
 

 

 

The cis- and trans-formylperoxy radical: Fundamental 
vibrational frequencies and relative energies of the X 2A'' 

and A 2A' states 
 

 

Journal: RSC Advances 

Manuscript ID RA-ART-10-2015-022177.R1 

Article Type: Paper 

Date Submitted by the Author: 24-Nov-2015 

Complete List of Authors: Elliott, Sarah; University of Georgia, Computational Chemistry 
Turney, Justin; University of Georgia, Center for Computational Chemistry 
Schaefer, Henry; University of Georgia, Computational Chemistry 

Subject area & keyword: Quantum & theoretical < Physical 

  

 

 

RSC Advances



Page 1 of 13 RSC Advances



1790 and 1090 cm−1.10 The experimentalists, Lee and Diem, at-
tributed these peaks to HC(O)OO• formed during reaction R1.
Unscaled restricted Hartree Fock (RHF) computations with the
6-31G(d,p) basis set found these to originate from the C=O and
C–O stretching motions of trans-HC(O)OO•.11

These early results concerning R1 were expanded upon us-
ing the G2M restricted coupled cluster (RCC) composite method,
along with Rice-Ramsperger-Kassel-Marcus (RRKM) theory for ki-
netic rate predictions.13 Hsu, Mebel, and Lin concluded that the
major channel proceeds through the trans-HC(O)OO• association
product in a concerted manner to HO2

• and CO.12–15 Alterna-
tively, the hydrogen of trans-HC(O)OO• may migrate from the
carbon to the terminal oxygen, forming an •C(O)OOH transition
state, before dissociating to CO2 and HO• or, 35 kcal mol−1 less
favorably, to HO2

• and CO• (R2).

X̃2A′′ HC(O)OO• −−→ •C(O)OOH−−→ CO2 +HO• (R2)

−−→ CO+HO2
•

Though the barrier for the CO2 and HO• reaction is high, the 36
kcal mol−1 exothermic formation of the HC(O)OO• is assumed to
be sufficiently energetic to drive the reaction (possibly after pro-
gressing back through the hydroperoxo-oxomethyl radical com-
plex).14,16–18 Reactions of the hydrogen migration product, hy-
droxyformyl radical [•C(O)OOH], are pivotal to low tempera-
ture autoignition chemistry,19 and the hydroxyl radical (HO•) has
been identified as the most important intermediate in the con-
sumption of olefins in the atmosphere.7

By 1975, Winter and Goddard20 had already proposed a dif-
ferent possibility for the reaction of HCO and O2; the association
may be sufficiently exothermic for internal conversion to the first
excited state (Ã 2A′) HC(O)OO•. Upon formation, the trans-Ã2A′

state of HC(O)OO• undergoes a highly exothermic (−54 kcal
mol−1) decomposition (R3) to CO2 and HO•.

Ã2A′ HC(O)OO• −−→ CO2 +HO• (R3)

The close energy spacing between the X̃ and Ã states of peroxy
radicals often necessitates examination of both electronic states.

Within the last decade, the HC(O)OO• radical has been fur-
ther characterized experimentally and qualitatively using density
functional theory (DFT). Formylperoxy radical may exist in two
conformers, with the terminal oxygen either trans or cis to the car-
bonyl. The trans isomer was predicted to be 1.9 kcal mol−1 lower
in energy than the cis, with a barrier height of 8.8 kcal mol−1 at
the B3LYP/6-311++G(d,p) level at 0 K.16 To ensure that HO2

•

was not present in their characterization of HC(O)OO•, which
they suspected of earlier studies, Yang, Yu, Zeng and Zhou21 re-
ported the infrared spectra and vibrational frequency assignments
of the formylperoxy radical in an argon matrix. Aided by B3LYP
and MP2 calculations with the 6-311++G(d,p) basis, Yang et al.
reported the experimental C−−O and C−O stretching vibrations
to be 1821.5 and 957.3 cm−1, and attributed them to the trans

isomer. Recently, the isolated formylperoxy radical has been stud-
ied experimentally by Villano, Eyet, Wren, Ellison, Bierbaum, and
Lineberger.22 Gas phase measurements have been made via pho-

todetachment from the formylperoxy anion.22 The experimental
ν4, ν5, and ν6 frequencies were found to be 1098 ± 20, 973 ±
20, and 574 ± 35 cm−1, respectively and were assigned to the
trans isomer. The gap between experimental and previous results
is ≥50 cm−1 for several fundamentals. That, combined with the
large uncertainty in the four experimentally measured frequen-
cies, calls for a higher level theoretical study.

