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Calculations were performed to determine the structures, energetics, and spectroscopy of the

atmospherically relevant complexes (HNO3)�(NO2), (HNO3)�(N2O4), (NO3
�)�(NO2), and (NO3

�)�
(N2O4). The binding energies indicate that three of the four complexes are quite stable, with the

most stable (NO3
�)�(N2O4) possessing binding energy of almost �14 kcal mol�1. Vibrational

frequencies were calculated for use in detecting the complexes by infrared and Raman

spectroscopy. An ATR-FTIR experiment showed features at 1632 and 1602 cm�1 that are

attributed to NO2 complexed to NO3
� and HNO3, respectively. The electronic states of (HNO3)�

(N2O4) and (NO3
�)�(N2O4) were investigated using an excited state method and it was determined

that both complexes possess one low-lying excited state that is accessible through absorption

of visible radiation. Evidence for the existence of (NO3
�)�(N2O4) was obtained from UV/vis

absorption spectra of N2O4 in concentrated HNO3, which show a band at 320 nm that is blue

shifted by 20 nm relative to what is observed for N2O4 dissolved in organic solvents. Finally,

hydrogen transfer reactions within the (HNO3)�(NO2) and (HNO3)�(N2O4) complexes leading to

the formation of HONO, were investigated. In both systems the calculated potential profiles rule

out a thermal mechanism, but indicate the reaction could take place following the absorption

of visible radiation. We propose that these complexes are potentially important in the thermal

and photochemical production of HONO observed in previous laboratory and field studies.

Introduction

Reactions in and on thin water films on surfaces are of

intrinsic chemical interest because their kinetics and mecha-

nisms may be quite different from those in the bulk aqueous or

gas phase. For example, the hydrolysis of NO2 is very slow in

both phases, yet it is known to occur at a measurable rate in

thin water films on surfaces:1

2NO2 + H2O - HONO + HNO3 (1)

This reaction is potentially important in the lower atmosphere

as a source of gaseous HONO, which has been shown by a

number of studies to be a major photolytic source of the highly

reactive OH free radical in continental regions:1–5

HONO + hn (l o 400 nm) - OH + NO (2)

However, despite the importance of reaction (1), its mechanism is

not well understood. In addition, both field3,4,6–8 and laboratory

studies9–14 suggest that there is also a photochemically driven

source of HONO in that system. While a photoreduction of NO2

involving organics such as phenols or humic acid has been

suggested,12–14 this would not explain the production of HONO

when a glass manifold exposed to HNO3 was irradiated in the

absence of organics.10,15 In addition, organics are not required

for photochemical HONO production in environmental

chambers.9,11,16–19

While many of these studies suggest that HNO3 and/or NO3
�

on surfaces are involved in the photochemistry, neither of these

alone can explain the observations. HNO3 has only a weak

absorption tail in the actinic region above 290 nm that reaches

Earth’s surface,1 and this generates NO2 whose secondary

thermal reactions to generate HONO are relatively slow.

Although it had usually been assumed that HNO3 formed

during the NO2 heterogeneous hydrolysis (reaction (1)) would

dissociate to H+ + NO3
�, laboratory studies20–22 show this is

not entirely the case. In fact, at 50% relative humidity, almost

half of the surface-bound species is in the form of undissociated

HNO3 that is complexed to water or itself.22 Donaldson and

coworkers23 showed that hydrates of HNO3 have electronic

states that are nearly identical to those of isolated HNO3, so that

binding to water does not change the spectroscopy. Nitrate ions

have a n - p* transition that peaks at 310 nm, but this is also

weak and decreases rapidly to negligible values at 340 nm.24,25

In experiments performed in an environmental chamber

(SAPHIR),26 significant HONO production, up to 3 ppb h�1,

continued when a filter that only transmitted light above 370 nm
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was used, suggesting that the chromophore(s) responsible must

absorb beyond 370 nm, and ruling out both HNO3 andNO3
� as

the HONO precursor.

During the heterogeneous hydrolysis reaction (1), NO2 and/or

N2O4 must be taken up on the thin water film and it has

been hypothesized27–29 that a key step in the reaction is the

isomerization of symmetric O2NNO2 to asymmetric ONONO2.

Both NO2 and N2O4 absorb light to 400 nm and beyond.1,30,31

Thus, one possible explanation for the field and laboratory

observations may be the formation of complexes between NO2

and/or N2O4 and HNO3 or NO3
� on surfaces. If the NO2/N2O4

imbued the complexes with their chromophoric properties,

photochemistry may occur that results in HONO formation.

Such complexes may also play a previously unrecognized role in

the thermal reaction (1).

Little is known about the structure, stability or spectroscopy

of these potential complexes. Barnes et al.32 reported the

formation of a complex of NO2 with HNO3 in argon matrices

at a temperature of 5 K, and a similar complex was tentatively

identified in thin water films exposed to gas phase NO2 at

room temperature by Ramazan et al.22 Indirect support for the

involvement of NO2/N2O4 comes from the SAPHIR chamber

experiments in which the photochemical production rate of

HONO could be parameterized by a term involving the

photolysis rate of NO2 in the chamber.16 Li et al.33 recently

reported that electronically excited NO2, generated by absorp-

tion beyond 420 nm, where dissociation to NO + O(3P) does

not occur, reacts with water vapor to generate OH + HONO.

NO2 + hn (l 4 420 nm) - NO2* (3)

NO2* + H2O - OH + HONO (4)

It seems unlikely that this is the source of HONO in the

SAPHIR chamber experiments, as Rohrer et al.26 ruled out

photolysis primarily at l 4 420 nm based on the results of the

cutoff filter experiments. Also, evidence suggests that reactions

(3) and (4) may not be as strong a gas-phase HONO source as

Li et al. proposed.34,35

There are also two earlier reports of enhanced HNO3

photolysis in the presence of NO2 at wavelengths of 366 and

265 nm36,37 under anhydrous conditions, although traces of

water may have been present. The observed loss of HNO3 was

eventually explained as being due to the heterogeneous reac-

tion of NO with HNO3 on the surfaces of the experimental

apparatus.38 However, under the high NO2/N2O4 concentra-

tions in those early experiments, it is possible that complexes

between NO2 and/or N2O4 and HNO3 may have also been

present and played a role in the observed enhancement of

HNO3 photolysis.

