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ABSTRACT: Oxidation of indole by nitrate radical (NO3) was
previously proposed to form nitroindole, largely responsible for the
brown color of indole secondary organic aerosol (SOA). As there
are seven known nitroindole isomers, we used chromatographic
separation to show that a single nitroindole isomer is produced in
the indole + NO3 reaction and definitively assigned it to 3-
nitroindole by comparison with chromatograms of nitroindole
standards. Mass spectra of aerosolized 3-nitroindole particles were
recorded with an aerosol mass spectrometer and directly compared
to mass spectra of SOA from smog chamber oxidation of indole by
NO3 in order to help identify peaks unique to nitroindole (m/z
162, 132, and 116). Quantum chemical calculations were done to
determine the energetics of hypothesized indole + NO3
intermediates and products. The combination of these data suggests a mechanism, wherein a hydrogen atom is first abstracted
from the N−H bond in indole, followed by isomerization to a carbon-centered radical in the 3-position and followed by addition of
NO2. Alternative mechanisms involving a direct abstraction of a H atom from a C−H bond or a NO3 addition to the ring are
predicted to be energetically unfavorable from large barriers for the initial reaction steps.
KEYWORDS: indole, nitrate radical, brown carbon, secondary organic aerosol, nitroaromatic compounds

■ INTRODUCTION
The importance of secondary organic aerosol (SOA) in the
atmosphere is well established, with many studies highlighting
the role of SOA in radiative forcing and cloud formation.1−10

Various atmospheric oxidants contribute to atmospheric SOA
formation from volatile organic compounds (VOCs); however,
the nitrate radical (NO3) is unique in that its strongest
contribution occurs during nighttime.11 Nitrate radical can
react with both biogenic and anthropogenic VOCs to produce
light-absorbing aerosol.12−14 Recent studies have examined the
formation of SOA from indole, a VOC emitted by plants,
revealing strong light absorption by SOA formed by the
reaction of indole with NO3.

15,16

The nitrate radical reacts with monoterpenes and aromatic
compounds by different mechanisms, resulting in nitric acid
esters (R-ONO2) for the former and nitroaromatics (Ar-NO2)
for the latter.13,17−19 As an aromatic molecule, indole has a
higher likelihood of forming aromatic nitro compounds (Ar-
NO2), which are known to be strong chromophores.20

Accordingly, the dominant chromophore in indole + NO3
SOA was assigned to be a nitroindole,15 though definitive
assignment of the specific isomer was not possible.
At least a handful of studies have been able to identify the

molecular formula of nitroindole (C8H6N2O2) in ambient
measurements of organic aerosol,21−24 with some also finding

that it is a major chromophore within the sample.23,24 Unlike
other nitroaromatics, which tend to have higher ambient
concentrations in the winter (in conjunction with wood
burning), C8H6N2O2 is usually detected in the summer, with
potential ties to oil, gas, and diesel emissions.21,23,25 It remains
unconfirmed which nitroindole isomer(s) are present in these
samples.

More recent work by Jiang and co-workers proposed that
the dominant isomer is 3-nitroindole, though no comparisons
were drawn between the SOA and an analytical standard.16

From their proposed mechanism, it can be assumed that OH
and NO3 act similarly by abstracting a hydrogen from indole,
followed by addition of NO2 to the resulting radical. Although
this mechanism is of interest, no studies to date have
attempted a computational description of the indole + NO3
reaction mechanism. The goals of this work are to better
constrain the mechanism of indole oxidation and to confirm
the identity of the nitroindole isomer formed in the indole +
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NO3 reaction with a combination of experimental and
quantum chemical methods.

■ METHODS

Standards and Aerosol Generation
Reference standards for several nitroindole isomers were prepared in
2-propanol (MilliporeSigma, ACS grade) with mass concentrations
around 0.2 mg/mL for UV/vis studies. The nitroindoles investigated
were 3-nitroindole (BLD Pharm, solid, 98%), 4-nitroindole, 5-
nitroindole, 6-nitroindole, and 7-nitroindole (each from Fisher
Scientific, solids, >98%).

