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The fast gas-phase reaction of NO3 radicals with phenol
was found to yield 2-nitrophenol as the only relevant nitration
product. The yield of this product was high and independent
of the concentration of NO2 at the concentrations applied.
In the presence of ozone, also significant amounts of
4-nitrophenol and p-benzoquinone were formed. The rate
constant of the reaction between NO3 radicals and phenol
was determined to be 5.8 × 10-12 cm3 molecule-1 s-1.
The selective formation of 2-nitrophenol (2) is suggested
to derive from either the concerted keto-enol tautomerism
in the reaction of a phenoxy radical with NO2 or the
concerted elimination of nitric acid from a cyclohexa-3,5-
diene intermediate.

Introduction
Phenols are known to be formed in the atmosphere by the
OH-initiated atmospheric oxidation of aromatic hydrocar-
bons, and a number of product studies reported in the
literature show that their yields can be relatively high (1).
Phenols and nitrophenols may be emitted in the exhaust (2,
3) as partial oxidation products of aromatic hydrocarbons.

Phenols can then subsequently be transformed into
nitrophenols, which are known to be phytotoxic (4). The
nitrate radical, NO3, may be the promoter for these reactions.
This radical is formed in the atmosphere by the reaction
between O3 and NO2 (5):

NO3 is recognized to play an important role in the nighttime
tropospheric chemistry because of its fast reaction with other
radicals and with several organic trace gases, in particular
those of biogenic origin (6). The reactions of NO3 radicals
with phenol and cresols are fast both in the gas phase (0.4-
1.4 × 10-11 cm3 molecule-1 s-1) (7, 8) and in the aqueous
phase (k ) 1.8 ( 0.3 × 109 M-1 s-1 at pH ) 0 and T ) 298
K) (9). Hence, these reactions are a sink (10) for NO3, and
nitrophenols may be formed by tropospheric gas-phase
reactions or within the tropospheric aqueous phase.

We have recently demonstrated that isomer distribution
in the reaction products and polar effects in the rate constants
may help to elucidate some details of the reactions of the

nitrate radical NO3 with aromatic compounds in the gas phase
(11). The reaction of phenol with NO3 in gas phase to give
mainly 2-nitrophenol has been recently reported (7), but the
reasons for the exclusive ortho-regiochemistry are still
uncertain. On the contrary, the reaction of phenol with NO3

in liquid phase has been reported to give both 2- and
4-nitrophenol in organic solvents (12) and in water (13).

Understanding the mechanism of the nitration of phenol
both in the gas phase and in the aqueous phase is important
because nitrophenols are found in air and rainwater. These
compounds have been found in rainwater in the microgram
per liter range in the Rhein-Ruhr area in western Germany
(14, 15) and in clouds (16, 17). However, only o-nitrophenol
was found in Los Angeles rain (18). In urban Milano, only
p-nitrophenol was found in rainwater in a summer campaign
in 1998 (19). More recently, air samples were analyzed for
nitrophenols, and the ratio of o-/p-nitrophenol was found
to vary with the location of the sampling station and the
season. In fact, in Milano p-nitrophenol was always found,
and occasionally also o-nitrophenol was present (20). More
p-nitrophenol is found in air sampled in an open space than
in a tunnel in Wuppertal (21). Moreover, nitrophenols are
known to be present in car exhaust (22), and an o-/p-
nitrophenol ratio of 1.3 was measured in the exhaust. The
finding of only some of the possible nitrophenols (3 isomers),
dinitrophenols (6 isomers), nitrocresols (9 isomers), and
dinitrocresols (16 isomers) may be used for the identification
of sources and where tropospheric processing has occurred.
Hence, studying the mechanism of the gas-phase nitration
of phenol could complement recent studies on the aqueous-
phase formation of nitrophenols (23) and could explain the
different content in nitrophenols of air and rainwater samples.

Experimental Section
Gas-Phase Reactions. The reaction was studied in purified
air at 760 Torr in a 480-L Teflon-coated 60 cm diameter
cylindrical chamber equipped with a 81.2 m total beam path
length White type mirror system coupled to a Bruker IFS
113V FT spectrometer for on-line infrared spectroscopy.

