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Abstract
Cavity ringdown spectra of the Ã− X̃ electronic transition of the 1-propyl and 2-propyl peroxy radicals
are reported. Spectroscopic assignments are facilitated by implementing several production mechanisms,
either isomer speciﬁc or not. Assignments of speciﬁc spectral lines to particular conformers of a given
isomer are suggested. Observations are reported on the temporal decay of the various species.
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Introduction

Peroxy radicals are key intermediates in both low temperature combustion1–3 and atmospheric hydrocarbon
oxidation cycles.4–6 In the troposphere, hydrocarbons and other volatile organic compounds (RH) are
oxidized primarily by OH and produce organic radicals, R, that react with molecular oxygen to form peroxy
radicals, RO2 . In the clean atmosphere, organic peroxy radicals undergo self reaction, cross reactions or
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reaction with HO2 to generate alcohols, carbonyl compounds and hydroperoxides,7 which can be involved in
a variety of important atmospheric processes.
The reaction of peroxy radicals with NO probably has the most prominent impact on the chemistry of a
polluted atmosphere:8
RO2 + N O→RO + N O2

(1)

The nitrogen dioxide formed in reaction (1) can be photolyzed by solar radiation and produce oxygen atoms
that can combine with molecular oxygen to generate ozone. Reaction of organic peroxy radicals with NO
may also form, after rearrangement, alkyl nitrates:
RO2 + N O + M →RON O2 + M

(2)

The signiﬁcance of channel (2) increases rapidly with the size of the R group.9 The branching ratio between
formation of alkyl nitrate and nitrogen dioxide, k2 /k1 , is <5x10−3 for the methyl peroxy radical10 while
for the 2-propyl peroxy and t-butyl peroxy radicals, k2 /k1 is equal to 0.037 and 0.22, respectively.9, 11, 12
Therefore large peroxy radicals can facilitate the transport of the pollutants to remote locations or to the
upper troposphere where thermal decomposition or photolysis of alkyl nitrates can release NO2 and alkoxy
radicals to the otherwise clean atmosphere.
Peroxy radicals also play a crucial role in low temperature combustion. Peroxy radicals produced in the
oxidation of alkanes can isomerize to form hydroperoxy alkyl radicals:13
RO2 · ↔ · QOOH

(3)

Further QOOH unimolecular decomposition through OO or CO bond cleavage or reaction of the hydroperoxy
alkyl radical with molecular oxygen can result in production of OH or HO2 radicals. Formation of the hydroxy
and hydroperoxy radicals via peroxy isomerization reaction leads to propagation and branching combustion
channels and plays a pivotal role in autoignition and engine knock phenomena.3 Internal hydrogen transfer
in reaction (3) requires a cyclic intermediate structure and therefore isomerization reaction (3) is more
important for peroxy radicals derived from the longer chain hydrocarbons. 1-Propyl peroxy radical is the
ﬁrst member of the alkyl peroxy family for which it is possible to form a low energy, six-membered ring
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transition state and the propyl+O2 reaction was recently proposed as a model system for RO2 ↔QOOH
isomerization.14
Increasing the number of carbons in the R group increases the structural and functional diversity of
organic peroxy radicals. Various isomers and conformers can be formed depending on the branching of the
hydrocarbon moiety and orientation of the oxygens with respect to the rest of the molecule. Peroxy radicals
are involved in a variety of complex reaction mechanisms that depend on structural form. For example, the
self-reaction rate constants for 1-propyl and 2-propyl peroxy radicals have been reported to diﬀer by almost
two orders of magnitude.15 Hence it is very desirable to establish spectroscopic diagnostics for various peroxy
structural forms in order to investigate isomer and, possibly, conformer speciﬁc kinetic behavior.
The propyl peroxy B̃ − X̃ UV absorption spectrum has been characterized and extensively used to follow
propyl peroxy reactions in various kinetics experiments.4, 5 However the B̃ state is dissociative and therefore
detection of peroxy radicals via the B̃ − X̃ transition has the major disadvantage of a lack of selectivity. Not
only is no vibronic structure available to distinguish among peroxy species, but even shifts in the electronic
origin are not readily distinguishable due to the transition breath. It is therefore extremely diﬃcult with
−X
 transition to distinguish among peroxy radicals containing diﬀerent R groups, and impossible to
the B
separate spectra of isomers and conformers for a particular peroxy radical. Previous work on the spectroscopy
of the propyl peroxy ground state is limited to the observation of the vibrational spectra of the 2-propyl
peroxy radical isolated in an argon matrix.16
The low lying Ã − X̃ electronic transition has been observed in the 2-propyl peroxy radical using a
low resolution modulation absorption technique.17 It was also shown previously that cavity ringdown spectroscopy (CRDS) detection of the Ã − X̃ transition of organic peroxy radicals represents both a sensitive
and selective technique for their detection.18–20 This paper is the ﬁrst report of our experimental and theoretical investigation of propyl peroxy radicals. The emphasis herein is on the experimental separation and
assignment of the isomer Ã − X̃ electronic speciﬁc spectra of the 1- and 2-propyl peroxy radicals. We also
present information to evaluate the contribution of various conformers to the spectra, based on a detailed
computational analysis.
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2