Indole + NO3 SOA was generated in a 5 m3 smog chamber in batch
mode similar to previous work.15 Nitrate radicals were generated by
the simultaneous injection of 200 ppb NO and 500 ppb O3. Under
these conditions, NO is converted into NO2 by its fast reaction with
O3, and some of the NO2 is subsequently converted to NO3 by the
residual O3. Since indole exhibits nearly 106 times higher reactivity
toward NO3 than O3,

26 reactions of indole with NO3 are favored, even
with O3 being in slight excess of the required stoichiometric ratio. A
40 μL aliquot of a 110 mg/mL solution of indole in methanol was
then gently evaporated into a 2 standard liters per minute flow of
clean air and passed through a heated inlet into the chamber, yielding
an indole mixing ratio around 180 ppb. The temperature and relative
humidity (RH) remained relatively constant at 26 °C and 50%,
respectively. The SOA was collected after 3 h of reaction by pulling air
from the chamber directly through a 0.2 μm PTFE filter (Merck
Millipore, 47 mm diameter) for 45 min. The filter sample was
extracted in a 1:1 acetonitrile/water mixture, resulting in an SOA
solution with an approximate mass concentration of 200 μg/mL.

For experiments with a time-of-flight aerosol mass spectrometer
(ToF-AMS, Aerodyne, mass resolving power ∼2000), the mass
loadings of all reactants were lowered to around 40 ppb indole, 60
ppb NO, and 200 ppb O3, and the reactions were carried out under
dry conditions (<2% RH) to avoid interferences with water in the
AMS. Standard 3-nitroindole particles were generated by aerosolizing
a 0.10 mg/mL solution of 3-nitroindole in methanol with a constant
output atomizer (TSI, model 3076) at ∼2 standard liters per minute,
sending the flow through two silica gel diffusion driers and a carbon
denuder to remove excess methanol, and injecting it into a 130 L
Teflon bag.

Spectrophotometry, Chromatography, and Mass
Spectrometry Methods
UV/vis absorption spectra for the nitroindole standards dissolved in
2-propanol were recorded over the 200−700 nm range with a
Shimadzu UV-2450 spectrophotometer and were converted to molar
absorption coefficient spectra using the Beer−Lambert law. Although
we did not check for linear dependence, the concentrations were
chosen so that the peak in the near-UV had an absorbance of less than
1.

Chromatographic analysis of the SOA (and standards) was carried
out with ultra-high-performance liquid chromatography with heated
electrospray ionization and high-resolution mass spectrometry
(UHPLC-HESI-HRMS). The system consisted of a Vanquish
Horizon UHPLC system interfaced to both a photodiode array
detector and a Q-Exactive Plus Orbitrap high-resolution mass
spectrometer (Thermo Scientific, mass resolving power ∼1.4 ×
105). Additional details of the methods, including eluents, gradients,
and instrument settings, can be found in the Supporting information
(SI). The formula of the main chromophore in the SOA was verified
to be C8H6N2O2, consistent with its previous assignment to a
nitroindole isomer.

A scanning mobility particle sizer, consisting of an electrostatic
classifier (TSI, model 3080, long DMA) and condensation particle
counter (TSI, model 3775), was used to measure size distributions of
both the aerosolized 3-nitroindole particles and of the SOA in the
smog chamber. Details of the ToF-AMS method and analysis are
provided in the Supporting information.

Computational Methods
Electronic structure calculations were done to provide insight into the
energetics of a handful of potential indole + NO3 reaction
mechanisms. The Q-Chem 6.0 computational chemistry package
was used for the entirety of this work.27 Density functional theory
(DFT) calculations were done with the PBE0 hybrid functional,28

which has previously been used to estimate bond dissociation energies
in other nitroaromatics with absolute errors as low as 1 kcal/mol.29

For structures more critical to the hypothesized reaction pathway,
second-order Møller−Plesset perturbation theory (MP2) was also
used to reoptimize structures. The 6-311++G(d,p) basis set was used
for all calculations,30 employing the extra diffuse functions and
polarization functions in an attempt to capture the effects of the
unpaired electrons in the oxidants (NO2 and NO3) and the
intermediates.

