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ABSTRACT: Gas phase peroxyl radicals are central to our
chemical understanding of combustion and atmospheric
processes and are typically characterized by strong absorption
in the UV (λmax ≈ 240 nm). The analogous maximum
absorption feature for arylperoxyl radicals is predicted to shift
to the visible but has not previously been characterized nor
have any photoproducts arising from this transition been
identified. Here we describe the controlled synthesis and
isolation in vacuo of an array of charge-substituted phenyl-
peroxyl radicals at room temperature, including the 4-(N,N,N-
trimethylammonium)methyl phenylperoxyl radical cation (4-Me3N

[+]CH2−C6H4OO
•), using linear ion-trap mass spectrometry.

Photodissociation mass spectra obtained at wavelengths ranging from 310 to 500 nm reveal two major photoproduct channels
corresponding to homolysis of aryl-OO and arylO-O bonds resulting in loss of O2 and O, respectively. Combining the
photodissociation yields across this spectral window produces a broad (FWHM ≈ 60 nm) but clearly resolved feature centered at
λmax = 403 nm (3.08 eV). The influence of the charge-tag identity and its proximity to the radical site are investigated and
demonstrate no effect on the identity of the two dominant photoproduct channels. Electronic structure calculations have located
the vertical B̃ ← X̃ transition of these substituted phenylperoxyl radicals within the experimental uncertainty and further predict
the analogous transition for unsubstituted phenylperoxyl radical (C6H5OO

•) to be 457 nm (2.71 eV), nearly 45 nm shorter than
previous estimates and in good agreement with recent computational values.

■ INTRODUCTION

Organic peroxyl radicals play an important role in many
fundamental processes, including cellular lipid oxidation and
DNA damage,1,2 decomposition of fuels in combustion,3,4 and
oxidation of volatile organic compounds in the atmosphere.5−8

The intrinsic gas-phase chemistry of alkylperoxyls is increas-
ingly understood, with key kinetic, thermodynamic and
spectroscopic properties elucidated from both computation
and experiment.9−13 In contrast, there exists a paucity of direct
observations of arylperoxyl radicals to validate their inter-
mediacy in gas-phase chemical models including those
describing soot formation,14−16 combustion,17−21 and tropo-
spheric processing of hydrocarbons.22−26 The importance of
arylperoxyls in understanding these chemistries is emphasized
by the high proportion of aromatic components in contempo-
rary petroleum fuels, with allowances of up to 45% in some
countries.27,28

In the vast majority of cases, the formation and fate of
peroxyl radicals in gas-phase laboratory experiments has been
established using time-resolved UV spectroscopy.24,29 Innumer-
able measurements have identified the characteristic absorption
of alkylperoxyl radicals between 210 and 300 nm (e.g.,
CH3OO

• λmax = 237 nm, 5.23 eV, FWHM ∼60 nm)29

corresponding to vertical excitation to the dissociative B̃
state.12,29,30 This work has been complemented by character-
ization of near-IR transitions to the bound, low-lying Ã states of
peroxyl radicals (e.g., CH3OO

• T00 = 1354.5 nm, 0.92 eV).31,32

Miller and co-workers used this transition to characterize gas
phase phenylperoxyl radicals formed following photolysis of
acetophenone in the presence of dioxygen.33 Observations of
sharp, characteristic features in the near-IR provided the first
unequivocal evidence for an arylperoxyl radical in the gas phase
and showed that the location of the Ã ← X̃ origin transition
(i.e., C6H5OO

• T00 = 1334 nm, 0.93 eV) is not significantly
perturbed by the presence of the aryl moiety. In contrast,
computational predictions of the energy of the B̃ state of the
phenylperoxyl radical predict a significant red-shift compared
with alkylperoxyl radicals with estimates of λmax ranging from
337 to 503 nm.11,12,34,35 Indeed two groups have reported
monitoring a putative B̃ ← X̃ transition near 500 nm at room
temperature to establish second order rate constants for the
addition of dioxygen to the phenyl radical but in neither
instance was a major absorption feature clearly resolved.36,37
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More recently, Freel et al. reported resolved vibronic bands
attributed to the jet-cooled phenylperoxyl radical.38 The B̃ ← X̃
band origin was assigned at 570.84 nm (T00 = 2.17 eV) and
vibronic assignments were made to a number of features out to
ca. 513 nm. The measured peak widths are consistent with a
dissociative B̃ state for this radical with overall spectral
broadening suggesting that room temperature absorption
spectra may be broad and featureless. In this context, we
have deployed photodissociation action spectroscopy to
characterize the B̃ ← X̃ transition of substituted phenylperoxyl
radicals at room temperature and provide the first identification
of photoproducts arising from this dissociative electronic state.
Gas phase spectroscopy of reactive radicals must balance the