Experimental

2.1

Near IR Cavity Ringdown Apparatus

The cavity ringdown setup has been described in detail previously.19, 21 Brieﬂy, IR light was generated
by stimulated Raman scattering of dye laser radiation. A Nd:YAG pumped dye laser system (PRO-270,
Spectra Physics; Sirah GmbH) was operated at 20Hz in the 657-584 nm region. The output of the dye laser
was focused into a single-pass, high-pressure Raman cell ﬁlled with molecular hydrogen. The 2nd Stokes
radiation generated in the 1.45-1.14µm region was separated using several color ﬁlters (Corion LL-1000),
collimated and directed to the ringdown cavity. The cavity was formed by two high reﬂectivity mirrors (Los
Gatos Research) attached to the arms of the ﬂow cell. Mirror sets centered at 1.2, 1.3 and 1.4 µm were used
to obtain continuous coverage of the investigated spectral region. Ringdown decays were detected by an
InGaAs photodiode (Thor Labs, PDA255) and recorded by a digitizing card for further analysis. Typically
20-40 waveforms were averaged per data point. Absorption scans were recorded with a 0.25 cm−1 laser step
size and calibrated using water absorption lines published in the HITRAN database.22 Gaseous reactants
were introduced to the ﬂow cell through calibrated mass ﬂow controllers. Vapor from liquid compounds were
propagated into the reaction cell by bubbling nitrogen through the liquid contained in a glass bomb and the
ﬂow of the resulting mixture was controlled by a needle valve.
The photolysis excimer laser was operated at 193 nm and the rectangularly shaped (13×0.5 cm) photolysis
beam was directed to the cell through two quartz windows perpendicularly to the ringdown probe beam.
The photolysis volume is 15 cm3 and with 100 cm3 /sec pumping speed and 20 Hz repetition rate the
interrogated gas mixture was completely replaced approximately every third laser shot. A subtraction
procedure, described elsewhere,19 was implemented to eliminate background precursor absorption. Typically,
the excimer laser was ﬁred ≈10µs before the dye laser and variation of the delay time between probe and
photolysis lasers was used to perform kinetic experiments.

4

2.2

Production and Kinetics of Propyl Peroxy Radicals

Propyl peroxy radicals have been produced using two mechanisms with distinctly diﬀerent initiation steps.
The ﬁrst initiation step involves production of both isopropyl and normal propyl radicals by hydrogen
abstraction from propane with chlorine atoms:




1 − C3 H7 + HCl
C3 H8 + Cl →



2 − C3 H7 + HCl

(a)
(4)
(b)

where chlorine atoms have been generated by the 193 nm excimer photolysis of oxalyl chloride,
(COCl)2

193nm

→ 2Cl + 2CO

(5)