We have carried out theoretical and experimental studies of

these complexes to assess their potential contribution to atmos-

pheric heterogeneous chemistry. Specifically, we seek to: (1)

identify the geometric structures and determine the stabilities

of the complexes, (HNO3)�(NO2), (NO3
�)�(NO2), (HNO3)�

(N2O4), and (NO3
�)�(N2O4); (2) calculate their vibrational

frequencies, infrared intensities, and Raman activities, for use

in detecting these complexes in laboratory experiments; (3)

identify whether or not these complexes are chromophores

using an excited state method; (4) examine the possibility that

photochemically driven intramolecular hydrogen atom transfer

reactions within the (HNO3)�(NO2) and (HNO3)�(N2O4) com-

plexes can lead to the formation of HONO; and (5) search for

evidence of the complexes using infrared and UV/vis spectro-

scopy. While the results of the gas-phase calculations may not

extrapolate quantitatively to conditions present on surfaces

under atmospheric conditions, they can serve as a guide to

determine if it is reasonable that such complexes play a role in

atmospheric chemistry.

Methods

Computational details

The following electronic structure methods were used to

determine the potential energies of chemical structures using

the GAMESS suite of programs: (1) spin-restricted open-shell

Hartree–Fock (ROHF)39 (2) Becke-3-parameter exchange,

Lee–Yang–Parr (B3LYP) correlation density functional

theory,40–42 and (3) spin-restricted open-shell Hartree–Fock

with second order Møller–Plesset perturbation (ROMP2).43

These methods were chosen for their ability to handle open-

shell systems.

The GAMESS triple zeta valence basis set augmented with

polarization functions on all atoms (TZP)44 was used to model

all molecular orbitals. This also accurately treated hydrogen

bonding present in a number of the complexes investigated.

The TZP basis set, along with MP2, was used recently by

Miller et al.45 to determine vibrational frequencies for similar

H-bonded systems involving cis-HONO, trans-HONO,

HNO3, (HNO3)�(H2O) and HNO4 that were in reasonable

agreement with those obtained through experiments. Atomic

charges were calculated using the Löwdin scheme in which the

atomic orbitals and molecular orbital coefficients are con-

verted to an orthogonal set generating electron populations

that are less sensitive to basis set type.46

Electronic binding energies, D0, were obtained for the

complexes by taking the electronic potential energy of the

optimized complex and subtracting from it the electronic

potential energies of its subunits in their optimized isolated

states. Zero point vibrational energy (ZPE) corrected binding

energies, De, were obtained through a similar treatment.

Corrections for basis set superposition errors (BSSE) were

not made.

The electronic transitions of (HNO3)�(N2O4), (NO3
�)�

(N2O4), and N2O4 were investigated using configuration inter-

action singles (CIS). All single substitutions of the ground

state ROMP2/TZP spin orbitals by virtual orbitals were

allowed. The wavefunction of the lowest energy excited elec-

tronic state of each chemical species was obtained. Vertical

excitation energies to these states from their corresponding

ground states, and the integrated intensities for these transi-

tions (oscillator strengths) were computed. The lmax absorp-

tion cross-section sA for transitions in the complexes were

estimated from the ratios of the calculated integrated inten-

sities, the absorption frequencies, and the experimental value

of the absorption cross section for N2O4
31 with the assumption

that the line shapes for the transitions in the complexes were

identical to that of isolated N2O4.
47
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The CIS method generally overestimates excitation

energies.48–50 However, the method can be used to estimate

shifts in the vertical excitation frequency of a chromophore

due to changes in its chemical environment due to complexa-

tion and solvation.23,49,51,52 In this study we calculated the

absolute CIS vertical excitation energies of (HNO3)�(N2O4)

and (NO3
�)�(N2O4) and corrected them by subtracting the

difference between the calculated and experimental vertical

excitation frequencies of isolated N2O4.
31,53

Vibrational frequencies, infrared intensities, and Raman

intensities were determined for all ROMP2-derived structures

using the appropriate functions in GAMESS.54–56 Vibrational

frequencies calculated using the harmonic approximation may

deviate from the experimental values. More accurate estimates

of experimental vibrational frequencies of the complexes were

obtained by applying the correction:

ncomplex
exp = ncomplex

calc + Dnsubunit (5)

where ncomplex
exp is the predicted experimental frequency of a

particular mode, ncomplex
calc is the uncorrected computed fre-

quency, and Dnsubunit is the difference (shift) between the

computed and experimental frequency of the subunit taken

from literature.

Infrared spectroscopy of surfaces exposed to HNO3 and NOx

IR spectra were collected using a Thermo Nicolet Avatar 370

Fourier transform infrared spectrometer equipped with an

attenuated total reflection (ATR) probe (Axiom Analytical).

The internal reflection element (IRE) installed at the end of the

probe was either an AMTIR (Ge33As12Se55) or silicon (Si) rod,

0.6 cm dia. � 4 cm long with 451 conical ends. The surface of

the AMTIR rod was coated with a 20 nm thick (measured by

ellipsometry) layer of SiOx using plasma-enhanced chemical

vapor deposition. The probe was cleaned between experiments

by rinsing with water (Millipore, 18.2 MO cm) to remove

adsorbed nitrate species. The spectrometer casing and interior

of the ATR probe were purged with nitrogen to eliminate

spectral interferences from water vapor and CO2 in ambient air.