Ever-increasing interest in peroxyacyl systems provides addi-
tional motivation for HC(O)OO• study. This class of molecules
plays a large role in the distribution of oxygen, ozone, hydroxyl
radical, and NOx

• in the atmosphere.23 Distinct from alkylperoxy
radicals, peroxyacyl radicals offer inductive stabilization by the
carbonyl group to peroxyacyl nitrates, facilitate HO• recycling via
the carbonyl oxygen, and are more abundant in the atmosphere.
These attributes make the characterization of acylperoxy radicals
critical to atmospheric chemistry.

Herein, we provide a characterization of the ground-state con-
formers of the formylperoxy radical and their Ã← X̃ excitation
products using high-level ab initio methods. The relative energies
of the cis and trans conformers, and the barrier height to intercon-
version between them, are predicted using coupled-cluster (CC)
methods extrapolated to the complete basis set (CBS) limit. An-
harmonic vibrational frequencies of both structures in the ground
and first excited states, including various isotopologues of the
ground state, are computed for the first time, using coupled-
cluster methods with second-order vibrational perturbation the-
ory (VPT2). The structures of the excitation products of the cis

and trans rotamers, their transition properties, as well as adia-
batic excitation energies extrapolated to the CBS limit, are also
reported.

2 Theoretical Methods

Computations were performed using the CFOUR,24,25 MRCC,26

and PSI4 (Ref. 27) programs. At the coupled cluster singles,
doubles, and perturbative triples [CCSD(T)] level of theory, op-
timized geometries were determined for the cis and trans con-
formers in both the X̃ 2A′′ and Ã 2A′ states. These computations
employed the correlation-consistent polarized-valence quadruple
zeta (cc-pVQZ) basis sets of Dunning.28 Concurrently, the full
atomic natural orbital (ANO) basis set of Almlöf and Taylor,
ANO2, geometries were obtained for the vibrational frequency
computations.29 The ANO sets, while sharing nearly identical
Gaussian function contraction patterns, have greater numbers
of primitive functions for sp and polarization functions than the
comparably sized Dunning basis sets. These basis set have been
found to outperform correlation consistent basis sets for some vi-
brational frequencies.30

In all cases, an unrestricted Hartree-Fock (UHF) determinant
was used as the reference wave function, which allowed for the
use of analytic second derivatives in vibrational frequency com-
putations.31 The accuracy of this reference is influenced by the
degree of spin-contamination and static correlation in the sys-
tem. The commonly used T1 diagnostic32–34 analogizes the mag-
nitude of orbital-relaxation effects in the CCSD wave function to
multireference requirements, and sometimes advises a multiref-
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erence approach for T1 > 0.02. While each of the conformers for
the formylperoxy radical have T1 = 0.05 (see Table 1), for open-
shell systems the T1 diagnostic has a less well-defined threshold.
This is because large orbital-relaxation effects may be attributed
to dynamic correlation rather than the static correlation.35 In-
stead, the largest T2 amplitude (max tab

i j ) has been found to be a
better description of the character of these systems.35 The max
tab
i j of 0.04−0.05, and the 〈Ŝ2〉UHF values of 0.76 for each system
(which have minimal deviation from the expected value of 0.75
for a doublet state) indicate that the wave function is sufficiently
described to the zeroth order by a single UHF reference determi-
nant.

Table 1 Diagnostics on the single reference UHF determinant for the

isomers of formylperoxy radical. With T1 =

√

|tαα
1 |2+|t

ββ
1 |

2

Ncorr
and max tab

i j is

the maximum value in the T2 amplitudes.