Harmonic vibrational frequency calculations were done with
optimized geometries. The presence of an imaginary frequency was
used as an indicator of potential transition state structures.
Thermochemistry data were derived from the frequency calculations
using the standard formulas implemented in Q-Chem. These data
were calculated in standard conditions, and no scaling factors or other
corrections were made to the resulting values. References to previous
calculations for indole31 and to experimental measurements in pyrrole
(a substructural component of indole) were made to address the
accuracy of these theoretical findings.32

■ RESULTS AND DISCUSSION

UV/vis Analysis
The UV/vis absorption spectra of each nitroindole isomer
were measured and scaled by their concentrations in 2-
propanol to produce the molar absorption coefficients in
Figure 1A. The peak positions are summarized in Table S1,

and the spectra are separated into individual plots in Figure S1.
The structure of 3-nitroindole and labels for other isomeric
positions are provided in Figure 1B. Most isomers exhibit one
broadly absorbing peak in the near-UV (300−400 nm) range,
although 6-nitroindole has two maxima in this range. The
absorption spectrum for 4-nitroindole extends furthest into the
visible range. Absorption spectra of 3-nitroindole and 5-
nitroindole are largely confined to the near-UV range, with
peaks located at 349 and 322 nm, respectively.
Chromatography and PDA-HRMS
The PDA chromatograms for the indole + NO3 SOA sample
reveal a handful of light-absorbing species eluting at various
times (Figure S2), in good agreement with previous findings
for this type of SOA.15 The major chromophore eluting at 10.5
min is detectable at m/z 161.0356 (C8H5N2O2

−, −0.3 ppm) in
negative ion mode and m/z 163.0500 (C8H7N2O2

+, −1.3
ppm) in positive ion mode. The C8H6N2O2 formula of the

Figure 1. (A) Molar absorption coefficient spectra of the 3-, 4-, 5-, 6-,
and 7-nitroindole isomers in 2-propanol. (B) Structure of 3-
nitroindole, with numeric labels for the other positions of the indole
backbone.
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neutral species is consistent with its previous assignment to a
nitroindole isomer. The selected ion chromatograms for these
ions (Figure S2) produce a single dominant peak, with other
peaks being more than an order of magnitude smaller,
suggesting that a single isomer of nitroindole is preferentially
formed. This isomer can be unambiguously identified to 3-
nitroindole by matching both the PDA retention times (Figure
2A,B) and the PDA UV/vis absorption spectra (Figure 2G,H).
It is clear from the combination of these results that the 3-
nitroindole isomer is the dominant, if not the only, isomer,
which is formed in the indole + NO3 reaction. Although 2-
nitroindole is not commercially available, the exact match of 3-
nitroindole toward the SOA chromophore at all three of the
250, 270, and 354 nm peaks is unlikely to be mirrored by 2-
nitroindole in view of the large differences between absorption
spectra of nitroindole isomers.
Aerosol Mass Spectrometry

Figure 3A shows the unit mass resolution ToF-AMS spectra
for indole + NO3 SOA and the 3-nitroindole standard. There is
a striking resemblance between the fragmentation patterns of
the 3-nitroindole standard and the SOA. Figure 3B shows the
corresponding high-resolution AMS spectra, in which peaks
have been assigned up to ∼ m/z 120 and the fragment families
are shown by color. There is less certainty in the peak

assignments above m/z 120 due to the insufficient resolving
power of the ToF-AMS instrument, but peaks at m/z 132 and
162 are confidently assigned using the standard as a guide since
the molecular ion (M+) is observed and losses of NO and NO2
are expected for nitroaromatic compounds.33 Generation of
ToF-AMS spectra for the standard included modifications to
the fragmentation tables, which are described in the
Supporting information. Briefly, the CO+ fragment was not
fitted for the 3-nitroindole spectra, while default fragmentation
tables were used for SOA spectra. NO+ and NO2

+ were
significant fragments in both nitroindole and SOA spectra and
are included in Figure 3 as well.