In a typical experiment, the ATR probe was inserted into a

vacuum-tight borosilicate glass reaction chamber (1.75 L) and

evacuated for 1–2 days atB10�4 Torr. Surfaces in the reaction

chamber were conditioned by repeated exposure to B20 Torr

of NO2–N2O4, followed by evacuation for 1 h at B10�4 Torr.

The IRE was then exposed to anhydrous HNO3 for 1 h before

introducing a mixture of NO2–N2O4 from the attached

vacuum line. Single beam spectra were recorded under vacuum

and then in the presence of mixtures of HNO3, NO2 and N2O4

at 295 � 1 K. Infrared spectra were averages of 1000 scans

recorded at a resolution of 2 cm�1.

NO2 was synthesized from the reaction of NO (Matheson,

99%) with excess oxygen (Oxygen Service Company,

99.993%), followed by trap-to-trap purification. Nitric oxide

was purified by passing it through an acetone–dry ice bath trap

at 195 K before use. Anhydrous HNO3 was obtained from the

vapor above a 1 : 2 v/v solution of HNO3 (70 wt% HNO3,

99.999+%, Sigma-Aldrich) and H2SO4 (495 wt%, Fluka).

Ultraviolet/visible spectroscopy of N2O4 solutions

Solutions of N2O4 in HNO3 were prepared by trapping NO2

(1% w/w) in a Schlenk flask containing concentrated HNO3

under vacuum at 78 K, followed by warming to room tem-

perature. The UV/vis absorption spectra of solutions of

HNO3–N2O4 and N2O4-free concentrated HNO3 were ob-

tained by adding a drop of either solution between two quartz

microscope slides placed into a light path of the spectro-

photometer. The solution of N2O4 in acetonitrile was prepared

by adding tetrabutylammonium nitrate to excess nitrosonium

tetrafluoroborate (NOBF4) dissolved in anhydrous aceto-

nitrile, in a glove bag under an atmosphere of dry N2. Spectra

of this solution were obtained in a quartz cell with a 0.1 mm

pathlength.

All spectra were obtained at room temperature using an

Ocean Optics HR4000 spectrophotometer. NOBF4 (95%),

tetrabutylammonium nitrate (97%), and anhydrous aceto-

nitrile (99.8%) were from Sigma-Aldrich and used without

further purification.

Results and discussion

NOx complexes: structures and stabilities

Minimum energy structures of the binary complexes, (HNO3)�
(NO2), (HNO3)�(N2O4), (NO3

�)�(NO2) and (NO3
�)�(N2O4)

were located using ROHF, ROMP2, and B3LYP. Each method

located one minimum for each complex. The binding energies

for the four binary chemical complexes with and without zero-

point energy (ZPE) corrections are shown in Table 1. Results

indicate that the two complexes containing N2O4 possess sub-

stantially larger binding energies than the two complexes con-

taining NO2. In addition, the two complexes which contain

NO3
� have significantly greater binding energies than the two

complexes that contain HNO3. The structures and the stabilities

for each of the four complexes are discussed below. It should be

noted that the calculations presented here are all for the gas

phase species. The substrate may have some impact on the

calculated energetics of the complexes and the subunits, but this

cannot be taken into account until there are data available on

the nature of the interactions with the surface.

(HNO3)�(NO2)

The ROMP2 optimized minimum energy structure for

(HNO3)�(NO2) is planar and the orientation of the O–H bond

of HNO3 is toward an oxygen atom of NO2 (Fig. 1a). Bond

angle and distance criteria57,58 indicate that a hydrogen bond

exists between O(3)–H� � �O(6). Similar results were obtained

using the ROHF and B3LYP methods. The ZPE-corrected

binding energies for (HNO3)�(NO2) are between �2.4 and

�2.8 kcal mol�1, depending upon the method (Table 1). These

are weak compared to the binding energies reported for

the nitric acid–water complex which are in the range of

7–10 kcal mol�1.23,59,60 Assuming similar entropy changes

upon complex formation, the enthalpy differences result in

the equilibrium constant for complex formation with H2O

being larger than that for complex formation with NO2 by at

least a factor of 102 at 300 K.
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The structure is nearly identical to the B3LYP/6-31G(d,p)

structure for (HNO3)�(NO2) reported by Dimitrova and

Peyerimhoff,61 who reported an MP2/6-311+G** binding

energy for (HNO3)�(NO2) of �4.4 kcal mol�1, without cor-

recting for ZPE.

(HNO3)�(N2O4)

The ROMP2 optimized structure for (HNO3)�(N2O4) is shown

in Fig. 1b. Similar to (HNO3)�(NO2), the O–H bond of HNO3

is oriented towards the two O atoms of N2O4 in the complex

and is involved in hydrogen bonding. The four remaining

atoms of N2O4 tilt away from the HNO3 subunit. The internal

coordinates of HNO3 and N2O4 are not substantially distorted

by complexation. The ROMP2 structure of (HNO3)�(N2O4) is

very similar to the corresponding ROHF and B3LYP struc-

tures, although the N–N bond length in the N2O4 subunit is

approximately 0.20 Å shorter than in the ROMP2 and B3LYP

structures. A similar difference is observed in the N–N bond

length of isolated N2O4 using ROHF versus the other two

methods. We suggest that this may be due to the incorrect

assignment of local molecular orbital energies because of the

absence of correlation in the ROHF Hamiltonian.

Table 1 shows that the calculated binding energies for

(HNO3)�(N2O4) are more than twice as large as corresponding

binding energies for (HNO3)�(NO2). While there is one hydr-

ogen bond in the (HNO3)�(N2O4), the stronger binding energy

relative to (HNO3)�(NO2) arises from the strong dipole-

induced dipole interaction between N2O4 and HNO3 in the

complex. The experimental polarizability of N2O4 is double

that of NO2
62–64 and is more susceptible to charge distortion

near polar molecules like HNO3. The Löwdin charges calcu-

lated here also confirm that N2O4 is polarized by HNO3 in the

complex through a dipole-induced dipole effect.