X̃ A′′ Ã A′

trans cis TS trans cis

〈Ŝ2〉UHF 0.76 0.76 0.76 0.76 0.76
T1 0.040 0.039 0.042 0.034 0.032
max tab

i j 0.05 0.05 0.04 0.05 0.05

Relative energies of the optimized structures were obtained by
the focal point approach (FPA)36–39 – a convergent scheme in
which both electron correlation and basis set limits are systemat-
ically approached. The correlation treatment was extended as far
as the CCSDT(Q) method,26,40,41 which includes contributions
from quadruple excitations analogous to the triples term in the
popular CCSD(T) theory. Basis set extrapolation to the CBS limit
was performed by applying a three-parameter exponential func-
tion for the Hartree Fock energy

EHF
X = EHF

CBS +ae−bX (1)

and a two-term form for the correlation energy

Ecorr
X = Ecorr

CBS +aX−3 (2)

to single-point energies computed with the cc-pVXZ (X = D, T, Q,
5, 6) family of basis sets.28 The Dunning basis sets were selected
due to their facilitation toward convergence. The frozen-core ap-
proximation was utilized in all optimizations. Core correlation
corrections to the energies were computed as:

∆Ecore = E
cc-pCVQZ

CCSD(T)(AE)
−E

cc-pCVQZ

CCSD(T)(FC)
(3)

where AE and FC notate all electron and frozen core. Including
one- and two-electron Darwin terms and mass velocity contribu-
tions42,43 accounted for scalar relativistic effects at first order.
These were obtained at the all-electron CCSD(T)/aug-cc-pCVTZ
level, as advocated for first row atoms.44,45 As a test for non-
adiabatic effects, we used the diagonal Born-Oppenheimer cor-
rection (DBOC) computed at HF/aug-cc-pVTZ.46,47

Harmonic vibrational frequencies were determined analytically
at the CCSD(T)/ANO2 level of theory. Second order vibrational
perturbation theory (VPT2) was used to compute anharmonic
corrections (δν) with the CCSD(T)/ANO1 method. The VPT2

method employs the full cubic force field and the semi-diagonal
part of the quartic force field. These force fields were ascer-
tained via numerical differentiation of the harmonic frequencies
with respect to normal coordinates. We also include a correc-
tion for orbital-relaxation effects (δω), computed as the differ-
ence between Brueckner-48,49 and CCSD(T)/ANO1 harmonic fre-
quencies. Addition of these corrections to CCSD(T)/ANO2 har-
monic vibrational frequencies (ω) resulted in final frequencies
(ν), ν =ω+δω+δν . These geometries and frequencies were ob-
tained via single-point energy computations interfaced with PSI4’s
optimization and finite-difference codes.27

3 Results and Discussion

3.1 Geometries

The formylperoxy radical has two conformers which are labeled
cis and trans based on the orientation of the O′O′′ bond with re-
spect to the carbonyl (see Figure 1). Each has an electron con-
figuration in the ground state of (1a′)2(2a′)2· · ·(13a′)2(3a′′). The
term symbols for the ground (X̃) and first excited (Ã) states are
2A′′ and 2A′, respectively. Figure 2 depicts the the 13a′ and 3a′′ or-
bitals, which correspond predominantly to the in-plane and out-
of-plane π∗ orbitals of O2.

Figures 1a and 1b show the optimized geometries for the
X̃ 2A′′ cis and trans isomers computed at the CCSD(T)/ANO2 and
CCSD(T)/cc-pVQZ levels of theory. The trans-cis internal rotation
transition state optimization in CFOUR applied the Cerjan-Miller
method,? and harmonic vibrational analysis verified the saddle
point structure (Figure 1c). The Ã 2A′ cis and trans isomers op-
timized geometries, at the same levels, are shown in Figures 1c
and 1d. Optimized geometries for both basis sets agree to within
0.001 Å for all bond lengths and 0.1◦ for all angles. The excited
states are structurally similar to the ground state geometries, but
are distinguished in both conformers by a 0.06 Å elongation of the
O′O′′ bond and 0.03 Å contraction of the CO bond. In the trans