Proposed assignments to the major fragments observed in
the nitroindole standard ToF-AMS spectrum are presented in
Table 1. The peak observed at m/z 162 corresponds to the 3-
nitroindole radical cation. The peaks at m/z 132 and 116
correspond to the loss of NO and NO2, respectively, and peaks
at lower m/z values are due to more extensive ion
fragmentation. Given the strong similarities in ToF-AMS
spectra of 3-nitroindole and indole + NO3 SOA, the dominant
ions (m/z 162, 132, and 116) can potentially be used to
identify nitroindole in ambient samples. It should be noted
that the electron impact ionization (the type of ionization used
in ToF-AMS) produces similar ion fragmentation patterns for

Figure 2. Photodiode array detector chromatograms (integrated from 192−680 nm) for indole + NO3 SOA and five isomeric nitroindole standards
(A−F) and the absorption spectra at the peak of each chromatogram (G−L).

Figure 3. (A) Unit mass resolution and (B) high-resolution ToF-AMS spectra of aerosolized 3-nitroindole particles (top) and indole + NO3 SOA
(bottom).
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other isomers of nitroindole, so ToF-AMS would detect a
collection of all of the isomers.34

The overwhelming similarities between the ToF-AMS
spectra of the standard and of the SOA are indicative that
the indole + NO3 SOA is predominantly composed of
nitroindole. To lend insight into this possibility, the relative
ionization efficiency (RIE) of 3-nitroindole was determined in
separate experiments described in the Supporting information,
following a procedure similar to that of Nault et al.35 The RIE
was found to be RIE3‑NI = 2.6 ± 0.6, which is higher than the
default RIE of 1.4 typically used for oxidized organic aerosol.
The higher RIE3‑NI indicates a higher sensitivity to 3-
nitroindole and its isomers and supports the use of the ions
at m/z 162, 132, and 116 (particularly when all three are
present) to identify the presence of nitroindole isomers in
ambient samples. This higher RIE also explains why the AMS
spectrum for the indole + NO3 SOA appears to be dominated
by 3-nitroindole, despite other minor species being present in
the sample.
Similar AMS spectra were observed by Jiang et al. for indole

oxidized by NO3 with seed particles, in which m/z 162 was
assigned to C13H6

+ and m/z 132 was assigned to C5H8O4
+.16

Based on our results relying on an authentic standard, we
assign m/z 162 to C8H6N2O2

+ and m/z 132 peak to
C8H6NO+. The use of the 3-nitroindole standard allowed for
clear peak assignments for m/z 162, 132, and several other
prominent nitroindole-related peaks, as shown in Table 1. The
combined observations in this work and Jiang et al. make it
clear that 3-nitroindole is a dominant component of the indole
+ NO3 SOA, and the following sections will provide a
mechanistic justification for these observations.
Potential Indole + NO3 Reaction Mechanisms
The net reaction to convert indole into nitroindole is likely to
be described as a reaction of indole, NO3, and NO2 to yield
nitroindole and HNO3 in the gas phase. Jiang et al.16 proposed
that the mechanism involves a two-step process, in which the
nitrate radical first abstracts a hydrogen from a C−H bond in
indole to produce an indole radical and nitric acid (R1). The
carbon-centered indole radical can then undergo a recombi-
nation reaction with a NO2 radical to form nitroindole (R2).
We should note that the conditions in the current work would
allow for the presence of NO2 through incomplete NO2 →
NO3 conversion by O3.

C H N (indole) NO

C H N (indole radical) HNO
8 7 3

8 6 3

+

+

•

•
(R1)

C H N NO C H N O (nitroindole)8 6 2 8 6 2 2+• • (R2)

The hydrogen abstraction reaction R1 should proceed at the
position of the weakest bond in indole. Jiang et al.16 assumed
that the H atom in C3 is the one that is being abstracted,
which is a reasonable guess. To our knowledge, no measure-
ments of bond dissociation energies (BDEs) have been
reported for indole, however, theoretical calculations have
estimated the BDE of each of its C−H bonds and the N−H
bond. These calculations, done with B3LYP/6-31G(d), suggest
that the C−H bonds on the benzene ring of indole are weaker
(111.1−111.5 kcal/mol) compared to the pyrrole ring (117.5
kcal/mol at C2, 118.0 kcal/mol at C3).31 Studies of the
reaction between NO3 and benzene have shown that the
hydrogens in benzene are resistant toward hydrogen
abstraction,36,37 and this characteristic likely translates to
indole as well. It is also worth noting that the N−H bond is
predicted to be much weaker (86.9 kcal/mol),31 which could
indicate that hydrogen abstraction could occur from the N−H
bond, as opposed to a C−H bond.