(NO3
�)�(NO2)

Fig. 1c shows the ROMP2 optimized structure of (NO3
�)�

(NO2). The ROMP2, ROHF and B3LYP structures for this

complex are very similar. In general, nitrogen atoms of NO3
�

and NO2 are separated in the complex by a relatively short

distance, 3.27–3.38 Å, depending upon the method. The NO3
�

subunit remains planar in the complex. The N–O bond lengths

of NO3� remain nearly equivalent to one another in (NO3
�)�

(NO2). The sums of the atomic charges for NO3
� and NO2

in the complex were always near �1.0 and 0.0, respectively,

suggesting that NO3
� remains a closed-shell anion when

complexed to NO2. Table 1 shows the ZPE-corrected binding

energies for (NO3
�)�(NO2) which are larger than those

obtained for (HNO3)�(NO2) by all three methods.

Fig. 1 The ROMP2/TZP optimized structures of (a) (HNO3)�(NO2), (b) (HNO3)�(N2O4), (c) (NO3
�)�(NO2), and (d) (NO3

�)�(N2O4). Löwdin

atomic charges are listed adjacent to the atoms in parentheses.

Table 1 Binding energies of the complexes before (D0) and after (De) the zero-point energy correction

ROHF/TZP ROMP2/TZP B3LYP/TZP

Complex D0/kcal mol�1 De/kcal mol�1 D0/kcal mol�1 De/kcal mol�1 D0/kcal mol�1 De/kcal mol�1

(HNO3)�(NO2) �3.7 �2.8 �3.3 �2.4 �3.3 �2.5
(NO3

�)�(NO2) �4.6 �3.9 �3.9 �3.1 �6.0 �5.5
(HNO3)�(N2O4) �7.8 �7.0 �8.2 �7.3 �6.0 �5.5
(NO3

�)�(N2O4) �14.0 �13.1 �13.1 �12.2 �14.6 �14.0

6022 | Phys. Chem. Chem. Phys., Unassigned, 10, 6019–6032 This journal is �c the Owner Societies Unassigned

Pu
bl

is
he

d 
on

 1
1 

A
ug

us
t 2

00
8.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

C
al

if
or

ni
a 

- 
Ir

vi
ne

 o
n 

06
/0

2/
20

15
 2

3:
58

:4
3.

 
View Article Online

http://dx.doi.org/10.1039/b805330h


(NO3
�)�(N2O4)

The ROMP2-optimized structure of (NO3
�)�(N2O4) is shown in

Fig. 1d. Calculations indicate that the binding of NO3
� to N2O4

is a very exoergic process with computed binding energies that

are about twice as large as those calculated for the next most

stable complex, (HNO3)�(N2O4); Table 1. The strong interaction

is attributed to an ion-induced dipole effect. The large polariz-

ability of N2O4 relative to NO2 makes N2O4 more susceptible to

induction via the electric field of NO3
�, causing the N2O4

subunit to be polarized along the axis of the N–N bond.

Calculated vibrational frequencies of the NOx complexes

Detecting NOx complexes based on their Raman shifts or

infrared absorption bands is complicated due to interferences

between vibrational features of the complexes and the subunits

making up the complexes. Infrared absorption intensities,

Raman activities, vibrational frequencies, and vibrational

frequency shifts due to complexation for the four complexes

were calculated to aid in identifying these complexes in labora-

tory experiments. Emphasis is placed on identifying the vibra-

tional modes of the complexes whose frequencies are shifted

from their corresponding values in the uncomplexed molecules.

The calculated and experimentally determined frequencies of

the uncomplexed molecules are tabulated in the ESIw and will

not be discussed in detail here since a number of high level

modeling studies have been reported for the molecular vibra-

tions of N2O4,
28,65–72 HNO3,

45,64,73–75 and NO2.
76,77

The calculated spectroscopic results for (HNO3)�(NO2) are

given in Table 2. Rows corresponding to modes that may be

identified by infrared and/or Raman spectroscopy are high-

lighted in boldface and italics, respectively. The last six modes

listed for (HNO3)�(NO2) are intermolecular modes whose

atomic motions tend to involve atoms on both subunits.

Modes 1–12 correspond to vibrations that are intramolecular

modes involving atoms on only one subunit.

Mode 1 of (HNO3)�(NO2) corresponds to O–H stretching in

the HNO3 subunit. It has a computed band at 3714 cm�1 that

is shifted �70 cm�1 and is B5 times stronger than the

corresponding band calculated for isolated HNO3. The utility

of this mode in experimental studies will most likely depend

upon the presence of water which has vibrational frequencies

near 3400 cm�1.78 Other potentially useful vibrational modes

include the Raman-active ONO bend in the NO2 subunit

(mode 8) and mode 12 corresponding to HONO torsion in

the HNO3 subunit, which should be detectable with IR

spectroscopy.

Dimitrova79 used several theoretical methods along with

a scaling procedure to calculate predicted experimental fre-

quencies and frequency shifts for (HNO3)�(NO2). The average

percent deviation between our ROMP2/TZP predicted experi-

mental frequencies and those computed by Dimitrova’s best

method (B3LYP/6-31G(d,p)) was 3.6%. For vibrational

modes in which our ROMP2/TZP and Dimitrova’s B3LYP/

6-31G(d,p) calculations both predict non-zero frequency shifts,

the direction of the shift is the same in nine out of ten cases.

Finally, Barnes et al.32 have reported the infrared spectrum

of (HNO3)�(NO2) in an argon matrix. They assigned two

bands to the O–H stretching and HONO torsion vibrations

of HNO3 and one band to the asymmetric stretching mode of

NO2. Our ROMP2/TZP predicted experimental frequencies

for these three modes are in good agreement with the

measured peak frequencies of Barnes, deviating by an average

of only 3.3%. Dimitrova’s B3LYP/6-31G(d,p) predicted

frequencies were also in good agreement with Barnes’

frequencies, deviating by an average of 3.8%.