isomer, the HCO′ and CO′O′′ angles increase by about 3◦ each
from the 2A′′ to the 2A′ state at the expense of the OCO′ angle.
In contrast, the angles of the cis isomer, constrained by the inter-
action between the carbonyl oxygen and terminal peroxy oxygen,
are not significantly affected by excitation of an electron from the
lone pair (lp) to the singly occupied out-of-plane π∗ orbital (lp
→ π*).

The significant elongation of the O−O bond distance between
structures of the ground and first-excited states is characteristic
of the X̃ and Ã states of RO2 species and has been theoretically
recognized in similar systems [C2H5O2

•, CH3O2
•,CH3C(O)O2

•,
and HO2

•].35,50–52 Our O−O equilibrium distances are roughly
1.33 Å for the ground state stationary points (Figs. 1a-c), consid-
erably shorter than the ≈1.39 O−O Å bond found for the excited
state structures (Figs. 1d and 1e). The O−O bond lengths match
the related theoretical Ã and X̃ CH3C(O)O2

• lengths (to within
0.002 Å and 0.008 Å, respectively).35 Comparing to the peroxyl
bonds of HO2 (Ref. 53) reveals the computed X̃ and Ã HC(O)OO
peroxyl bond lengths differ from experiment by only 0.001 Å and
0.01 Å. This experimental molecular geometry was determined
from the rotational constants measured in the reaction of O/O2
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Table 2 Relative electronic energies (kcal mol−1) for formylperoxy radical conformers extrapolated to the complete basis set limit [CCSDT(Q)/CBS].

Coupled-Cluster
n UHF δMP2 δSD δSD(T) δSDT δSDT(Q) SDT(Q)

1. Ground state
trans (X̃ A′′)→ cis (X̃ A′′)

D +0.35 +1.47 –0.13 +0.08 +0.07 +0.01 +1.85
T +0.93 +1.42 –0.19 +0.12 +0.04 +0.01 +2.33
Q +1.04 +1.39 –0.20 +0.12 [+0.04] [+0.01] [+2.40]
5 +1.04 +1.35 –0.20 +0.11 [+0.04] [+0.01] [+2.36]
6 +1.05 +1.34 [–0.20] [+0.11] [+0.04] [+0.01] [+2.36]
∞ [+1.05] [+1.33] [–0.20] [+0.11] [+0.04] [+0.01] [+2.35]

2. Isomerization barrier
trans (X̃ A′′)→ X̃ TS

D +9.58 +0.31 –1.09 +0.14 +0.01 –0.01 +8.93
T +9.70 +0.12 –0.99 +0.07 +0.01 –0.02 +8.89
Q +9.74 +0.11 –0.96 +0.04 [+0.01] [–0.02] [+8.92]
5 +9.74 +0.09 –0.95 +0.03 [+0.01] [–0.02] [+8.88]
6 +9.74 +0.09 [–0.95] [+0.03] [+0.01] [–0.02] [+8.88]
∞ [+9.74] [+0.09] [–0.95] [+0.03] [+0.01] [–0.02] [+8.89]

3. Adiabatic excitation energies
trans (X̃ A′′)→ trans (Ã A′)

D +13.23 +4.82 –0.27 +0.26 –0.10 +0.03 +17.98
T +13.14 +4.93 –0.34 +0.46 –0.16 +0.04 +18.06
Q +13.21 +5.05 –0.34 +0.49 [–0.16] [+0.04] [+18.30]
5 +13.21 +5.09 –0.34 +0.51 [–0.16] [+0.04] [+18.34]
6 +13.21 +5.11 [–0.34] [+0.51] [–0.16] [+0.04] [+18.36]
∞ [+13.21] [+5.13] [–0.34] [+0.51] [–0.16] [+0.04] [+18.38]

