basis set (dark green, bottom panel) are compared to the experimental spectrum (top panel) in 

Figure 6.  The agreement between the measured and calculated spectra is good in the lower energy region 

near 5700 cm21.  Near 6000 cm-1, there is only a single peak in the GVPT2 spectrum (labeled I), while 

there are two peaks with significant intensity (7 and 9) in the measured spectrum.  This deviation between 

calculation and experiment makes it difficult to assign the spectrum in this region.   

The discrepancies between experiment and calculation in this spectral region can be traced to the fact 

that there are many nearly degenerate states in this energy range.  The GVPT2 calculation used to obtain 

the spectrum in the bottom panel of Figure 6 required a resonance space that contains 44 states.  As a 

result, many of the accessed states are mixed in character (see Tables 1 and ST4, which provide the 

decomposition of the states based on the contributions from the states obtained from the DVPT2 

calculation).  A consequence of this mixed character is that small changes in the deperturbed (DVPT2) 

energies of these states can have a notable effect on the mixing, and from that the frequencies and 

intensities of the transitions in the calculated spectrum.  This leaves a large parameter space that could be 

explored if we want to make small adjustments to the calculated state energies to bring the calculation 

into better agreement with experiment.  As we consider possible adjustments, they should be physically 

motivated.  As noted above, in adjusting the calculated spectrum we draw on information from studies of 

lower-energy transitions to introduce shifts in the deperturbed frequencies of the transitions in this higher 

energy region of the spectrum. 
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Figure 6.  (Top) Infrared transitions experimentally observed for syn-CH3CHOO in the overtone CH 

stretch (2CH) region and adapted from Ref. 14.  Comparison with theoretically predicted spectra obtained 

from a GVPT2 calculation (bottom, dark green) and a GVPT2-sh calculation (middle, light green) in 

which some of the harmonic frequencies have been shifted by the amounts indicated in Table 2.  The 

VPT2 calculations are based on electronic structure calculations performed using the B2PLYP-D3/cc-

pVTZ electronic structure method/basis.  The frequencies, intensities and assignments of the transitions in 

the calculated spectra are provided in Tables 1 and ST4. 
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Table 1.  Infrared transitions (cm-1) computed and observed in the overtone CH stretch (2CH) spectral 

region for syn-CH3CHOO with GVPT2 based on electronic structure calculations performed using the 

B2PLYP-D3/cc-pVTZ electronic structure method/basis. 

Calculation Experiment 
Label Assignmenta (shifted) GVPT2-shb GVPT2b,c Frequencyd Label 

A 
2�3 (59%), 2�13(26%), �3 + 2�5(11%) 

5694.9 5715.2 
5709.0 1 

B �3 + �13 5715.4 5731.9 

C ν3 + 2ν5 (80%), 2ν13(14%) 5761.4 5766.7 5747.6 2 

D 2ν13 (53%), 2ν3(37%) 5838.3 5852.8 5818.1 3 

E �2 + �3 5906.2 5915.8   

F �2 + �13 5953.7 5965.7 
5950.9 6 

G 2�2 5952.7 5991.6 

H �1 + �3 5978.3 6004.4   

I 2�1(66%), �1 + 2�4 (30%) 5964.3 6035.3 5983.5 7 

J 
�1 + �2 (73%), 

 �1 + 2�4 (21%) 6093.4 6134.7 

6080.7 9 

K 
ν1 + 2ν4 (47%), 2ν1(32%), ν1 + ν2(19%) 6107.2 6222.1 

a. Assignments are based on the results of the GVPT2-sh calculations.  Percentages reflect the 

percent contributions based on the diagonalization of the Hamiltonian in the space of nearly 

degenerate spaces.  Contributions of greater than 10% are included and the sum of the 

contributions add up to at least 80% of the total amplitude. 

b. GVPT2 and shifted GVPT2 (GVPT2-sh) calculations are performed using PyVibPTn. 

c. Assignments for the GVPT2 transitions are provided in Table ST4. 

d. Ref. 14. 

 

As background, we start by reviewing a prior IR spectroscopic study of jet-cooled syn-CH3CHOO in 

the fundamental CH stretch region, shown in Figure 7 (top panel), which included rotational band contour 

analyses of the observed features.18  The features centered at 2907.8 and 3020.0 cm-1 (labeled I and IV) 

had a/b-type parallel transitions, which were ascribed as 3 methyl out-of-plane symmetric CH stretch and 

2 methyl in-plane CH stretch.  A feature centered at 2935 cm-1 (labeled II/III) was composed of two 

overlapping transitions: a c-type perpendicular transition with origin at 2932.0 cm-1 assigned as the 13 

methyl out-of-plane asymmetric stretch (labeled III in Table 2) and an a/b-type band at 2934.8 cm-1 

assigned to the overtone in 4 (labeled II in Table 2) which has both CO stretching and carbonyl oxide CH 

wagging character.  An additional feature at 3078 cm-1 was attributed to the carbonyl oxide CH stretch 1 

(labeled V).  The theoretical analysis that follows shows that features I and II have highly mixed 

vibrational character that was not evident in the earlier study. 