Concentrations of reactants and reaction products were
monitored in situ by long path infrared spectroscopy.
Experiments were performed at ambient pressure and
temperature. Calibrations of the IR measurements were
performed either by introducing known volumes of vapor at
known pressures into the chamber or by evaporating known
quantities of the compounds and transferring them with a
stream of air into the chamber. Calibrated gas-phase spectra
of o-nitrophenol and p-nitrophenol were obtained, while
the dinitrophenols were found to have a too low volatility to
be calibrated in the gas phase.

In the experiments to study yields of nitrophenols, N2O5

was synthesized in the chamber by mixing O3 with an excess
of NO2. Subsequently, the phenol was added and the reaction
was allowed to proceed until only insignificant amounts
(<100 ppb) of N2O5 remained. Initial concentrations were
10-25 ppmV N2O5, 3-55 ppmV NO2, and 15-30 ppmV of
the organic compound. In some experiments, phenol and
NO2 were added first to the chamber and then ozone. The
initial concentrations in this case were 11-51 ppmV NO2,
22-31 ppmV phenol, and 16-70 ppmV ozone.

The rate constant of the reaction of the NO3 radical with
phenol was determined relative to that of its reaction with
2-methyl-2-butene. In these experiments, phenol and 2-meth-
yl-2-butene were added first to the chamber, and then N2O5

was introduced by evaporating solid N2O5, prepared by the
method of Schott and Davidson (24), and bringing it into the
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chamber with a stream of air. In this case, the initial
concentrations were 15-18 ppmV of 2-methyl-2-butene and
5-10 ppmV of phenol. N2O5 was in most experiments added
several times during the experimental run in portions of a
few ppmV. Initial NO2 concentrations were 1-3 ppmV in
these experiments. In other experiments, NO2 was added to
provide initial concentrations of 29-59 ppmV in order to
test the influence of [NO2] on the observed rate constant.

Product Studies. The products were measured using two
different analytical methods:

(i) FTIR analysis in the reaction chamber.
(ii) Samples to be used for subsequent product analysis

were obtained by bubbling known volumes of the reaction
mixture through a 5.3 × 10-4 M sodium hydrogen carbonate
solution. The extraction was performed with 10 mL of
dichloromethane after neutralization with sulfuric acid. HPLC
with UV detection using a HPLC-DAD instrument (Waters
600E system controller and HP 1040 A diode array detector)
was used to detect and quantify all the isomers monitoring
the absorbance at 230 nm. The column that gave the best
performance was a stainless steel column, 250 mm × 4.4
mm i.d., packed with 5-µm particles (100 Å) of silica-based
C18 material, Kromasil (Superchrom). The number of
theoretical plates for phenol was calculated to be about
100 000. The flow was 1 mL min-1. We applied an isocratic
gradient using a mixture of two different solutions: The first
(solution A) was a mixture of an aqueous solution of KH2PO4

(5 × 10-3 M), phosphoric acid was added to adjust the pH
to 4.5 (90 vol % of A) and CH3CN (10 vol %). The second
(solution B) was a mixture of an aqueous solution of KH2PO4

(5 × 10-3 M), phosphoric acid was added to adjust the pH
at 4.5 (25 vol % of B) and CH3CN (75 vol %). The two solutions
in a volume ratio, A/B ) 55/45, were filtered through 0.45-
µm filters (Millipore, Bedford, MA) and degassed with helium
during analysis. All reference compounds were purchased
from Fluka or Aldrich.

Calculations. All calculations were performed using the
ab initio Density Functional Theory (DFT) with the hybrid
functional of Becke (25) and Lee et al. (26) and a flexible
Gaussian basis of type 6-31G** (27).