cis (X̃ A′′)→ cis (Ã A′)
D +8.48 +3.88 +0.25 +0.32 –0.04 +0.06 +12.96
T +8.29 +3.83 +0.23 +0.50 –0.06 +0.08 +12.86
Q +8.33 +3.91 +0.24 +0.53 [–0.06] [+0.08] [+13.02]
5 +8.32 +3.93 +0.24 +0.55 [–0.06] [+0.08] [+13.06]
6 +8.32 +3.95 [+0.24] [+0.55] [–0.06] [+0.08] [+13.07]
∞ [+8.31] [+3.97] [+0.25] [+0.56] [–0.06] [+0.08] [+13.09]

4. Excited state relative energies
cis (Ã A′)→ trans (Ã A′)

D +4.40 –0.53 –0.39 –0.14 –0.14 –0.04 +3.16
T +3.93 –0.33 –0.39 –0.16 –0.13 –0.05 +2.88
Q +3.85 –0.25 –0.39 –0.16 [–0.13] [–0.05] [+2.88]
5 +3.85 –0.19 –0.39 –0.15 [–0.13] [–0.05] [+2.92]
6 +3.84 –0.18 [–0.39] [–0.15] [–0.13] [–0.05] [+2.93]
∞ [+3.84] [–0.17] [–0.39] [–0.15] [–0.13] [–0.05] [+2.95]

Brackets indicate values obtained by extrapolations or additivity assumptions rather than direct computations. Final CCSDT(Q)/CBS values are shown in bold. The column
labeled n refers to the cardinality of the basis set, cc-pVXZ, where X = ∞ is the CBS limit.

kcal mol−1 lower in energy than the trans-Ã 2A′. One possible
explanation for this difference is that the long-range interaction
between the terminal oxygens of the O−−COO• back-bone is re-
pulsive when the 13a′ in-plane orbital (see Figure 2) is doubly
occupied. This effect favors the trans conformer of the ground
electronic state. The interaction is less repulsive when the 13a′

orbital is only singly occupied, favoring the cis conformer, in the
excited state.

The energy of the trans-X̃ 2A′′→ trans-Ã2A′ excitation has been
measured to be 18.1 ± 1.4 kcal mol−1 using photoelectron spec-
troscopy by Lineberger and coworkers22. They identified this
value via a 3.27 eV electron binding energy peak in the pho-
toelectron spectrum that could be assigned only to trans-Ã2A′

HC(O)OO. The uncertainty is due to their inability to distinguish
if the peak (which is 18.0 kcal mol−1 higher than the 2.48 eV
ground state band origin) was from the trans-Ã2A′ CO′O′′ bend
or electronic band origin. We predict the trans-∆H0K,Ã←X̃ to be
18.17 ± 0.1 kcal mol−1, well within the error bars of the experi-
mental value. The cis isomer of the formylperoxy radical has yet

to be detected, though the reaction barrier ∆H0K,cis−X̃←trans−X̃ is
determined in this work to be only 8.42 kcal mol−1.

Vertical transition properties for cis and trans Ã← X̃ were com-
puted with the EOM-CCSD/ANO2 method (Table 4). The X̃2A′′

state equilibrium geometries were used for the purpose of find-
ing absorption properties. The reciprocal of Einstein’s transition
probability coefficient (A ) is the maximum possible mean life-
time for a given state, when the only mechanism of deactivation
is spontaneous emission to the lower state.55 In this manner, the
trans excited state lifetime is predicted to be τÃ ≈ 5.4 ms and the
cis excited state has τÃ ≈ 20.5 ms. Neither the cis nor trans Ã2A′

electronic state lifetime has yet been observed experimentally.