The vibrational frequencies for (HNO3)�(N2O4) are presented

in Table 3. Mode 6 of (HNO3)�(N2O4) is due to HON bending

in the HNO3 subunit and is a good candidate for identification

Table 2 Vibrational frequencies, infrared intensities, and Raman intensities for (HNO3)�(NO2) obtained using ROMP2/TZP

(HNO3)�(NO2) Frequencies Calculated intensities

Mode Description Calculated/cm�1 Shifta/cm�1 Predicteda experimental/cm�1 Infrared/km mol�1 Raman/Å4 amu�1

1 OH stretch of HNO3 3714 �70 3422 440 49
2 ONO asymmetric stretch of HNO3 1853 �11 1687 190 20
3 ONO asymmetric stretch of NO2 1844 0 1618 400 240
4 HON bend of HNO3 1395 +44 1390 99 7.1

5 ONO asymmetric stretch of NO2 1340 +18 1336 6.1 740
6 ONO asymmetric stretch of HNO3 1319 +5 1317 240 17
7 (H)ON stretch of HNO3 912 +17 920 210 12
8 ONO bend of NO2 802 +29 779 18 720
9 OOON torsion of HNO3 765 +5 773 4.1 0.8
10 ONO bend of HNO3 677 +16 680 130 7.6
11 (H)ONO bend of HNO3 609 +17 615 7.9 4.6
12 HONO torsion of HNO3 599 +140 619 110 1.4

13 Intermolecular 114 N.A. 114 5.0 1.0
14 Intermolecular 98 N.A. 98 0.68 2.5
15 Intermolecular 83 N.A. 83 1.1 1.8
16 Intermolecular 57 N.A. 57 0.81 4.4
17 Intermolecular 27 N.A. 27 0.41 1.6
18 Intermolecular 26 N.A. 26 0.83 1.5

a A scaling procedure was used to obtain more accurate calculated vibrational frequencies for the modes of the complexes. To do this, a frequency

shift for each mode was obtained. The frequency shift is the difference between the computed frequency of the mode in the complex and the

computed frequency of the corresponding mode in the isolated subunit. The shift is then added to the experimental derived frequency of the

corresponding mode (taken from the literature) to generate a predicted experimental frequency for the vibrational mode in the complex.
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using IR, although it may be obscured by the asymmetric NO2

stretch of the NO3
� ion at 1356 cm�1, which tends to be very

broad.80 Mode 1 of (HNO3)�(N2O4), corresponding to the O–H

stretch of the HNO3 subunit, should be detectable by both IR

and Raman spectroscopy at 3427 cm�1, although the presence

of water could preclude its detection. The increased intensity

and red shift clearly indicates hydrogen bonding.58

Vibrational data for (NO3
�)�(NO2) are presented in Table 4.

This complex does not possess unique vibrational modes that

could be used to identify it on surfaces. However, modes 2 and

3 of (NO3
�)�(NO2), which correspond to degenerate asym-

metric stretching in the NO3
� subunit, could be suitable

markers for measuring (NO3
�)�(NO2) in a molecular beam

experiment where peaks are narrower.

Data for (NO3
�)�(N2O4) are presented in Table 5. Mode 15,

which is due to the OOON torsion in the N2O4 subunit, and

the in-phase symmetric stretch in the N2O4 subunit (mode 5),

may be useful to detect (NO3
�)�(N2O4) using IR spectroscopy.

Table 3 Vibrational frequencies, infrared intensities, and Raman intensities for (HNO3)�(N2O4) obtained using ROMP2/TZP

(HNO3)�(N2O4) Frequencies Calculated intensities

Mode Description
Calculated/
cm�1

Shifta/
cm�1

Predicteda experimental/
cm�1

Infrared/
km mol�1

Raman/
Å4 amu�1

1 OH stretch of HNO3 3719 �65 3427 280 83
2 In phase ONO asymmetric stretch of N2O4 1957 +10 1728 280 5.0
3 1801 Out of phase ONO asymmetric stretch

of N2O4

1916 �1 1717 50 34

4 ONO asymmetric stretch of HNO3 1844 �20 1678 350 11
5 In phase ONO asymmetric stretch of N2O4 1409 +4 1387 5.4 12
6 HON bend of HNO3 1401 +50 1396 81 4.6

7 ONO symmetric stretch of HNO3 1322 +8 1320 210 28
8 1801 Out of phase symmetric stretch of N2O4 1274 +4 1265 410 0.67
9 (H)ON stretch of HNO3 921 +26 929 170 8.0
10 In phase ONO bend of N2O4 833 +4 817 1.7 14
11 OOON torsion of HNO3 767 +7 775 2.5 0.12
12 1801 Out of phase ONO bend of N2O4 761 +11 762 280 0.11
13 ONO bend of HNO3 682 +21 685 9.4 5.3
14 NOON torsion of N2O4 642 +5 662 0.050 0.40
15 (H)ONO bend of HNO3 613 +21 619 5.5 4.6
16 HONO torsion of HNO3 508 +49 528 26 0.70

17 In phase ONN bend of N2O4 478 +8 488 0.51 20
18 OOON torsion of N2O4 405 +5 430 9.7 0.2
19 NN stretch of N2O4 266 +9 271 0.021 37
20 OON bend of N2O4 214 +12 277 0.38 1.7
21 Intermolecular 124 N.A. 124 0.15 0.4
22 Intermolecular 121 N.A. 121 3.1 0.9
23 Intermolecular 100 N.A. 100 2.4 2.1
24 ONNO torsion of N2O4 72 �20 62 0.099 0.7
25 Intermolecular 56 N.A. 56 0.069 1.7
26 Intermolecular 41 N.A. 41 0.99 3.7
27 Intermolecular 24 N.A. 24 1.0 6.1

a For explanation of how shift and predicted experimental frequency were calculated see Table 2 footnote.