Results
Rate Constant. The rate constant of the reaction of NO3

radicals with phenol at 295 ( 2 K was investigated by the
relative rate method, where the decay of phenol in an NO3

radical containing atmosphere is compared to that of a
reference compound that reacts with NO3 radicals with a

known rate constant. The reference compound was, in this
case, 2-methyl-2-butene, and the rate constant k1 for the
reaction

could then be calculated relative to the rate constant, k2, for
the reaction

from the relation

The ratio k1/k2 was measured for relatively low and
relatively high concentrations of NO2, as discussed in the
Experimental Section. The ratio k1/k2 was found to be 0.62
( 0.12, which gives a k1 value of 5.8 ( 1.1 × 10-12 cm3

molecule-1 s-1, using the value of 9.38 × 10-12 cm3 molecule-1

s-1 for k2 (4) and giving the uncertainty as one standard
deviation on the experimental data. The rate constant was
independent of the [N2O5]/[NO2] ratio (Figure 1), thus
showing that the reaction of phenol takes place with NO3

radicals and not with N2O5 or with NO2. This value was slightly
higher than that found at 296 ( 2 K (3.92 ( 0.25) (5) and at
298 ( 1 K (3.64 ( 0.14) (28). The reason for this difference
is not obvious; wall losses are not a likely explanation since
the loss of phenol in clean air in the cell was measured to
be about 5% per hour and the reaction between NO3 radicals
and phenol under the conditions applied is completed within
a much shorter time period. The initial concentrations of
phenol applied and the amount of phenol that reacted in the
present experiments were roughly 10 times higher than what
was applied in the work of Atkinson et al. (5), and one might
speculate about uptake of phenol on particles formed. Finally,
of course, different analytical techniques were applied (IR
spectroscopy vs GC-FID), and errors in one or the other
method may also be an explanation for the different results.

Products in Nitration of Phenol by Reaction with NO3

Radicals. High yields of 2-nitrophenol (2) were found in the
gas-phase nitration of phenol (1) initiated by NO3 radicals.
Table 1 shows yields obtained under different conditions
and measured by FTIR. In particular, two experimental
procedures were used:

FIGURE 1. Plots of examples of observed decays of phenol vs 2-methyl-2-butene in the reaction with NO3 radicals under conditions of
high and low NO2 concentrations.

NO3 + phenol f products

NO3 + 2-methyl-2-butene f products

ln{phenol(t0)

phenol(t) } )
k1

k2
ln{2-methyl-2-butene(t0)

2-methyl-2-butene(t) }
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(i) NO3 radicals generated by the thermal dissociation of
N2O5 in the presence of excess NO2 were reacted with 1. In
this case (reactions 1-4), only 2 was found and 4-nitrophenol
(3) was not observable by FTIR spectroscopy. At the NO2

levels applied, no dependence of the yields in 2 on the average
concentration of NO2 during the experiments could be
observed. No correction of the observed yields were made
for losses of nitrophenols due to the reaction with NO3, since
this reaction is more than 100 times slower than the reaction
of NO3 radicals with phenol (7).

(ii) A different situation was observed when 1 reacted
with NO3 radicals in the presence of ozone. In this case
(reactions 5-9), significant amounts of 3 were observed.

The predominant formation of 2 in some conditions was
confirmed by off-line analytical procedures. These analyses
showed that, besides 2 and 3, also minor amounts of 2,4-
dinitrophenol (5) and 2,6-dinitrophenol (6) were present in
molar yields of 1-3% each. In all the experiments, p-
benzoquinone (4) was also found present in molar yields of
3-6% (Scheme 1). A comparison between the on-line FTIR
analysis of 2 and the off-line HPLC analysis showed that the
latter underestimates the amount of 2 by more than 20%.
The loss of 2 in the off-line analysis may be due to losses in
the sampling line or to oxidative degradation of 2 in alkaline
solution.

Discussion
Regarding the quality of the experimental data on the yields
of nitrophenols, it should be mentioned that the experience
from the present and other experimental studies indicate
that 2-nitrophenol tends to remain in the gas phase under
the experimental condions applied and thus can be measured
accurately by IR spectroscopy. However, we have found that
4-nitrophenol, which has higher melting and boiling points
than 2-nitrophenol, has a stronger tendency to stick on
particles, and thus on-line IR spectroscopy may not be the
best way of measuring this compound. An inspection of the
data in Table 1 does not suggest any evident influence on
initial concentrations on the product yields.