A similar mechanism proposed by Mayorga et al. proposed
that hydrogen abstraction occurs from the N−H bond in
pyrrole.38 Importantly, the resulting nitrogen-centered radical
is stabilized by resonance, which shifts the free electron to form
a carbon-centered radical at C3. A similar process could
reasonably occur on the pyrrole ring of indole, as is shown in
Figure 4. Hydrogen abstraction from the nitrogen results in a
pair of resonance-stabilized intermediates (IM1 and IM2). The
resonance does not readily extend to the more stable benzene
ring in indole, leading to the dominant formation of 3-
nitroindole in indole oxidation by NO3 and potentially OH/
NO2. The most uncertain part of this mechanism is the last
step, which is regarded to be a 1,3 hydrogen shift in pyrrole.38

Such a process is also possible in indole.
We also considered an alternative mechanism, in which the

NO3 attaches to the closed-shell indole, followed by addition
of NO2 and elimination of HNO3. A computational study by Li
et al.39 of the reaction of indole with acetonitrile (CH2CN)
and trifluoromethyl (CF3) radicals found that these radicals
preferentially attach to C2. It should be noted that their study
was approaching this problem from the perspective of synthetic
organic chemistry, with an emphasis on these reactions as they
might occur in a solvent. For that reason, radical reactions with
the N−H bond were perhaps ignored in that work. While the
insights regarding the energetics of radical addition brought
from that study are useful (they did provide results for the gas
phase), the subsequent reaction steps (namely, deprotonation)
outlined in that work are likely to be less applicable to the gas-
phase setting of this indole + NO3 organic aerosol formation.

The following discussion will show that the mechanism in
Figure 4 is energetically favored, and mechanisms involving the

Table 1. Observed Ions with Proposed Formulas and
Fragmentation Schemes for Aerosolized 3-Nitroindole
Particles Measured with ToF-AMS

m/z formula fragmentation scheme

162 C8H6N2O2
+ M+

132 C8H6NO+ [M-NO]+

116 C8H6N+ [M-NO2]+

103 C7H5N+ [M-NO2-CH]+

89 C7H5
+ [M-NO2-CH-N]+

Figure 4. Proposed hydrogen abstraction mechanism for the formation of 3-nitroindole from the reaction of indole and NO3.

ACS Physical Chemistry Au pubs.acs.org/physchemau Article

https://doi.org/10.1021/acsphyschemau.4c00044
ACS Phys. Chem Au 2024, 4, 568−574

571

https://pubs.acs.org/doi/suppl/10.1021/acsphyschemau.4c00044/suppl_file/pg4c00044_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.4c00044?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.4c00044?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.4c00044?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.4c00044?fig=fig4&ref=pdf
pubs.acs.org/physchemau?ref=pdf
https://doi.org/10.1021/acsphyschemau.4c00044?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


abstraction of hydrogen from a C−H bond or NO3 attachment
are less favorable. More results around the NO3 attachment
mechanism have been placed in the Supporting information.
Computational Results for Hydrogen Abstraction
The thermochemistry data resulting from the electronic
structure calculations of the products of hydrogen abstraction
at each position are provided in Table 2. DFT at the PBE0/6-

311++G(d,p) level was used for all abstractable hydrogen
atoms since PBE0 was shown to produce reaction and
activation energies within 2.4 kcal/mol (root-mean-square
error) for hydrogen abstraction reactions in polycyclic
aromatic hydrocarbons.40 We used the higher level MP2/6-
311++G(d,p) only for abstraction at N1, C2, and C3 to
minimize computational expense. The PBE0/6-311++G(d,p)
calculations were sufficiently accurate, as the estimated BDEs
were similar to those calculated in previous studies and
comparable to those measured in pyrrole.31 The initial step
(reaction R1) is energetically uphill for H abstraction from any
of the C−H bonds and slightly more so for the C−H bonds in
the 2 and 3 positions (C2 and C3). Importantly, only the
abstraction from the N−H bond is predicted to be exergonic.
A stepwise presentation of the reaction energetics for the