Table 4 Vibrational frequencies, infrared intensities, and Raman intensities for (NO3)�(NO2) obtained using ROMP2/TZP

(NO3
�)�(NO2) Frequencies Calculated intensities

Mode Description Calculated/cm�1 Shifta/cm�1 Predicteda experimental/cm�1 Infrared/km mol�1 Raman/Å4 amu�1

1 ONO asymmetric stretch of NO2 1855 +11 1629 240 20
2 NO3

� asymmetric stretch of NO3
� 1510 +17 1373 630 12

3 NO3
� asymmetric stretch of NO3

� 1477 �16 1340 570 5.2
4 ONO symmetric stretch of NO2 1335 +13 1331 4.1 1.4
5 NO3

� symmetric stretch of NO3
� 1067 +1 1051 0.43 47

6 OOON torsion of NO3
� 830 �3 828 8.0 0.1

7 ONO bend of NO2 773 +1 751 2.6 1.4
8 ONO bend of NO3

� 728 +2 722 14 5.3
9 ONO bend of NO3

� 728 +2 722 0.65 4.2
10 Intermolecular 159 N.A. 159 6.3 4.5
11 Intermolecular 101 N.A. 101 0.43 7.8
12 Intermolecular 84 N.A. 84 7.7 0.2
13 Intermolecular 68 N.A. 68 1.4 0.1
14 Intermolecular 50 N.A. 50 0.042 3.5
15 Intermolecular 16 N.A. 16 0.19 0.3

a For explanation of how shift and predicted experimental frequency were calculated see Table 2 footnote.
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Electronic spectroscopy of N2O4 complexes

Electronic transitions of (HNO3)�(N2O4), (NO3
�)�(N2O4), and

N2O4 were explored using configuration interaction singles

(CIS) to identify to what extent the complexes absorb visible

radiation. If they absorb visible light strongly then the photo-

activation of these complexes via solar radiation might lead to

chemistry that generates HONO or other volatile nitrogen

oxides on urban surfaces.

When the CIS method was applied to isolated N2O4, the

computed energy difference between the ground and first

excited electronic states of the molecule was computed to be

4.38 eV (283 nm). The experimental gas-phase spectrum of

N2O4 has a strong absorption band centered at 340 nm

(3.65 eV). Therefore, the CIS approach overestimates the

energy for the transition in isolated N2O4 by 0.73 eV.31,53

Based on this we corrected the calculated CIS transition

energies for (HNO3)�(N2O4), (NO3
�)�(N2O4) by 0.73 eV.

That is,

DE(corr) = DE(CIS) � 0.73 eV (6)

where DE(corr) and DE(CIS) are the corrected and uncorrected

vertical excitation energies of the complexes, respectively.

The CIS results for isolated N2O4 indicate that the transition

between the ground and first excited state involves the promotion

of an electron from a s-bonding HOMO to a p-bonding LUMO,

both located along the N–N axis of the molecule, in agreement

with the DFT results Chesnut et al.81 For (HNO3)�(N2O4) and

(NO3
�)�(N2O4), the CIS results indicate that the orbitals involved

in the ground to first excited electronic state transition were very

similar to those in isolated N2O4, supporting the application of

the energy correction described above. The corrected vertical

excitation energy from the ground electronic state to the first

excited electronic state of (HNO3)�(N2O4) is DE(corr) = 3.69 eV,

or 336 nm. The intensity for the transition was nearly three times

as strong as in isolated N2O4 at f = 1.7 � 10�4 [sA(336 nm) =

1.8 � 10�18 cm2, base 10]. The DE(corr) for (NO3
�)�(N2O4) is

3.90 eV (318 nm), with an intensity of f = 9.3 � 10�4 [sA
(318 nm) = 9.9 � 10�18 cm2, base 10], more than an order of

magnitude larger than in isolated N2O4. In both complexes,

excitation involves the promotion of an electron from a s-
bonding orbital to the LUMO p-bonding orbital. In the case of

(NO3
�)�(N2O4), the s orbital, which is not the HOMO, also has

significant density on the NO3
� subunit and therefore excitation

to the p-orbital may destabilize the complex. These results indicate

that (HNO3)�(N2O4) and (NO3
�)�(N2O4) are strong absorbers of

light in the region above the 290 nm actinic cutoff,1 indicating

they may play an important role in initiating photochemistry that

generates HONO or other volatile nitrogen species on surfaces.

H-Atom transfer in (HNO3)�(N2O4)

A potential intramolecular hydrogen atom transfer reaction

within the (HNO3)�(N2O4) complexes to form HONO was

investigated by performing a series of constrained optimiza-

tions at multiple points along a plausible chemical reaction

pathway using ROMP2/TZP, which was less problematic with

regard to orbital convergence than B3LYP/TZP.

The postulated mechanism for H-atom transfer in (HNO3)�
(N2O4) consisted of two steps and leads to the formation of a

(HONO)�(N2O5) complex (Fig. 2). Step 1 consists of moving

the H-atom of HNO3 incrementally from the HNO3 subunit

Table 5 Vibrational frequencies, infrared intensities, and Raman intensities for (NO3
�)�(N2O4) obtained using ROMP2/TZP

(NO3
�)�(N2O4) Frequencies Calculated intensities

Mode Description
Calculated/
cm�1

Shift/
cm�1

Predicted experimental/
cm�1

Infrared/km
mol�1

Raman/Å4

amu�1

1 In phase ONO asymmetric stretch of N2O4 1962 +15 1776 260 3.1
2 1801 out of phase ONO asymmetric stretch of

N2O4

1906 �11 1707 78 17

3 Asymmetric stretch of NO3
�

1536 +43 1399 590 4.3

4 Asymmetric stretch of NO3
� 1462 �31 1325 630 4.2

5 In phase ONO symmetric stretch of N2O4 1408 +3 1389 35 13

6 1801 out of phase symmetric stretch of N2O4 1280 +10 1271 300 1.5
7 Symmetric stretch of NO3