Phenols are known to react with NO3 in aqueous acidic
conditions via a single electron transfer (SET) (29) giving a
cation radical such as 7, which is in prototropic equilibrium
with the phenoxy radical (8) and a nitrate anion (Scheme 2).
Reaction of 8 with NO2 should give both 2 and 3 via tautomers
9 and 10. This behavior is also observed in the reaction of
NO3 with electron-rich aromatics (30). Hence, the interme-
diate formation of 8 explains the observed selectivity for the
orthonitration only if, in gas phase, reaction 9 w 2 is much
faster than reaction 10 w 3. This may be due to the concerted
keto-enol tautomerism 9 w 2. The phenoxy radical 8 may
also derive from the direct hydrogen abstraction from the
phenolic hydroxyl (H-ABS).

A third possibility is that 1 reacts with NO3 via an addition-
elimination mechanism such as that depicted in Scheme 3
(31). Here, four regioisomeric adducts 11-14 are formed
with an equilibrium reaction in the ADD mechanism. These
will then add NO2 to give diastereoisomeric cyclohexadienes
15-21. Final elimination of HNO3 will form 2 and 4 from the
ipso adduct (11) or the meta adduct (12); 3-nitrophenol (22)
from the ortho adduct (13) or the para adduct (14).

To better understand the mechanism involved in these
reactions, structural and energetic data for the possible
reaction intermediates were investigated theoretically. Ge-

TABLE 1. Gas-Phase Nitration of Phenol in Different Conditionsa

exp

N2O5
start,
ppm

NO2
start,
ppm

NO2
after,
ppm

NO2
used,
ppm

av
NO2,
ppm

HNO3
after,
ppm

phenol
start,
ppm

conv
phenol,

ppm
2-nitrophenol,

%
4-nitrophenol,

%
ratio

2-/4-nitrophenol

1 12.2 39.1 40.4 23.1 39.8 7.2 14 5.6 29
2 21.8 56.8 60.8 39.6 58.8 15.2 20 12.5 47
3 22.5 21.7 20 46.7 20.8 14.7 25.7 10 38
4 23.4 3.6 6.3 44.1 4.9 18.9 25.9 11.8 65 17 3.82
5 - 23.0 0.9 49.7 12.0 21.1 30.9 17.1 55 31 1.77
6 - 32.6 31.4 19.2 32 9.3 22.3 7.2 68 21 3.24
7 - 8.4 8.5 13.2 8.4 14.1 26.2 10.8 47 22 2.14
8 - 17.7 16.9 28.7 17.3 21.8 21.6 13.5 69 24 2.88
9 - 20.7 14.8 27 17.7 21.2 30.8 12 55 40 1.38
a The table shows initial and final experimental conditions. In experiments 1-4, phenol is added after the addition of ozone and NO2 while in

experiments 5-9 ozone is added last. Initial [N2O5] in experiments 1-4 is not measured directly but calculated from the difference between NO2

added to the chamber and [NO2] found after the reaction with ozone, assuming that all NO2 has reacted to form N2O5. The estimated uncertainties
on [NO2], HNO3, and [O3] are 10% and on N2O5 and 2-nitrophenol are 20%. 4-Nitrophenol presents a particular problem as discussed in the text

SCHEME 1

SCHEME 2
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ometry optimizations and energy determinations performed
at UB3LYP/6-31G** level of theory of the molecules partici-
pating to reactions in Scheme 3, showed that hydrogen
abstraction to give a phenoxy radical 8 is exothermic by 14.94
kcal/mol. The SET mechanism is believed not to be possible
in gas phase.

Concerning the ADD mechanism, the regiochemistry of
the adduct under equilibrium condition may influence the
distribution of reaction products. Since energy differences
among different adducts (ipso, ortho, meta, and para) is
supposed to be small, and in the same order of magnitude
of conformational energies, an analysis of potential energy
surfaces (PES) in order to locate all possible stable confor-
mations is needed. Analysis of the PES was performed for
the rotation around C-O and O-N bonds [C1-C2-O2-N1
) θ; C1-C2-O1-H1 ) æ] (Scheme 4) using the semiempirical
PM3 Hamiltonian in the unrestricted formalism (UHF/PM3)].
For each point of the PESs all other degrees of freedom were
fully optimized (Figure 2).