Next, in Figure 7 we compare the experimental and calculated spectra in the fundamental CH stretch 

region from 2900 to 3100 cm-1.  The energies of the calculated transitions are summarized in Table 2 and 
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compared with the prior experimental observations.18  While the agreement between the calculated 

GVPT2 spectrum (Figure 7, bottom panel) and the experimental spectrum is better than in the higher 

energy region, the calculated transition energies deviate by up to 20 cm-1 from the measured values.  

Additionally, the three peaks near 2900 cm-1 overlap in the calculated spectrum.  Following the procedure 

described above, the harmonic frequencies for the four CH stretches (modes 1 to 3 and 13) and mode 4 

(see Figure ST1 for illustrations of the normal modes in syn-CH3CHOO) were shifted by the difference 

between the measured peak position and the calculated fundamental frequency.  This resulted in empirical 

shifts of 0 to +20 cm-1 (in 5 cm-1 increments), as reported in Table 2.  The adjusted harmonic frequencies 

are then used in the perturbation theory.  These shifts will affect the zero-order energies, which in turn 

will affect the higher-order corrections to the energies as these are inversely proportional to differences 

between zero-order energies.  The resulting spectrum is plotted in light green in the middle panel of 

Figure 7, and the corresponding energies are reported in the GVPT2-sh column of Table 2.  This 

procedure brought the computed frequencies and intensities, particularly for features e and f in Figure 7, 

into near quantitative agreement with the experimental observations, most notably for features IV and V.  

The results of the GVPT2-sh calculation confirm that features d, e, and f can be assigned as nearly pure 

fundamental 13, 2, and 1 transitions, respectively.  By contrast, the GVPT2-sh results revealed that 

features a and b are heavily mixed transitions involving predominantly 3 and 24, respectively.  The 

frequencies of experimental features I, II, and III are in close accord with computed features a, b, and d, 

suggesting analogous mixed composition for two (a, b) of these observed features. 
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Figure 7.  (Top) Infrared transitions experimentally observed for syn-CH3CHOO in the fundamental CH 

stretch region and adapted from Ref. 18.  Comparison with theoretically predicted spectra obtained from a 

GVPT2 calculation (bottom, dark green) and a GVPT2-sh calculation (middle, light green) in which some 

harmonic frequencies have been shifted by the amounts indicated in Table 2 based on electronic structure 

calculations performed using the B2PLYP-D3/cc-pVTZ electronic structure method/basis.  The 

frequencies, intensities and assignments of the transitions in the calculated spectra are provided in Tables 

2 and ST5. 
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Table 2.  Infrared transitions (cm-1) computed and observed in the fundamental CH stretch spectral region 

for syn-CH3CHOO with VPT2 using the B2PLYP-D3/cc-pVTZ electronic structure method/basis. 

Calculation Experiment 
Label Assignmenta GVPT2-shb GVPT2b,c shiftd Frequencye Label 

 4 1474.6 1475.2 +0 1476.8  

a �3 (ô÷)ü 2�4 (òø)ü 2�5 (ñð) 2908.2 2924.0 +15 2907.8 I 
b 2�4 (õø)ü �3 (òó) 2916.7 2915.7 2(+0) 2934.8 II 

c 
ν5 + ν8 + 2�18 (65%), ν8 + ν15 + 2�18 (22%) 2919.6 2921.9    

d �13 2928.8 2930.4 +0 2932.0 III 
e �2 3022.5 3033.3 +10 3020.0 IV 

f 1 3074.2 3094.8 +20 3078.0 V 

a. Assignments are based on the results of the GVPT2-sh calculations.  Percentages reflect the 

percent contributions based on the diagonalization of the Hamiltonian in the space of nearly 

degenerate spaces.  Contributions of greater than 10% are included and the sum of the 

contributions add up to at least 80% of the total amplitude. 

b. GVPT2 and shifted GVPT2 (GVPT2-sh) calculations are performed using PyVibPTn. 

c. Assignments for the GVPT2 transitions are provided in Table ST5. 

d. Shift of the harmonic frequencies used in the GVPT2-sh calculations. 

e. Refs. 15, 18. 