Photolysis of oxalyl chloride is an established source of chlorine atoms23 and we have used it in the past
to generate acetyl peroxy radicals19 via a similar hydrogen-atom abstraction scheme. The choice of the
oxalyl chloride over other sources of chlorine atoms is dictated by its large absorption cross section (σOxCl =
3.8x10−18 cm2 at 193 nm)23 and its photofragmentation dynamics yielding only carbon monoxide as a stable
byproduct of the photolysis.24
Production of isopropyl and normal propyl radicals in reaction (4) has been subject to several previous
studies. The room temperature branching ratio between channels (a) and (b) in reaction (4) has been reported to vary from 0.92 to 0.75, favoring production of the isopropyl radical.25, 26 The recommended15 value
for the overall rate of reaction (4) is k4 =1.37x10−10 cm3 molecule−1 sec−1 . Our experimental concentrations
for (COCl)2 and C3 H8 are 0.5 and 1 Torr, respectively. The 193 nm photon ﬂux reaching the reaction
cell is ∼ 1x1016 cm−2 which results in production of ∼ 1x1015 cm−3 chlorine atoms. Clearly the propane
concentration is in excess and therefore the pseudo-ﬁrst-order half-lifetime for the Cl atoms is 0.15 µs with
the end result that eﬀectively all of the Cl atoms will be converted to a propyl radical product.
A second propyl radical production mechanism used in our experiments is the direct 193 nm photolysis
of 1-bromopropane or 2-bromopropane via
CH3 CH2 CH2 Br

193nm

CH3 CHBrCH3

193nm

→ 1 − C3 H7 + Br
→ 2 − C3 H7 + Br
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(6)
(7)

to yield propyl radicals in an isomer-speciﬁc fashion. The reported27 193 nm absorption cross sections
for 1-bromopropane and 2-bromopropane are σ1−P rBr = 5.96x10−19 cm2 and σ2−P rBr = 2.64x10−19 cm2 ,
respectively.
The initiation step of propyl radical generation is rapidly followed by peroxy radical production:
C3 H7 + O2 + N2 → C3 H7 O2 + N2

(8)

Under our experimental conditions ( [O2 ]=50 Torr and [N2 ]=150 Torr), reaction (8) is in the high pressure
limit with bimolecular rate constants of 8x10−12 cm3 molecule−1 sec−1 and 1.1x10−11 cm3 molecule−1 sec−1
for the normal propyl and isopropyl radicals, respectively.15 Our kinetic simulation showed that formation
reaction (8) will be complete within a few µs and that the propyl radical self-reaction and other secondary
reactions (C3 H7 +Cl, C3 H7 O2 +Cl etc.) contribute less than 5% to the peroxy losses during the time scale of
the production reaction (8). Other channels resulting in the formation of OH and HO2 radicals have been
observed in the reaction (8) at elevated temperatures but appear to be negligible at 296K.14, 28
Production of the propyl radicals using the hydrogen-atom abstraction scheme has several advantages.
Firstly, oxalyl chloride has a considerably larger UV absorption cross section compared to that of 1bromopropane or 2-bromopropane. In addition to that, two chlorine atoms are produced per absorbed
UV photon. Accordingly, photolysis of (COCl)2 is a more eﬃcient source of the propyl radicals by almost
a factor of 20. Secondly, to produce a concentration of 1x1015 molecules cm−3 propyl radicals with direct
photolysis, one needs ≈ 10 Torr of bromopropane into the ringdown cavity compared to only 1 Torr of C3 H8
in the hydrogen-atom abstraction method (assuming identical photolysis conditions). The implication of
that is rather signiﬁcant for the near IR CRDS. Vibrational overtones and combination bands of CH stretch
modes of a stable precursor introduce substantial background absorption to the near IR ringdown cavity,
thereby signiﬁcantly reducing the sensitivity and dynamic range of the technique.
On the other hand, photolysis of bromopropanes has an advantage of producing only one particular propyl
radical isomer whereas a mixture of isopropyl and normal propyl radicals is generated from reaction (4). Ergo,
these two production mechanisms are complementary to each other and the bromopropane photolysis method
is used extensively to identify the carriers of the observed spectra.
For these experiments oxygen (4.3 UHP grade), nitrogen (6.0 grade) and propane (2.5 grade) were
6

obtained from Praxair. Oxalyl chloride (99%), 1-bromopropane(99%) and 2-bromopropane(99%) were purchased from Aldrich. All reagents were used without further puriﬁcation.
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Results and Discussion