sometimes competing demands of maximizing the number
density of the target species while minimizing undesired self-
reactions and reducing background absorption. Installing a fixed
charge moiety (“charge-tag”) within the molecule, but remote
from a radical center, (i) allows straightforward purification of
products in a reaction mixture using standard mass
spectrometry techniques and (ii) eliminates self-reaction of
targeted radicals by virtue of their mutual repulsion. As such,
carefully selected radical ions have proved useful for extracting
relative reaction rates,39 efficiencies40 and products41 from
which the behavior of the corresponding neutral could be
inferred. Here we apply this approach in a photodissociation
(PD) action spectroscopy experiment on charge-substituted
phenylperoxyl radicals (e.g., 4-Me3N

[+]CH2−C6H4OO
•) syn-

thesized and isolated in the gas phase inside a modified linear
ion-trap mass spectrometer.42

■ METHODS
Experimental Section. Para-iodoaniline was purchased from

Sigma-Aldrich (Castle Hill, NSW, Australia) and the three salts N-(4-
iodobenzyl)-N,N,N-trimethylammonium iodide, 4-iodo-N,N,N-trime-
thylbenzenaminium iodide, and 3-iodo-N,N,N-trimethylbenzenami-
nium iodide were synthesized according to the method reported by
Kirk et al.40 Each salt was dissolved in HPLC grade methanol (Ajax
Finechem, Sydney, NSW, Australia) to a final concentration of 50 μM
for direct infusion at 5 μL/min through the electrospray ionization
(ESI) source of a Thermo Fisher Scientific (San Jose, CA) LTQ linear
ion-trap mass spectrometer. Typically the spray needle voltage was set
to 4 kV, the tube lens voltage to 80 V and the capillary voltage at 20 V.
The heated capillary temperature was maintained at 100 °C and
nitrogen was used for the sheath, auxiliary and sweep gases. This ion-
trap mass spectrometer has previously been structurally modified to
enable irradiation of an ion population during trapping with either
fixed frequency or tunable laser sources.42,43 Here we implement a
software modification which allows synchronization between (i) one
laser system and a given isolation step of the ion trap and (ii) a second
laser system and another isolation step in the same MSn sequence.
Comprehensive details of this synchronization and the hardware
involved are given as Supporting Information. All mass spectra shown
below are an average of 40−50 scans.
Computational. All calculations reported here were performed

using the Gaussian 09 suite of codes.44 Density Functional Theory
(DFT) was employed to optimize all ground state geometries using
either BLYP/6-31G(d) or B3LYP/6-311+G(d) functional/basis set.45

Time Dependent DFT (TDDFT) was chosen to locate the excited
state energy levels with either BLYP/6-31+G(d) or M06/6-311+
+G(d,p).46 Concise tabulations of the pertinent results are provided as
Supporting Information.

■ RESULTS AND DISCUSSION

Scheme 1 depicts the experimental procedure whereby
precursor cations of m/z 276 (2) are generated by electrospray

ionization (ESI) of a suitable salt (1) and mass-selected in a
quadrupole linear ion-trap mass spectrometer. Following
isolation, one pulse at 266 nm (4.66 eV) from a Nd:YAG
laser irradiates the ions to drive facile C−I bond cleavage47 and
generate a charge-substituted phenyl radical of m/z 149 (3) as
the major photoproduct (see Figure S5 in Supporting
Information). Isolation and subsequent trapping of 3 for 800
ms allows for reaction with background dioxygen to form the
desired phenylperoxyl radicals at m/z 181 (4) as previously
described.40 The nascent peroxyl radical is rapidly thermalized
to the temperature of the ion trap (ca. 310 K) by collisions with
the helium buffer gas (present at 2.5 mTorr).48 The peroxyl
radicals 4 are then isolated for irradiation from one laser pulse
of an optical parametric oscillator (OPO) at wavelengths
between 310 and 500 nm (ca. 2.5−4.0 eV), and ionic
photoproducts are mass analyzed.
Representative mass spectra of the charge-tagged peroxyl

radical 4 at selected photodissociation wavelengths are shown
in Figure 1. These data show that the major photoproducts in
all cases appear at m/z 149 and 165 corresponding to the
substituted phenyl radical 3 (with neutral loss of O2) and
substituted phenoxyl radical 5 (via loss of O), respectively.
Calculations at the B3LYP/6-311+G(d) level of theory yield
40.0 and 39.3 kcal mol−1 for homolysis of the C−OO and the
CO−O bonds, respectively, and indicate that both channels are
energetically accessible at wavelengths less than ca. 730 nm
(1.70 eV). Together these two channels account for at least
95% of the total product flux from the photodissociation of 4,
with less than 5% attributable to other products unrelated to
the photochemistry of the arylperoxyl moiety (e.g., m/z 59
Me3N