The stable conformers obtained from the PES analysis
were re-optimized at UB3LYP/6-31G** level of theory. The
energies of the first reaction shown in Scheme 3 computed
at this level are shown in Table 2. One of the ortho conformers
is the most stable (∆E ) -10.0 kcal/mol). For this conformer
the distance O3-H1 (1.857 Å) and the angle O3-H1-O1

(154.76°) (Scheme 4) are consistent with the formation of an
intramolecular seven-membered ring hydrogen bond be-
tween O3 and H1. The energy of the hydrogen bond can be
roughly estimated equal to -3.14 kcal/mol from the difference
between the energy of this conformer (conformation 13-2 in
Table 2) and the conformation 13-3 in which the hydrogen
bond is not present.

Contrary to what has been suggested earlier (10), ipso-
hydroxynitratocyclohexadienyl adduct is less stable than the
ortho adduct by 8.67 (conformation 11-1) and 4.50 kcal/mol
(conformation 11-2). Hence, if the stability of ortho adduct
is governing the regiochemistry, 3-nitrophenol (22) should
be formed.

The stability of the intermediate adduct had been used
to understand the preferential formation of 2-methylphenol
in the hydroxylation of toluene with OH in gas phase (28).
However, with 1 the stability of the adduct was unable to
explain the ortho regiochemistry in the gas-phase nitration.
Hence, some other factor should be central for the regiose-
lectivity. A model reaction could be useful for the identifica-
tion of this additional effect. The combined action of ozonized
oxygen and nitrogen dioxide in organic (Kyodai nitration) to
yield ortho and para nitration of phenol was used for this
purpose. The reactant in the Kyodai nitration is the NO3

radical. The reaction was suggested by us to occur through

SCHEME 3
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the formation of a charge-transfer complex (CTC) 23 that
evolves to adducts 11-14 (Scheme 5) (12).

The Kyodai nitration of phenols was demonstrated to be
a radical process by the low sensitivity to the electronic
contribution of the nuclear substituent, as shown by the low
Hammett F value of ) -0.72 using Hammett’s σ of the
substituent. A fast formation of a CTC followed by recom-
bination to give radical adducts such as 11-14 in the case
of 1 could explain this behavior. A similar mechanism should
occur in the gas-phase nitration of phenols with NO3 in the
presence of NO2. Here in fact the available rate constants are
5.8 × 10-12 for phenol and 10.7 × 10-12 for p-cresol (7). These
numbers suggest a Hammett F value smaller than that found
in the Kyodai nitration (nearly 0), thus suggesting that a
similar radical mechanism has to be occurring for the two
groups of aromatic substrates.

However, in gas-phase experiments where only 2 was
found, some effect directing the reaction toward the ortho
regiochemistry in the nitration reaction should be operating.
The exclusive ortho regiochemistry is the result of a selective
reaction of NO2 at the position ortho to the phenolic
hydrogen.

Hence, the reaction could occur via the intermediate
formation of a phenoxy radical (8) if the keto-enol tau-
tomerism 9 w 2 is concerted. Alternatively, the exclusive
formation of 2 may be understood if the ipso adduct (11) or
the meta adduct (12), although not the most stable adducts,
are the intermediates in this reaction. In fact, 2 cannot derive
from 13 or 14.

Formation of 11 or 12 is not the only condition to
understand the regioselectivity. In fact, 11 will react with

NO2 to give an equilibrium mixture (33) of the two mesoforms
of 1,4-cyclohexadienes (15), thus leading to both 2 and 3, to
a diastereoisomeric mixture of the four isomeric of 1,3-
cyclohexadienes (16), and to 12, thus leading to 2. 12 will
react with NO2 to give a diastereoisomeric mixture of the
four isomeric of 1,3-cyclohexadienes (17), thus leading to 2
and to a diastereoisomeric mixture of the four isomeric of
1,3-cyclohexadienes (18), thus leading to 3. Hence, together
with the regioselective addition of NO2, also a regioselective
loss of nitric acid from one of the adducts is necessary to
understand the reasons for the preferred regioselective ortho
nitration of phenol.