� 1072 +6 1072a 3.7 11
8 In phase ONO bend of N2O4 836 +7 820 3.0 25
9 OOON torsion of NO3

� 828 �1 828a 8.3 0.32
10 1801 out of phase ONO bend of N2O4 763 +13 764 200 1.1
11 ONO bend of NO3

� 731 +5 731a 3.4 16
12 ONO bend of NO3

� 728 +2 728a 4.2 33
13 NOON torsion of N2O4 637 0 657 0.57 6.7
14 In phase ONN bend of N2O4 496 +26 506 0.13 5.5
15 OOON torsion of N2O4 443 +43 468 31 2.6

16 NN stretch of N2O4 277 +20 282 1.2 26
17 ONN bend of N2O4 227 +25 290 0.0055 0.21
18 Intermolecular 131 N.A. 131 14 0.73

19 ONNO torsion of N2O4 125 +33 115 0.59 0.39
20 Intermolecular 102 N.A. 102 1.1 5.0
21 Intermolecular 84 N.A. 84 1.4 3.4
22 Intermolecular 63 N.A. 63 0.42 9.5
23 Intermolecular 37 N.A. 37 0/011 2.1
24 Intermolecular 14 N.A. 14 0.31 6.7

a For explanation of how shift and predicted experimental frequency were calculated see Table 2 footnote.
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toward O(10) of N2O4 until a HONOmoiety is formed. At this

point the H–O distance in the HONO moiety is 0.98 Å,

identical to the ROMP2/TZP value for isolated trans-HONO.

A constrained optimization was then performed at each

increment by fixing the O(10)� � �H distance R1 and allowing

all other coordinates to optimize. The potential energy of each

partially optimized structure is plotted as a function of R1 in

Fig. 3a, and shows that the energy necessary to move the

H-atom across the interior of the complex to N2O4, forming

trans-HONO, is 41 kcal mol�1.

Step 2 proceeds by gradually decreasing the N(6)� � �O(3)

distance R2 from 2.45 to 1.72 Å, forming an N2O5-like

structure complexed to trans-HONO. A plot of the potential

energy as a function of R2 (Fig. 3b) reveals a maximum of 34.5

kcal mol�1 at R2 = 2.3 Å, with a structure corresponding

(HONO)�(N2O5). As R2 increases the calculated bond order of

the N(6)–N(7) bond decreases until it is less than 0.05 in the

final structure of step 2. The H-atom charges for all structures

depicted in Fig. 2 are between +0.19 and +0.17, suggesting

this reaction is truly a hydrogen atom transfer reaction and

not a proton transfer reaction.

The energy barrier associated with the H-atom transfer within

(HNO3)�(N2O4) to form (HONO)�(N2O5) was computed to be

40.9 kcal mol�1, corresponding to an excitation threshold of

702 nm. This estimate should be considered an upper limit for

the true energy barrier of the reaction. The energy of the product

complex was computed to be 17.4 kcal mol�1 less than that of the

maximum energy structure in Step 2, indicating the reaction is

thermally irreversible; the barrier is too large to be overcome

thermally or through a vibrational overtone excitation of the

HNO3 O–H bond. However, a photochemical mechanism due

to the absorption of solar radiation is possible. The (HONO)�
(N2O5) formed has a moderate ROMP2 ZPE-corrected binding

energy of �4.8 kcal mol�1, indicating that it is weakly stable and

may dissociate to form volatile trans-HONO. It is likely that H2O

present on a surface will compete with N2O5 for the HONO

produced since the binding energy for the (HONO)�(H2O) com-

plex is very similar at �5.3 kcal mol�1.23 The DE for the overall

Fig. 2 Computed pathway for H-atom transfer within (HNO3)�(N2O4) to form (HONO)�(N2O5).
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reaction HNO3+N2O4- trans-HONO+N2O5 was computed

to be 22 kcal mol�1, in fair agreement with the experimental 298K

enthalpy DH of 14 kcal mol�1 calculated using the NIST-JANAF

Thermochemical Tables.82

H-Atom transfer in (HNO3)�(NO2)

H-Atom abstraction within the (HNO3)�(NO2) complex was

treated as a 3-step process (Fig. 4). In Step 1, the O(7) atom

was rotated toward the HNO3 subunit by adjusting the torsion

angle t defined by O(7), N(5), O(6), and O(3) from its

equilibrium value of 1641 to 01. At t = 01 O(7) points directly

towards HNO3 and its partial negative charge is expected to

reduce the energy required to transfer the H-atom. The

potential energy values for the partially optimized structures

(all internal coordinates optimized except for t) are displayed

as a function of t in Fig. 5a and show that the energy required

to rotate O(7) towards HNO3 is only 0.41 kcal mol�1.

In Step 2 the distance R1 between the H-atom of HNO3 and

O(6) of the NO2 subunit was incrementally decreased from 2.07 Å

to the equilibrium O–H bond length of 0.97 Å in the ROMP2/

TZP optimized HONO. A plot of potential energy as a function

ofR1 (Fig. 5b) shows that transfer of the H-atom between the two

subunits of the complex is accompanied by a rise in potential

energy until a maximum is reached at 49.7 kcal mol�1.

In Step 3, the NO3 subunit of the complex was gradually

forced away from the H-atom. The internal coordinate R2,

which is the distance between the H-atom and the N of the

NO3 subunit was incrementally adjusted from 2.09 to 3.05 Å

while R2 and R1 were fixed during the optimizations to prevent

relaxation back to the reactants. The other internal coordinates

were optimized. The potential energy of the system decreased

with increasing R2 as shown in Fig. 5c. A full optimization was

then performed on the R2 = 3.05 Å structure to generate a local

minimum for (HONO)�(NO3) with an energy of 46.2 kcal mol�1.