•[+] is observed but not shown in Figure 1). To our
knowledge, this is the first direct experimental identification of
photoproducts from a phenylperoxyl radical in the gas phase.
The data in Figure 1 also suggest an absorption profile

peaking between 390 and 440 nm. To further examine this,
averaged mass spectra were collected at 1 nm steps between
350 and 450 nm and the results are plotted in Figure 2 as
power corrected PD action spectra (defined in the Supporting
Information). A broad absorption profile for 4 can be inferred
from the total photoproduct yield (black dots in Figure 2).
Prior UV spectra of peroxyl radicals at ambient temperatures
have been well described by a Gaussian distribution.29,30

Scheme 1. Experimental Procedure Outlining the Gas-phase
Synthesis, Isolation, and Photodissociation of Substituted
Phenylperoxyl Radicals
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Applying this fit here yields a λmax at 403 nm (3.08 eV) with a
full width at half-maximum (FWHM) around 60 nm (0.46 eV).
The data from Figure 2 can also be analyzed to show that
nearly 60% of the relative photoproduct flux at 403 nm is
accounted for by O2 loss, with ca. 40% going to atomic oxygen
production.
To examine the effect of the remote charge-tag on the

spectroscopy of the arylperoxyl radical, we collected PD action
spectra for each of three analogues 6, 7 and 8 (structures shown
in Table 1, spectra in Figure S2 of the Supporting Information).
Table 1 summarizes the results showing λmax from fitted values
for each radical ion in the far right column. Within the
experimental uncertainty of these assignments, the identity of
the charge carrier causes a small (less than 10 nm) shift of the
absorption maximum (e.g., trimethyl ammonium cation for 6
compared to an ammonium cation for 8). Attaching the charge

carrier directly to the aromatic ring at the para-position gave
rise to a small but reproducible blue-shift (ca. 10 nm between 4
and 6), while installing the same moiety at the meta-position
moved the λmax back to the red (cf. 6 and 7). Importantly, only
the photodissociation channels producing atomic and molec-
ular oxygen were observed for 6−8; no signal at m/z 59 was
observed for 6 and 7. Both of these results strengthen the claim
that the peroxyl radical moiety overwhelmingly determines the
photodissociation dynamics in this suite of substituted
arylperoxyls.
While small changes in the relative position of the charged

and radical moieties do not significantly impact the absorption
profile, the presence of the charge may be expected to shift the
absorption maximum relative to the neutral phenylperoxyl. This
can be rationalized using the general valence bond (GVB)
orbital representations drawn in Figure 3.49 The ground state of

the radical cation 4 may be stabilized by delocalization of an
electron pair onto the ring, while conversely the B̃ state appears
perturbed to higher energy due to a formal positive charge on
the ring-bonded oxygen, viz. net electron density movement
away from the Me3N

[+] charge-tag. Indeed, comparing the
experimental values obtained here with the two reported room
temperature spectra for the neutral phenylperoxyl vertical
absorption band (Table 1)36,37 suggests that the charge may be
responsible for a blue shift as large as ca. 100 nm. To investigate

Figure 1. Mass spectra resulting from the photodissociation of the
substituted phenylperoxyl radical 4 (m/z 181) obtained at
representative wavelengths between 350 and 470 nm. Ion abundance
in each spectrum is normalized to m/z 181.

Figure 2. PD action spectra recorded from irradiating 4 over the
indicated OPO wavelength region.

Table 1. Vertical B̃ ← X̃ Transition Energies from
Experiment and Theory for the Phenylperoxyl Radical and
Substituted Analogues Studied Herein

aErrors reported as ±1 std. dev. of avg. from at least 2 data sets.

Figure 3. GVB diagrams of the lowest three electronic states for the
arylperoxyl radical 4.
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this we have computed the vertical excitation energies for the
homologous series 4-Me3N