 

Having demonstrated the efficacy of the approach in the fundamental CH stretch (CH) region, we 

return to the higher energy overtone CH stretch (2CH) region.  Using the same shifts of harmonic 

frequencies, we obtain the spectrum plotted in the middle panel of Figure 6.  The corresponding energies 

are reported in Table 1, along with the assignments that are obtained from analysis of the GVPT2 wave 

functions, where the states are obtained from the DVPT2 calculation, described above.  As can be seen, 

some of the transitions (e.g. those labeled B, E and F) reflect transitions to states that are well-described 

by a single zero-order deperturbed state, while other states are highly mixed.  It is this mixing that, for 

example, leads to the additional peak (identified as J and K) near 6100 cm-1.   

Overall, the agreement between the experimental spectrum in the 2CH region and the calculated 

spectrum obtained using the shifted harmonic frequencies (GVPT2-sh) is much better than that resulting 

from the original GVPT2 calculation.  There are two important differences between the two sets of 

GVPT2 calculations.  First, we have altered the zero-order energy of the states that are accessed in these 

transitions.  This leads to shifts in the deperturbed energies that make up the diagonal elements of the 

Hamiltonian matrix involving the nearly degenerate states.  The second factor comes from changes in the 

mixings of the zero-order states with these shifts.  In other words, changing the deperturbed energies of 

the states included in the diagonalization step of the GVPT2 calculation will affect energies and wave 
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functions that are obtained when the Hamiltonian matrix is diagonalized.  Even small energy changes can 

have noticeable consequences in the resulting spectrum. 

To explore the contributions of these two factors, in Figures ST4 and ST5 we compare the DVPT2 

and DVPT2-sh spectra (e.g. the spectra obtained by considering energies and wave functions obtained 

from a DVPT2 calculation prior to matrix diagonalization).  Comparing these two traces in the overtone 

region, which are shown in red in the bottom two panels of Figure ST4, we find that the differences 

between them can be accounted for by the shifts in the harmonic frequencies.  The intensities of the 

DVPT2 spectra are not affected by this shift.  Additionally, the DVPT2 spectrum closely resembles the 

spectrum obtained from a GVPT2 calculation performed using Gaussian 16, which is consistent with the 

smaller resonance space used in GVPT2 calculations preformed using G16 compared with those obtained 

using PyVPTn.  The changes in the intensities between the two spectra plotted in Figure 6 reflect 

changing in the mixing of these deperturbed states.  This points to the challenges in assigning the spectra 

to specific transitions as small shifts in the energies of the deperturbed states can have a significant effect 

on the spectral envelope. 

While the above results are encouraging, they raise the questions of how robust the approach is, and 

whether one could base the shifts on harmonic frequencies calculated at a higher level of electronic 

structure theory.  In particular, how sensitive are the results to the level of electronic structure theory that 

is used for the calculations.  We repeated the calculation of the spectrum of syn-CH3CHOO in both 

regions using the MP2/aug-cc-pVTZ and B3LYP/aug-cc-pVTZ levels of theory and basis sets.  The 

results of GVPT2 calculations with and without shifts to the harmonic frequencies are provided in Figures 

ST6 and ST7 and the corresponding shifts are provided in Tables ST6 to ST8.  While there are notable 

differences among the spectra obtained at these levels of theory when we use the harmonic frequencies 

that come from the calculations, once the harmonic frequencies for modes 1 to 4 and 13 have been shifted 

so the GVPT2 energies match the previously measured values, the three spectra become nearly 

indistinguishable.  We have also calculated the spectra of syn-CH3CHOO at the B2PLYP-D3/cc-pVTZ 

level of theory, shifting the harmonic frequencies to match those obtained at the CCSD(T)/ANO0 level of 

theory/basis.64  The results of this calculation, which are provided in Figures ST12 and ST13 agree well 

with the measured spectrum.  These results provide further validation of the approach. 

We have repeated this analysis for a combination band spectral region (CH stretch combined with a 

lower frequency mode) of syn-CH3CHOO that has been previously reported,16 and the results of this 

analysis are provided in Figure ST8 and Table ST9.  The agreement between experiment and calculation 

is comparable to that reported in the original study and no changes in assignments were suggested by this 

work.   
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In contrast, selective deuteration of the methyl group of the Criegee intermediate simplified its 

infrared action spectrum in the overtone CH stretch region, as the three CD stretches shift to ca. 2200 cm-1 

compared to the CH stretch at ca. 3000 cm-1.  Specifically, the 21 transition associated with the single 