Fig. 1 shows a survey scan in the 6900-8800 cm−1 region obtained with the hydrogen-atom abstraction
technique. The observed spectrum contains multiple absorption bands with a relatively complex pattern.
Contributions from several diﬀerent sources need to be considered to sort out and assign the observed
absorption bands. First, it should be recognized that the scan in Fig. 1 represents an absorption spectrum
for a mixture of the two diﬀerent propyl peroxy isomers, normal propyl and isopropyl peroxy radicals. Second,
as was described in section 2.1, the photolysis volume was completely refreshed only every third laser shot
and therefore it is possible to observe stable end-reaction products accumulated in the cell. Consequently,
it is necessary to separate the spectrum of the transient species from that of the long-lived products so as
to identify the propyl peroxy absorption bands. Thereafter one can separate the absorptions from 1-propyl
and 2-propyl peroxy using the photolysis of the corresponding bromopropane isomer with the requirement
that the bands have to appear with both the appropriate bromopropane photolysis and the hydrogen-atom
abstraction schemes.

3.1

Isolation of the Transient Absorption Signal

To discriminate against stable products, two experimental traces were taken with short (10µs) and long
(30ms) time delays between the excimer laser and ringdown probe pulses. The resulting scans obtained via
photolysis of 1-bromopropane and 2-bromopropane are presented in Fig. 2. The intensity of the absorption
bands attributable to stable products should remain the same on traces recorded with both short and long
delay times while the concentration of the reactive intermediates should be reduced signiﬁcantly after 30 ms
resulting in weaker absorptions signals. Therefore one can conclude from Fig. 2 that the absorption bands
below 7250 cm−1 belong to stable species and hence are of no further interest to our propyl peroxy radicals’
spectral analyses.
Fig. 2 also shows that the time dependence of the bands in the 7250-8600cm−1 region exhibit behavior
7

consistent with the absorption of transient species. Compared to scans with a 10µs delay time, spectra
obtained with a 30 ms delay show absorption bands that are weaker in the case of 2-bromopropane photolysis
or nearly absent in the case of 1-bromopropane photolysis.