[+](CH2)n-C6H4OO
•, where n = 0−

6, using time-dependent density functional theory (TDDFT).
These results (see Supporting Information, Figure S6) show a
decrease in the vertical B̃ ← X̃ transition energy as n increases,
producing a trend toward 460 nm for n = 6 which is
approximately equal to the value calculated for the neutral
phenylperoxyl radical (vide inf ra) at the same level of theory.
These data demonstrate that, the presence and the proximity of
the charge in our experimental systems is responsible for a shift
in the maximum absorption feature of some 60 nm to the blue.
Nevertheless, our experimental data provide a robust training
set for theoretical predictions of vertical B̃ ← X̃ transitions in
gas-phase arylperoxyls radicals.
TDDFT was also used to predict the observed vertical B̃← X̃

transition energies for the substituted and the neutral
phenylperoxyl radicals. A detailed description of these
computations is provided as Supporting Information and the
results, along with predictions from literature reports using
different computational methods and basis sets, are shown in
Table 1. The BLYP functional was employed by Weisman and
Head-Gordon with the 6-31+G(d) basis set to yield a value of
503 nm for the neutral in good agreement with the
experimental work of Yu and Lin.35,36 We applied the same
functional and basis set to each of the substituted phenylperoxyl
radicals from this study and found the vertical B̃ ← X̃ transition
wavelengths red-shifted ∼60 nm from our experimental values
(e.g., 4 in Table S1 of Supporting Information). TDDFT
computations performed in our study with a larger basis set and
the robust M06 functional predict the experimental transition
energies within the associated uncertainty for each of the
substituted phenylperoxyl radicals examined here.50 Accord-
ingly, applying this functional and basis set to compute the B̃
state energy level for neutral phenylperoxyl yielded a value of
457 nm. This estimate is 45 nm blue-shifted from the
experimental value of Yu and Lin36 but not as far as the 337
nm computed by Krauss and Osman.34 Freel et al. also
employed TDDFT and found the B3LYP functional with the
aug-cc-pVTZ basis performed well when benchmarked to their
experimental origin band energy.38 Using this method, they
reported a vertical B̃ ← X̃ transition of 441 nm, in good
agreement with our calculations.

■ CONCLUSIONS
Taken together, the experimental and computational results
reported here (Table 1) suggest that the commonly reported
λmax for the vertical B̃ ← X̃ transition in neutral arylperoxyl
radicals of ca. 500 nm may need to be re-evaluated; our results
suggests this feature lies closer to 457 nm (2.71 eV). Correct
spectral assignment of the B̃ ← X̃ transition in room
temperature arylperoxyl radicals is critical for validation of
their intermediacy in gas-phase hydrocarbon oxidation and
measurement of robust reaction kinetics. For example, several
groups have monitored a putative phenylperoxyl absorption at
ca. 500 nm in order to derive the rate constants for the
fundamental reaction of phenyl radical and dioxygen.36,37 Our
findings suggest that only the low energy tail of the
phenylperoxyl absorption is monitored near 500 nm or indeed
the time-resolved behavior of this feature might belong to an
alternate intermediate or isomer. The former of these two ideas
is supported by a recently reported jet-cooled C6H5OO

•

absorption spectrum.38 The authors posit that broadened
features will frustrate attempts to record a room temperature

phenylperoxyl absorption spectrum with any distinguishing
features near 500 nm. Hence it seems visible wavelength
strategies for detection of gas-phase arylperoxyl radicals under
ambient conditions are perhaps best suited to photoproduct
analysis techniques, for example, action spectroscopy.
Finally, it is intriguing to consider the implications of these

findings for understanding the photochemical fate of
arylperoxyl radicals formed in the atmosphere. Jafri and co-
workers proposed that the dissociative B̃ ← X̃ state of
alkylperoxyl radicals could give rise to O(3P) that upon
addition to O2 would provide a pathway for ozone (O3)
formation that was independent of the well-known NOx
cycle.51,52 The consequences of this proposal have not been
widely considered because (i) the dissociative B̃ ← X̃ transition
for alkylperoxyl radicals falls outside the actinic spectrum while
(ii) the photoproducts of arylperoxyl radicals were hitherto
unknown. Here we demonstrate for the first time that
photoactivation of arylperoxyl radicals in the visible yields
ground state atomic oxygen and may therefore contribute to
daytime ozone concentrations in the troposphere. The results
also suggest that any substituted monocyclic arylperoxyl, for
example, oxidized xylenes from petroleum fuels, could exhibit
similar photochemistry upon absorption at visible wavelengths.
And although polycyclic arylperoxyls originating from sources
such as edge-oxidized soot particles are expected to absorb at
longer visible wavelengths with increasing size (greater π
network for resonance stabilization of the B̃ state),15,53 their
photoproducts should remain dominated by O and O2 loss.
These ideas advocate for a reassessment of the mechanisms via
which arylperoxyls might influence atmospheric chemistry.

■ ASSOCIATED CONTENT
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Detailed experimental methods; PD mass and action spectra for
radicals 6, 7, and 8; and PD mass spectra for precursor 2 and
the three analogous iodinated compounds used as precursors
for 6, 7, and 8. Optimized ground state geometries with
corresponding energies (in Hartrees) from computations are
also listed along with results from excited state energy
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charge via the Internet at http://pubs.acs.org.
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