indole + NO3 + NO2 pathway for hydrogen abstraction from
N1 is presented in Figure 5. All energy values correspond to
the minimized structures, with exception to IM1, which was
approximated by simply removing the N1 hydrogen from the
minimized indole structure. Optimization of IM1 resulted in
IM2, consistent with the lower energy of the latter. For the
hydrogen abstraction reaction, intermediates IM1 and IM2
result from abstraction from N1 and are both energetically
favorable, with the carbon-centered radical form being the
most stable. The spin density is shown to highlight the shifting
of the unpaired electron to be predominantly around C3 in the
IM2 structure.
Reaction R2, being a radical recombination reaction, should

happen efficiently and potentially be barrierless.41 The former
is supported by the overall reaction being highly exergonic.
While the remaining steps between IM3 and 3-nitroindole are
uncertain, there is evidence that the yield for the IM3 → 3-
nitroindole process is almost 100% due to the striking lack of
other isomers in the selected ion chromatograms (Figure S2).
Given that the mechanism should be able to describe both

OH- and NO3-initiated reactions, the conversion from IM3 to
3-nitroindole is likely to proceed via an internal hydrogen shift.
No attempt was made to model this process in this work. The
simplest explanation would be that the excess energy after
recombination would result in having sufficient energy for the
internal hydrogen shift process, for example, by tunneling.
More complex reactions with other molecules that first remove

the hydrogen from C3 in IM3 and then reinstall it back to the
N1 nitrogen are also possible. Given the energetic benefit of
switching from IM3 to 3-nitroindole, the hydrogen shift is the
likely option, resulting in dominant yields of 3-nitroindole.

■ CONCLUSIONS
This work has provided strong evidence that 3-nitroindole is
the major molecular component of indole + NO3 secondary
organic aerosol. The identification was confirmed by matching
the retention time in chromatography, the shape of the
absorption spectrum in UV/vis spectroscopy, and the accurate
mass-to-charge ratio in mass spectrometry. Furthermore, we
were able to provide mechanistic justification for the dominant
formation of 3-nitroindole with the aid of electronic structure
calculations. The most likely mechanism appears to be initiated
by NO3 abstracting the hydrogen from the indole’s N−H
bond. Through resonance, the free electron density is shifted
to the carbon in the 3-position of indole, priming the indole
radical for a recombination reaction with NO2, producing 3-
nitroindole. We were able to rule out alternative mechanisms,
in which NO3 either abstracts a hydrogen atom directly from a
C−H bond or is added to indole instead of abstracting a
hydrogen atom.

The ToF-AMS mass spectra were also remarkably similar
between the indole + NO3 SOA and 3-nitroindole standard,
with the parent ion (m/z 162) present in both the SOA and
the standard. Various fragmentation peaks were also present
and shared similarities to electron ionization mass spectra of

Table 2. Thermochemistry Data at the PBE0/6-311+
+G(d,p) and [MP2/6-311++G(d,p)] Levels for Hydrogen
Abstraction Reaction R1

reaction site Δ(E + ZPE) (kcal/mol) ΔH (kcal/mol) ΔG (kcal/mol)

C2 14.8 [18.9] 16.8 [26.4] 16.5 [26.5]
C3 15.5 [21.5] 17.7 [29.5] 17.7 [29.9]
C4 8.5 10.6 10.5
C5 8.4 10.4 10.3
C6 8.4 10.4 10.4
C7 8.8 11.0 10.9
N1 −10.6 [−6.1] −9.3 [−2.8] −9.3 [−2.5]

Figure 5. Thermochemical results at the PBE0/6-311++G(d,p) level
for the hydrogen abstraction mechanism initiated by removal of the
hydrogen at the N position (N1). Δ(E + ZPE) values are provided in
pink, and ΔG values are provided in blue, with reference to the
reactants (including the oxidant) in each reaction.
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nitroindoles in the literature. It may be worth extending the m/
z range of ToF-AMS analysis to larger m/z, namely, looking for
the pattern of 116, 132, and 162, when there is potential for
indole oxidation products to be present, such as ambient
measurements near animal husbandry facilities or during times
of significant plant blooming.
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