3.2

Assignment of the Spectra of the Propyl Peroxy Isomers

Theoretical calculations suggest that alkyl group substitution should not signiﬁcantly aﬀect the nature of the
molecular orbitals involved in the peroxy Ã − X̃ electronic transition.29 This conclusion is further justiﬁed
by previous experimental observations17–19 of the Ã − X̃ transition of the alkyl peroxy radicals. In addition,
good agreement between experimental Ã − X̃ origin frequencies and values predicted by high level composite
G2 calculations19 have been reported. Consequently, G2 predictions can serve as an excellent guide for a
Ã − X̃ origin frequency for a given peroxy radical. Therefore, G2 calculations have been performed for the
 2 A ground
Cs symmetry conformers 1-propyl and 2-propyl peroxy radicals. These calculations predict a X
2 A excited state and Ã − X̃ separation of 7320 and 7771 cm−1 , respectively.
state with a A
Experimental spectra in the 7300-7700 cm−1 and 8200-8600 cm−1 regions, generated via hydrogenatom abstraction from propane and photolysis of 1-bromopropane and 2-bromopropane, are shown in Fig.
3. As one can see, all major absorption bands observed with photolysis of either 1-bromopropane or 2bromopropane have counterparts in the spectrum obtained using the hydrogen-atom abstraction technique.
These band intensities are consistent with the branching ratio of 0.92-0.75 for production of the 1-propyl/2propyl peroxy radical mixture upon hydrogen-atom abstraction from propane as discussed in Section 2.2.
Since the Ã − X̃ electronic transition is essentially a promotion of an electron to the π ∗ singly occupied
orbital localized on the terminal oxygen, one should expect to observe active Ã state vibrations that involve
the terminal oxygen atom. Indeed, all previously observed peroxy radicals exhibit absorbtion bands assigned
to the Ã state’s OO stretching vibration.17–19, 21 Activation of the COO bending vibration has been observed
in the Ã state for the acetyl peroxy radical19 and in the X̃ state for methyl,30 ethyl30 and t-butyl peroxy
radicals.31 The frequency of the Ã state’s OO stretching vibration varies from 896 cm−1 in hydroperoxy17
to 932 cm−1 in acetyl peroxy radical,19 and it is approximately 2-3 times weaker than the electronic origin.
Therefore the peroxy radical’s Ã − X̃ origin band is expected to be accompanied by a satellite Ã state OO
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stretching vibrational band shifted roughly by 920 cm−1 to the blue, with perhaps a COO bending vibration
between.
The absorption spectrum obtained using photolysis of 1-bromopropane is presented in trace (C) of Fig.
3. Similarities of the absorption contours in the 7300-7700 cm−1 and 8200-8600 cm−1 regions suggest that
the observed bands belong to the same transient species. This conclusion is also supported by the same time
dependent behavior of the absorption spectra shown in Fig. 2. Both bands, in the 7300-7700 cm−1 and in
the 8200-8600 cm−1 regions, vanish after a 30 ms delay. Moreover, the shift between these sets of bands is
approximately 900 to 950 cm−1 which is consistent with typical peroxy Ã state OO stretching frequencies.
Similar arguments can be applied to the absorption spectrum obtained with photolysis of 2-bromopropane
shown on trace (B) of Fig. 3, i.e., (i) bands in the 7300-7700 cm−1 and in the 8200-8600 cm−1 region have a
close resemblance, (ii) they have similar kinetic behavior and (iii) the 8200-8600 cm−1 band is appropriately
blue shifted for an OO stretch.
The agreement between positions of the observed absorption bands with predicted frequencies for the
Ã − X̃ origin transition via G2 calculations, observation of the Ã state OO stretching vibrational bands, and
comparison of the absorption spectra produced by a mixture of 1-propyl and 2-propyl radicals with bands
generated in isomer-speciﬁc photolysis of bromopropanes are consistent with the assignment of absorption
traces (C) and (B) in Fig. 3 to the spectra of 1-propyl peroxy and 2-propyl peroxy radicals, respectively.
The absorption bands in the 7300-7700 cm−1 region are attributed to the electronic origin while bands in
the 8200-8600 cm−1 region are assigned to the OO vibrational band in the excited state. An additional
band around 8000 cm−1 , shown on Fig. 1, but not recorded with photolysis of bromopropanes due to strong
interference from the precursors is tentatively assigned to the COO bending vibration in either the 1 or 2propyl peroxy radical.
The observed frequencies of the band maxima shown in Fig. 3 are given in Table 1. Multiband absorption
structure for both 1- and 2-propyl peroxy radicals may have several sources. Similar to the alkoxy radicals,32
large alkyl peroxy radicals are expected to exist in multiple conformational forms. Our calculations (described
below) show that 1-propyl peroxy radical has ﬁve (Fig. 4), and 2-propyl peroxy radical has two unique,
stable conformers. The origin frequency for the Ã − X̃ transition should be similar in all conformers of
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a particular isomer and population of the conformers in the X̃ state will play a large role in determining
the relative intensities of the spectral bands. Furthermore, a given transition of each conformer may be
accompanied by hot bands associated with transitions from ground state vibrational levels populated at room
temperature. Therefore the resulting unresolved rotational contour will have superimposed contributions
from origin transitions of multiple conformers as well as vibrational hot bands.
The possible rotamers of the 1-propyl peroxy radical are shown in Fig. 4 and are denoted by gauche
and trans torsion angles for the C-C-C-O and C-C-O-O orientations. As noted above we have performed
calculations for the 1-propyl and 2-propyl peroxy conformers of CS symmetry using the Gaussian98 package33
and the results have been used to estimate the Ã − X̃ origin frequencies for propyl peroxy isomers. Of
signiﬁcant interest was the relative stability of the diﬀerent rotamers for 1-propyl peroxy radical (Figure
4). Each of the unique rotamers was calculated at the CBS-QB3,34 B3LYP/6-31+G**35, 36 and mPW1K/631+G**37 levels of theory, and each stationary point was conﬁrmed to be a minimum on the potential energy
surface via a vibrational frequency analysis. The calculated vibrational frequencies, along with the geometry
and the corresponding rotational constants, were also used to estimate the relative free energy at room
temperature for the diﬀerent rotamers. In Table 2, the relative free energies and the resulting Boltzmann
distribution (as percentages) for each rotamer are presented. Consistent at all levels of theory, each of the 5
unique rotamers is calculated to be present at equilibrium in the CRDS experiments. Furthermore, we have
also calculated the rotational barriers for interconversion between the diﬀerent rotamers (via rotation around
the C-C and C-O bonds), and the rotational barriers are all less than 5 kcal/mol (see supporting information)
and hence interconversion is fast at room temperature. Therefore, in agreement with the experiments, at
equilibrium a mixture of rotamers is expected and spectral signatures for diﬀerent species are observed in
the experiments.
Extensive theoretical calculations for each propyl peroxy conformer are clearly desirable to assign the
observed absorption bands to a particular peroxy conformer, since reliable ab initio X̃ and Ã state energies
and vibrational frequencies can be used to predict the origin and hot band transition frequencies as well as
their relative intensities. In order to have a complete picture, the rest of the propyl peroxy conformers of C1
symmetry have to be theoretically examined and accurate calculations of the excitation energies produced.
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This presents a challenging theoretical problem but we are presently carrying out such calculations using the
equation-of-motion method in the ACESII package and we plan to present these results and corresponding
conformer assignments in a forthcoming paper.38