The first point is to understand the reason of the preferred
formation of adduct 11. In the CTC, the NO3

•- fragment is
likely to be hydrogen bonded to the positive oxygen in the
[C6H5OH]•+ fragment. Hence, a concerted collapse of the CTC
to form selectively 11 under kinetic control (Scheme 6) could
drive the reaction toward the ortho regiochemistry. Moreover,
the fact that the yield of 2 is independent from the
concentration of NO2 suggests again that the collapse of the
CTC to 11-14 is rate-determining and that the reaction
between the adducts and NO2 are much faster than the
corresponding reactions with O2 at the NO2 concentrations
applied in this study.

Concerning the product-determining steps, it should be
noted that in the gas-phase elimination reaction may occur
only via the E2 mechanism, and this requires a strict
stereochemical relationship among the two groups to be
eliminated (H+ and NO3

-). As shown in Scheme 6, only the
cis and trans form of the 1-hydroxy-1-nitrato-2-nitro-3,5-
cyclohexadienes (16) may undergo a concerted elimination

FIGURE 2. Potential energy surfaces.
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of nitric acid in a E2-type elimination reaction, and this will
give selectively 2. The conclusion is that the initial CTC
formation, its collapse to 11, and the subsequent addition
of NO2 are equilibrium reactions Hence, the irreversible loss
of nitric acid will drive the reaction toward 2. In conclusion,
the selective formation of 2 is suggested to derive from either
the concerted keto-enol tautomerism in the reaction of a
phenoxy radical with NO2 or in the concerted elimination of
nitric acid from a 1,2-dihydrobenzene intermediate.

In the experiments where some ozone was present when
1 was introduced in the reaction chamber (reactions 4-9),
both nitrophenols were formed. We do not see any evident
reason for this behavior. A hypothetical explanation could
be that ozone assists in the abstraction of a hydrogen atom
or a proton from the 4-position in the intermediate 10 and
thus facilitates the formation of the nitrophenols. Alterna-
tively, if the ADD mechanism is occurring, ozone could inhibit
the concerted recombination of the two fragments in the

CTC (Scheme 3). Another possibility is that, for some reason,
under the conditions of the experiments where ozone is
present, less 4-nitrophenol is adsorbed on particles and thus
the compound can be observed in the gas phase.

Atmospheric Implications
The reaction of NO3 radicals with phenol and cresols are fast
(0.4-1.4 × 10-11 cm3 molecule-1 s-1) and thus a potentially
important atmospheric sink for these at nighttime and a
potentially relevant source of the corresponding nitroderiva-
tives. A high yield of nitrophenol is found, which does not
show an evident dependence on the NO2 concentration under
the experimental conditions applied. If this insensitivity to
[NOx] will be valid also at typical atmospheric levels, and
thus if equally high yields will be found under ambient
conditions, cannot be determined from the present experi-
mental results but will require further studies (e.g., in large
simulation chambers).

Chamber studies indicate that 2 will be the main nitration
product of the gas-phase reactions of phenol with NO3 and
with OH radicals. This, combined with information about
the selectivity of aqueous-phase nitration reactions with
respect to the formation of isomers, may allow us to draw
conclusions about the origin of nitrophenols in the environ-
ment (e.g., in rainwater) based on the ratio between isomers.
In fact, the ratio 2-nitrophenol/4-nitrophenol of 1.5 has been
found in engine exhaust (22). Moreover, this ratio both in air
and in rain samples has been found to be highly variable (18,
20, 21). The different physicochemical characteristics of these
isomeric nitrophenols may play a role in their atmospheric
behaviors. The influence of ozone on the yield of the
4-nitrophenol isomer is mechanistically interesting but is
not likely to be relevant under atmospheric conditions, where
ozone concentrations are typically 2-3 orders of magnitude
lower than in the laboratory experiments.

TABLE 2. Energy (kcal mol-1) of the Reaction NO3 + Phenol
f Radical Adducts 11-14

SCHEME 4

SCHEME 5

SCHEME 6
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