3.3 Fundamental Vibrational Analysis

VPT2 anharmonic frequencies for the X̃2A′′ trans and cis isomers
are shown in Table 5 and illustrated in Figure 4. The most in-
tense peak is the ν2(a

′) C=O stretch (240 km mol−1 trans/ 197
km mol−1 cis) followed by the ν5(a

′) C–O′ stretch (226 km mol−1

1–12 | 5
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Table 3 Enthalpies (H0K) at 0 K from the addition of auxiliary core [CCSD(T)/cc-pCVQZ] (∆core), one and two-electron Darwin and mass velocity
relativistic [CCSD(T)/aug-cc-pCVTZ] (∆rel), diagonal Born-Oppenheimer [HF/aug-cc-pVTZ] (∆DBOC), and anharmonic zero-point vibrational energy
[CCSD(T)/cc-pVQZ] (∆ZPVE) corrections to the energy extrapolated to the CBS limit (ECBS). All values are in kcal mol−1.

ECBS ∆core ∆rel ∆DBOC ∆ZPVE H0K

cis (X̃ A′′)→ trans (X̃ A′′) 2.35 −0.01 0.00 0.01 0.06 2.41

trans (X̃ A′′)→ X̃ TS 8.89 0.01 0.00 0.01 −0.49a 8.42

trans (X̃ A′′)→ trans (Ã A′) 18.38 0.02 0.00 0.00 −0.24 18.17

cis (X̃ A′′)→ cis (Ã A′) 13.09 0.02 −0.05 0.00 −0.04 13.03

trans (Ã A′)→ cis (Ã A′) 2.95 −0.01 0.05 −0.01 −0.26 2.73

a The reported value does not include anharmonic contributions, as the transition state was not amenable to VPT2 treatment.

Table 4 Transition properties for Ã 2A′← X̃ 2A′′ predicted at the
EOM-CCSD/ANO2 level of theory. The quantity ν̃A is the vertical
excitation energy in kcal mol−1, |〈X̃|µ̂|Ã〉| is the transition dipole moment
in Debye, fA is the oscillator strength, and the Einstein Coefficients A

and B are given in units of Hz and m3 J−1 s−2, respectively.

trans cis
X̃ A′′ Ã A′ X̃ A′′ Ã A′

ν̃A 20.61 16.96 14.90 11.65
|〈X̃|µ̂|Ã〉| 0.065 0.053 0.057 0.048
fA 14.2×10−6 7.8×10−6 8.0×10−6 4.4×10−6

Coeff. B = 7.92×1016 A = 184 B = 6.11×1016 A = 48.8

trans/ 182 km mol−1 cis). For the ground state conformers, the
cis O′–O′′ stretch is significantly greater in intensity than the trans

(26 km mol−1 trans/ 75 km mol−1 cis). Table 5 provides frequen-
cies for the excited Ã2A′ state as well. The O′–O′′ stretching fun-
damental displays the greatest change relative to the ground state
– nearly 200 cm−1 lower in the excited state for both conformers.
The red-shift is characteristic of (lp→ π*) excitation. The increase
in antibonding character weakens the bond, lowering the vibra-
tional frequency.

Our predicted X̃2A′′ fundamental frequencies are consistent
with experiment, as shown in Table 6. Comparing this work to
experimental results supports previous claims21,22 that, to date,
all experimentally observed bands are those of the trans isomers.
Only the ν2, ν4, ν5, and ν6 modes have been identified experimen-
tally. The ν2 (1790.2 cm−1) and ν5 (1089.9 cm−1) stretches were
determined by Tso and Lee56 via UV photooxidation of solid O2
trans-H2C2O2 at 13K. Tso and Lee concluded that these features
may not represent isolated HC(O)OO•, because the latter may
complex to both HO2 and CO. Yang et al. provide more reliable
results for ν2 (1821.5 cm−1) and ν5 (957.3 cm−1) through solid
Ar matrix isolation infrared spectroscopy. They suggested that the
discrepancy between the two experimental results is due to their
successful isolation of HC(O)OO• by condensation of CH3OH/Ar
and O2/Ar via high-frequency discharge.21 For the protonated
species [HC(O)OOH], the Ar matrix shift for C−−O is 7 cm−1,
O−O is 11 cm−1, and C−O is 2 cm−1.57. With a 13 cm−1 di-
vergence from the Ar measurement,21 our prediction for trans-
X̃2A′′ ν2 (1835 cm−1) is within the standard deviation of Ar ma-
trices (16 cm−1),58 albeit it is slightly larger than the carbonyl
shift in peroxyformic acid. The photoelectron spectrum of per-
oxyformate ion produced from the reaction of HOO– with ethyl
formate, identifies ν4 (1098 ± 20 cm−1), ν5 (973 ± 20 cm−1),