3.3

Reaction Dynamics

Fig. 2 shows the time evolution of the observed spectra, and provides additional conﬁrmation that the
absorption bands in traces (C) and (B) of Fig. 3 belong to 1- and 2-propyl peroxy radical. The recommended
self-reaction rate constant for 1-propyl peroxy radical is 3.0x10−13 cm3 molecule−1 sec−1 which is more than
two orders of magnitude faster than the reported value of 1.1x10−15 cm3 molecule−1 sec−1 for the 2-propyl
peroxy radical.15 Under the assumption that the second-order self-reaction is the dominant decay channel
and using an estimated value of 3x10−14 mol/cm3 as an initial radical concentration, one can estimate
half-lifes for the peroxy radicals. The estimated half-life is 5.5 ms for 1-propyl peroxy radical which is in
agreement with the complete disappearance of the 1-propyl peroxy radical’s spectra after the 30 ms delay
shown on Fig. 3. The estimated half-life for the 2-propyl peroxy radical is 1.5 s and correspondingly only a
slight decrease of 2-propyl peroxy bands is observed in Fig. 3. The observed decrease in the 2-propyl peroxy
radical’s signal also shows that considering only the self-reaction mechanism is an approximation when the
self-reaction rate constant is small and other processes, i.e., diﬀusion, pumping losses, other reactions, likely
also contribute to the radical’s destruction.
The experimental spectra presented in Fig. 3 exhibit several interesting spectroscopic features that
require further examination and analysis. One can notice that a weak absorption peak around 7380 cm−1
in Fig. 3 appears on spectra produced with photolysis of both bromopropanes and spectra generated with
the hydrogen-atom abstraction method. Fig. 5 shows expanded portions of the absorption spectra in the
7350-7500 cm−1 region obtained via bromopropane photolysis and hydrogen-atom abstraction along with
the Ã − X̃ absorption spectrum18 of the methyl peroxy radical. Both the methyl peroxy origin band and
torsional hot band coincide in frequency with weak features marked with asterisks in traces (a), (b) and (c)
of Fig. 5. These spectra lead to the unambiguous conclusion that methyl peroxy radical is generated in all
of our production schemes for the 1-propyl and 2-propyl peroxy radicals.
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Several possible sources of methyl peroxy radical can be considered. Photolytic CC bond cleavage in
bromopropanes could lead to the production of methyl radical, although dissociation along the weaker CBr bond is expected to be the predominant fragmentation channel. In the H-atom abstraction method,
photolysis of propane could possibly generate methyl radicals via CC bond ﬁssion. However, exclusion of
the oxalyl chloride from the C3 H8 /(COCl)2 /O2 photolysis mixture eliminates the propyl peroxy and the
methyl peroxy absorption band. Therefore one has to conclude that the methyl peroxy radical is formed
after production of propyl radicals.
Immediately after formation, energy-rich propyl radicals could be subject to dissociation or isomerization.
Unimolecular decomposition of isopropyl radical has two channels: production of H atom and propylene or
methyl radical and ethene.39, 40 Extrapolation of the available high temperature data shows that at room
temperature, both channels have comparable reaction rates on the order of 10−14 s−1 . Dissociation of the
1-propyl radical may result in formation of methyl radical at elevated temperatures; however, the room
temperature isomerization rate is likewise expected to be extremely slow (k=6.8x10−10 s−1 ).41 Therefore
it is highly unlikely that a 1-propyl or 2-propyl unimolecular dissociation process at room temperature will
contribute to methyl radical production and should be negligible compared to fast propyl radical reaction
with oxygen (pseudo ﬁrst order rate constant of 2.5 × 108 s−1 under our conditions).
The most plausible explanation for the appearance of the methyl peroxy spectra is obtained by considering
details of the propyl peroxy self-reaction mechanism. The self-reaction of propyl peroxy radicals proceeds
through formation of a tetroxide,4 ROOOOR, and in the case of propyl peroxy radical, there are several
established decomposition pathways:5