CH oscillator became an isolated feature at 6055.0 cm-1, which was observed via LIF detection of OD 

products (Figure ST9).17  The calculated (GVPT2) spectrum shows a pair of peaks with nearly equal 

intensity at 5988 and 6121 cm-1, J and K in Figure ST9).  These are assigned as 21 and 1 + 24, which 

are coupled through a 2:1 Fermi resonance.  This strong coupling can be attributed to the significant 

carbonyl oxide CH wagging character in mode 4.  The corresponding deperturbed energy of the 21 

transition is 6052 cm-1 (Table ST13) which is in good agreement with the spectrum, and a slight shift in 

the energy of either of these states will have a significant impact on the extent of the mixing.  It will also 

impact the relative intensities of the two transitions.  Comparison with the CH overtone region of 

CH3CHOO (Figure 6 and Table 1) shows the extent of shifting and mixing of the 1 character across 

several spectral features (I and K), and contributing to the intensity of experimental features spanning 100 

cm-1 (7 and 9).  The shift in the position of the transition associated with the overtone in this CH 

stretching vibration in CD3CHOO compared to CH3CHOO reflects that the corresponding normal mode 

in syn-CH3CHOO has contributions from several CH stretching vibrations, as is seen in Figure ST1.  In 

contrast, the normal mode in CD3CHOO corresponds to the motion of the lone CH oscillator.  

Comparisons of the calculated spectra for various partially deuterated forms of the syn-methyl-substituted 

Criegee intermediate are shown in Figure ST11, with assignments provided in Table ST12.  While there 

are shifts in the positions of the peaks, as with CD3CHOO, they can be accounted for by the mixed nature 

of the normal modes.  Finally, for completeness, the calculated spectrum for CD3CDOO and its 

assignment are provided in Figure ST10 and Table ST11. 

 

Conclusions 

IR-VUV ion-dip spectroscopy is implemented to examine the IR spectrum of the methyl-substituted 

Criegee intermediate (CH3CHOO) in the overtone CH stretch (2νCH) region utilizing VUV 

photoionization detection of ground state CH3CHOO.  Although both syn and anti conformers of 

CH3CHOO may be detected with this approach, the observed spectrum – including the major features at 

5984 and 6081 cm-1 – is attributed to the more stable syn-CH3CHOO conformer.  The predominance of 

the syn conformer stems from its significantly greater population when prepared using an alternate 

laboratory synthesis combined with supersonic jet-cooling.  The assignment of the IR-VUV ion-dip 

spectrum to the syn conformer is confirmed by comparison with a prior IR action spectrum obtained with 

OH product laser-induced fluorescence detection14 and an analogous IR-induced UV+VUV 

photoionization signal of the OH product in this study.  The OH product originates from rapid 
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unimolecular decay of the syn conformer via 1,4 H-atom transfer and O-O bond cleavage.4  The IR 

spectrum of syn-CH3CHOO in the overtone CH stretch region is quite complicated and not readily 

assigned, although prior attempts have been made based on second order vibrational perturbation theory 

as implemented in Gaussian 16.14  The difficulty arises from the many combinations of two quanta of 

excitation involving the four CH stretch vibrations (1, 2, 3, and 13) along with couplings among these 

and other nearby vibrational states. 

By utilizing a general implementation of vibrational perturbation theory (VPT), we gain insights into 

the vibrations responsible for the features in the experimental spectrum.  We find that by shifting the 

harmonic frequencies by up to 20 cm-1 based on differences between experimental and calculated 

transitions in the fundamental CH stretch region, we can achieve excellent agreement between experiment 

and theory in the overtone CH stretch region.  The most intense features observed in the overtone CH 

stretch region at 5984 and 6081 cm-1 (features 7 and 9) are ascribed to highly mixed states having 

contributions from two quanta of CH stretch (21 or 1 + 2) and/or a combination of CH stretch with two 

quanta in mode 4 (1 + 24).  This empirical approach was implemented using three different levels of 

electronic structure theory/basis sets:  B2PLYP-D3/cc-pVTZ, B3LYP/aug-cc-pVTZ, and MP2/aug-cc-

pVTZ, and using harmonic frequencies calculated at the CCSD(T)/ANO0 level to determine the shifts for 

the GVPT2 calculation.  For all levels of electronic structure theory, the resulting spectra are virtually 

indistinguishable from each other, illustrating the robustness of this approach. 

 

Supporting Information Description 

The Supporting Information contains statistical unimolecular decay rates for anti-CH3CHOO; mass 

spectra of the CH3CHOO and OH products; fits to rotational band contours; calculated spectra for anti-

CH3CHOO as well as syn-CH3CHOO in other spectral regions; the effects of deuteration on the spectrum 

of syn-CH3CHOO; descriptions of the coordinates used in this study; additional discussion of the VPT2 

calculations; values of the calculated frequencies and intensities used to generate the calculated spectra; 

an EXCEL file containing the Hamiltonian matrices generated in the GVPT2 calculations. 
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