and ν6 (574 ± 35 cm−1) for the formylperoxy radical.22

In the computation of the cis-X̃2A′′ C=O stretching frequency, a
potential Fermi resonance with the C−O′ stretch had to be consid-
ered. A standard procedure, provided by Nielson,59 modifies the
VPT2 treatment, in instances when νr ≈ νs + νt , by computing a
replacement term for the anharmonic constant xrs (see supporting
information). In this work, the Nielson correction for the Fermi
resonance altered the VPT2 anharmonic correction by up to 27
cm−1 [for the cis-HC(18O)OO isotopologue].

3.4 Isotopologues

The equilibrium internuclear distances (re) and vibrationally av-
eraged equilibrium parameters (rg,0K), at 0 K, for both the states
and conformers of the parent molecule and the five ground state
isotopologues are reported in Table 7. According to the follow-
ing method, each distance is expanded in the leading terms of its
normal coordinate Taylor expansion and averaged with respect to
the ground vibrational state51,60,61

rg,0K = 〈r〉g,0K ≈ re +∑
s

( ∂ r

∂Qs

)

e
〈Qs〉0K +

1

2
∑
s

( ∂ 2r

∂Q2
s

)

e
〈Q2

s 〉0K

(4)
In Equation 4, 〈Qs〉, the linear term, is averaged with respect to
the VPT2 anharmonic vibrational wave function, and 〈Q2

s 〉, the
quadratic term, is averaged with respect to the harmonic vibra-
tional wave function. The equilibrium geometries were obtained
with the CCSD(T)/ANO2 method and vibrational corrections pre-
dicted at CCSD(T)/ANO1. These vibrationally-averaged internu-
clear separations experience increases as great as 0.02 Å from the
equilibrium distance, in the case of the C−H bond length. The
increase is not unexpected, as the modes of the C–H bond are as-
sociated with the highest degree of anharmonicity in the system
(with δν1 = 150 cm−1).

Tables 8 and 9 show the VPT2-corrected CCSD(T)/ANO2 vibra-
tional frequencies for various isotopologues of the X̃2A′′-cis and
X̃ 2A′′-trans formylperoxy radical. Isotopic frequency shifts from
the parent isomer are presented in Table 10.

3.4.1 H13C(O)OO

Carbon-13 substitution causes a 2-3% red-shift relative to parent
frequencies for any modes involving this atom. Specifically, the
C=O stretch shifts by −39 cm−1, the C–O′ stretch by −26 cm−1,
and the C–H stretch by −13 cm−1 in the trans isotopomer. For
the cis isotopomer, the shifts from the parent are −40 cm−1, −24
cm−1, and −12 cm−1, respectively. The wag motion decreases
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Table 5 Vibrational frequencies (cm−1) and IR intensities (km mol−1) for the trans isomer with harmonic frequencies (ω), anharmonic corrections (δν),
and Brueckner corrections (δω).