C3 H7 O2 + C3 H7 O2 →





2C3 H7 O + O2



C3 H7 OH + C3 H6 O + O2

(a)
(9)
(b)

The branching ratio between the propagation channel (a) and the overall reaction rate k9 is 0.6 for 2-propyl
peroxy radical.42 No experimental branching ratio is available in the literature for the 1-propyl peroxy
radical’s self reaction but the recommended value of 0.5 can be taken as a ﬁrst approximation.7 Propagation
channel (a) will result in production of 1- or 2-propoxy radicals. Acetone and isopropyl alcohol are formed
in termination channel (b) in the case of the 2-propyl peroxy radical’s self reaction, while propanal and
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n-propyl alcohol are produced in the case of the 1-propyl peroxy radical. Photolysis of acetone at 193nm
is an excellent source of the formation of methyl radical43 and photolysis of propanal has methyl radical as
one of the dissociation products.44, 45 Fig. 2 has shown that some end products can be accumulated in the
reaction vessel from one photolysis pulse to the next. Therefore, photolysis of propyl peroxy self-reaction
products may well result in the generation of methyl radicals, with corresponding conversion to the observed
methyl peroxy radical.
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Conclusions

−X
 electronic transition of propyl peroxy radicals has been observed for the ﬁrst time
The near IR A
by CRDS. The spectra of the two isomeric forms, 1-propyl peroxy and 2-propyl peroxy radicals, have been
assigned. These assignments were made with the aid of multiple means of radical production. A less eﬃcient,
but isomer speciﬁc, method involved photolysis of the corresponding bromopropane isomers. Considerably
more intense spectra were obtained using (COCl)2 as a “photosensitizer” with hydrogen-atom abstraction
by Cl producing a mixture of propyl radicals which subsequently reacted with O2 to produce both propyl
peroxy radicals. Spectra were recorded and frequencies determined for the origin region, the OO stretch,
−X
 electronic transition. Multiple lines were observed, at least some
and for the weak COO bend of the A
of which must be attributed to diﬀerent conformers of each isomer. Using high-level ab initio and density
functional theory methods, the calculated energies of the 5 unique conformers of the 1-propyl peroxy radical
are very similar, and at equilibrium, a mixture of all 5 conformers will be present. Furthermore, isomerization
barriers between these conformers are small (<5 kcal/mol).
In addition to the spectroscopic conclusions, rudimentary kinetic observations were performed. The
much more rapid disappearance of the 1-propyl peroxy radical as compared to the 2-propyl peroxy radical,
is consistent with the reported much larger rate constant for self-destruction of the primary propyl peroxy
isomer. Moreover, for all schemes to generate the propyl peroxy radicals, production of the methyl peroxy
radical was also observed. It is suggested that these observations are consistent with the production of
acetone or propanal in the propyl peroxy self-destruction reaction. Subsequent photolysis of the ketone or
aldehyde produces the methyl radical which upon reaction with O2 yields the methyl peroxy radical.
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Future work includes assigning the origin bands (and OO stretches) to the speciﬁc conformers of the two
−X
 spectral diagnostic are clariﬁed, it
propyl peroxy isomers observed. Once the details of the CRDS A
can be used to follow the reactions of the peroxy radicals in a species, isomer, and even conformer speciﬁc
manner. This diagnostic should allow measurement of cross-reaction rate constants between diﬀerent organic
peroxy radicals.
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Figures
1. CRDS survey scan obtained with hydrogen-atom abstraction from propane in the presence of molecular
oxygen. Plotted absorption represents the result of the background subtraction procedure where the
diﬀerence of CRDS absorption signals with excimer laser on and oﬀ is presented in order to eliminate precursor and water absorption bands. The time delay between the CRDS probe laser and the
photolysis laser is ≈ 10µsec
2. CRDS spectra in three frequency regions of the propyl peroxy radical formed by photolysis respectively
of 2-bromopropane (left) and 1-bromopropane (right). The top trace in each ﬁgure is recorded within
10 µs of photolysis while the bottom trace is delayed 30 ms.
3. CRDS absorption spectra recorded using following production mechanisms: (A) hydrogen-atom abstraction (B) 2-bromopropane photolysis (C) 1-bromopropane photolysis. The delay time between the
excimer laser and CRDS probe is 10µs.
4. Five possible conformers of 1-propyl peroxy radical as calculated at the CBS-QB3 level.
5. Comparison of the absorption spectra recorded with (a)hydrogen-atom abstraction from propane, (b)2bromopropane photolysis and (c)1-bromopropane photolysis with (d)CRDS spectra of methyl peroxy
radical acquired using acetone as a precursor for methyl radicals.
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Figure 1: CRDS survey scan obtained with hydrogen-atom abstraction from propane in the presence of
molecular oxygen. Plotted absorption represents the result of the background subtraction procedure where
the diﬀerence of CRDS absorption signals with excimer laser on and oﬀ is presented in order to eliminate
precursor and water absorption bands. The time delay between the CRDS probe laser and the photolysis
laser is ≈ 10µsec
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Figure 2: CRDS spectra in three frequency regions of the propyl peroxy radical formed by photolysis respectively of 2-bromopropane (left) and 1-bromopropane (right). The top trace in each ﬁgure is recorded within
10 µs of photolysis while the bottom trace is delayed 30 ms.