trans cis

Mode Description ωa δνb δωc νd Intensitye ωa δνb δωc νd Intensitye

X̃ 2A′′

ν1(a
′) CH str 3099 −152 −1 2946 9 3107 −153 −1 2953 19

ν2(a
′) CO str 1866 −31 0 1835 240 1860 −18 0 1842 197

ν3(a
′) HCO bend 1333 −35 −1 1296 1 1373 −34 −1 1338 1

ν4(a
′) O′O′′ str 1144 −20 −5 1119 26 1109 −28 −2 1079 75

ν5(a
′) CO′ str 1016 −15 −1 1000 226 906 −27 −2 877 182

ν6(a
′) OCO′ bend 604 −13 −1 590 11 800 −18 −1 780 6

ν7(a
′) CO′O′′ bend 414 −3 −1 410 15 335 −7 0 328 3

ν8(a
′′) wag 1014 −22 0 991 < 1 986 −28 −1 957 < 1

ν9(a
′′) torsion 171 −4 0 167 18 238 −6 0 233 16

Ã 2A′

ν1(a
′) CH str 3108 −153 0 2955 11 3108 −158 −1 2949 16

ν2(a
′) CO str 1833 −33 0 1800 334 1815 −35 1 1780 279

ν3(a
′) HCO bend 1395 −33 −2 1360 1 1380 −41 −1 1337 1

ν4(a
′) O′O′′ str 957 −1 −7 949 21 895 −6 −5 884 29

ν5(a
′) CO′ str 1054 −35 −4 1015 354 1063 −36 −6 1021 273

ν6(a
′) OCO′ bend 599 −8 −2 589 7 773 −9 −2 762 10

ν7(a
′) CO′O′′ bend 333 −5 0 328 13 255 −3 −1 251 1

ν8(a
′′) wag 1008 −19 −1 988 <1 1012 −23 −1 989 1

ν9(a
′′) torsion 192 −3 0 189 13 375 −12 0 363 17

a Computed with CCSD(T)/ANO2.
b Computed with CCSD(T)/ANO1.
c BCCSD(T)/ANO1 − UHF-CCSD(T)/ANO1 harmonic vibrational frequencies.
d ω + δν + δω.
e CCSD(T)/ANO2 harmonic IR intensities.

Table 6 Summary of previous and present research on the vibrational frequencies of the trans and cis conformations of the formylperoxy radical.

Method ν1(a
′) ν2(a

′) ν3(a
′) ν4(a

′) ν5(a
′) ν6(a

′) ν7(a
′) ν8(a

′′) ν9(a
′′)

FTIR in O2 matrix (trans)a 1788/1787 1091
FTIR in Ar matrix (trans)b 1822 957
Gas Phase Experiments (trans)c 1078 ± 20 966 ± 20 574 ± 35
CCSD(T)/ANO2 (trans-X̃ 2A′′)d 2946 1835 1296 1119 1000 590 410 991 167
CCSD(T)/ANO2 (cis-X̃ 2A′′)d 2953 1842 1338 1079 877 780 328 957 233
CCSD(T)/ANO2 (trans-Ã 2A′)d 2955 1800 1360 949 1015 589 328 988 189
CCSD(T)/ANO2 (cis-Ã 2A′)d 2949 1780 1337 884 1021 762 251 989 363

a Tso and Lee (Ref. 56.)
b Yang et al. (Ref. 21).
c Lineberger and coworkers (Ref. 22).
d Anharmonic corrected frequencies found in this work.

atoms. We predict lifetimes of τÃ ≈ 5.4 ms and τÃ ≈ 20.5 ms
for the trans and cis electronic excited states, respectively. To aid
in spectral characterization, we also predict the anharmonic vi-
brational frequencies of the two ground state minima and find
agreement within the expected bounds of Ar matrix experiments
and outside the error bounds of gas-phase ν4 and ν5 modes by 20
cm−1. We provide rigorous predictions for the four modes lacking
experimental assignment. Frequency analyses for H13C(O)OO•,
HC(18O)OO•, HC(O)18O18O•, DC(O)OO•, and DC(O)18O18O•

isotopologues show excellent agreement with experimental val-
ues.
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r(C–H) 1.0943 1.1157 1.1099 1.1157 1.1157 1.1157 1.1100 1.0920 1.1132
r(C=O) 1.1920 1.1967 1.1967 1.1966 1.1965 1.1967 1.1967 1.1873 1.1919
r(C–O′) 1.4166 1.4286 1.4281 1.4284 1.4286 1.4284 1.4278 1.3841 1.3942
r(O′–O′′) 1.3297 1.3358 1.3359 1.3358 1.3358 1.3354 1.3356 1.3862 1.3932

cis-X̃ 2A′′ cis-Ã 2A′
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