21

ppm

300

(A)

120
100

200

80
60

100

40

ppm

0
60

(B)
20

40
20

10

ppm

0
30

(C)

30

20

20

10

10

0

0
7300

7400

7500

7600

7700

8200

cm-1

8300

8400

8500

8600

Figure 3: CRDS absorption spectra recorded using following production mechanisms: (A) hydrogen-atom
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excimer laser and CRDS probe is 10µs.

22

tG

gT

tT

gG'

gG

Figure 4: Five possible conformers of 1-propyl peroxy radical as calculated at the CBS-QB3 level.

23

*

100

ppm

*
(a)

ppm

0

20

*

*

(b)

0

ppm

40

*

*

20

(c)

ppm

800

0

0
0

600

1

400

1
1

200
0
7350

(d)
7400

7450

cm

7500

7550

-1

Figure 5: Comparison of the absorption spectra recorded with (a)hydrogen-atom abstraction from propane,
(b)2-bromopropane photolysis and (c)1-bromopropane photolysis with (d)CRDS spectra of methyl peroxy
radical acquired using acetone as a precursor for methyl radicals.
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Table 1: Positions of the observed band maxima in cm−1 . These band maxima presumably corresponding
to diﬀerent conformers, but as yet the assignment of a given band to a particular conformer (see Table) is
uncertain. The uncertainty in frequencies is ±10cm−1 due to possible overlap of the conformer origin bands
and vibrational hot bands.
Propyl peroxy isomer

Origin region

OO stretch region

Separation

1-C3 H7 O2

7332

8273

941

7508

8380

872

7569

8474

905

7462

8368

906

7567

8515

948

2-C3 H7 O2
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Table 2: Boltzmann distributions for each of the ﬁve rotamers at the CBS-QB3, B3LYP/6-31+G** and
mPW1K/6-31+G** levels along with the relative free energies (∆G (298 K), kcal/mol) and conformer
degeneracy.
CBS-QB3

B3LYP/6-31+G**

mPW1K/6-31+G**

Rotamer

Degeneracy

∆G(298 K)

%

∆G(298 K)

%

∆G(298 K)

%

gG

2

0.41

14.0

0.62

11.8

0.57

11.7

gG

2

0.00

28.1

0.31

19.8

0.22

21.2

gT

2

0.04

26.4

0.11

27.8

0.06

28.0

tG

2

0.21

19.6

0.21

23.7

0.15

23.8

tT

1

0.10

11.9

0.00

16.8

0.00

15.4
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