Interestingly, the charge of the H-atom varies from +0.30 in

(HNO3)�(NO2) to a high of +0.37 in a transitional structure,

and decreases to+0.23 in (HONO)�(NO3); Fig. 4. This indicates

that the reaction can be thought of as part way between a proton

transfer and H-atom transfer reaction.

Two other stable configurations of (HONO)�(NO3) were

located, having energies 42.1 kcal mol�1 and 43.1 kcal mol�1

greater than the combined energy of isolated HNO3 and NO2

(see the ESIw). All three (HONO)�(NO3) complexes are weakly

bound and should dissociate to produce surface HONO and

NO3. The HONO generated may immediately bind to HNO3,

the ROMP2/TZP ZPE-corrected binding energy of (HONO)�
(HNO3) is �3.5 kcal mol�1, only slightly stronger than

(HONO)�(NO3). Therefore, we anticipate that surface water

will displace HONO from the surface-bound (HONO)�
(HNO3) complex leading to volatilization of HONO. Alter-

natively, HONO may form a complex with H2O on surfaces.

The ZPE-corrected binding energy for the (HONO)�(H2O)

complex was reported to be �5.3 kcal mol�1.23

The energy barrier for the H-atom abstraction/proton

transfer within (HNO3)�(NO2) to form (HONO)�(NO3) is

computed to be 52.2 kcal mol�1. This corresponds to visible

light with a wavelength of 548 nm. The potential energy of the

product complex was computed to be just 3.5 kcal mol�1 lower

than the potential energy of the maximum energy structure,

indicating that the reaction is reversible. However, the DE for

the overall reaction HNO3 + NO2 - trans-HONO + NO3

was computed to be 46 kcal mol�1.

While this is significantly greater than the enthalpy of

24 kcal mol�1 calculated from the NIST-JANAF thermochemical

tables,82 it is still likely that HONO can be formed from H-atom

transfer within the (HNO3)�(NO2) complex via photoexcitation.

ATR-FTIR investigation of HNO3–NOx surface

films

A series of ATR-FTIR experiments were carried out to search for

complexes of HNO3 with NO2 or N2O4 on the surface of a SiOx-

coated AMTIR internal reflection element (IRE). Initially the

IRE was exposed to 2.3 Torr of anhydrous HNO3. While this is a

much larger concentration than found in the atmosphere, search-

ing for the very existence of these complexes requires higher

concentrations to obtain detectable signals. Fig. 6a shows bands

due to surface-adsorbed HNO3 at 1671 and 1303 cm�1 assigned

to the ONO-asymmetric stretch (nas) and mixed modes of the

ONO-symmetric stretch (ns) and NOH bend (d), respectively. The
broad feature at 1394 cm�1 is the n3a (antisymmetric NO2 stretch)

of nitrate, present in small quantities on the surface.83 Additional

bands due to O–H stretches of HNO3�(H2O)n (n = 1–3) com-

plexes were also observed in the present study between 2400 and

3200 cm�1 (not shown), similar to what was observed pre-

viously.22 The presence of nitrate and nitric acid–water complexes

Fig. 3 Energetics of the H-atom transfer mechanism in the (HNO3)�
(N2O4) complex depicted in Fig. 2 showing potential energy versus: (a)

R1 for step 1, and (b) R2 for step 2.
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suggests that residual water remains on the surface of the IRE,

despite efforts to remove it under vacuum.

An infrared spectrum of species adsorbed to the surface of

SiOx-coated AMTIR during exposure to 2.3 Torr anhydrous

HNO3 and 58 Torr of NO2–N2O4 is shown in Fig. 6b for the

region 800–1800 cm�1. The spectrum was obtained by taking

the ratio of the single beam spectrum in the presence of a

mixture of HNO3–NO2–N2O4 to that of anhydrous HNO3

shown in Fig. 6a. Absorption bands attributed to HNO3 are

present at 1667 and 1303 cm�1. Strong bands at 1743 and

1256 cm�1 are related to surface-adsorbed N2O4, as confirmed

by comparison to a reference spectrum obtained by exposing a

clean SiOx-AMTIR surface to 84 Torr of NO2–N2O4 (Fig. 6c).

As discussed below, these are assigned to N2O4 complexed to

HNO3 and NO3
�. The reference spectrum of NO2–N2O4 has

weak features in the region 1300–1700 cm�1 that coincide with

peaks shown in Fig. 6b. These arise from the reaction of N2O4

with residual water on the SiOx-coated AMTIR surface to

form nitric acid complexes.

New bands at 1632 and 1602 cm�1 appear in the spectrum

obtained when the IRE is exposed to an HNO3–NO2–N2O4

mixture. These peaks disappeared when the reaction chamber

was evacuated, suggesting that species responsible for these

peaks are not held on the surface by strong interactions. The

band at 1632 cm�1 in Fig. 6b is attributed to the nas(NO2) of

NO2 complexed to NO3
�, in agreement with the ab initio

Fig. 4 Computed pathway for H-atom transfer within (HNO3)�(NO2) to form (HONO)�(NO3).
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calculations that predict a +11 cm�1 shift in this mode relative

to free NO2 (Table 4). The band at 1602 cm�1 is assigned to the

nas(NO2) of nitrogen dioxide in the (HNO3)�(NO2) complex.

This is based on the ROMP2/TZP infrared frequencies that

predict an insignificant shift for the nas(NO2) mode of (HNO3)�
(NO2) relative to free NO2, and the lack of detectable amounts

of NO2 on surfaces in the absence of HNO3. In recent experi-

ments using ATR-FTIR to study the hydrolysis of NO2 on

surfaces, Ramazan et al.22 observed a peak at 1600 cm�1 under

conditions closer to those found in a polluted atmosphere. In

their study of (HNO3)�(NO2) in a frozen argon matrix, Barnes

et al.32 reported a band centered at 1606 cm�1, shifted by just

�5 cm�1 with respect to the nas band of NO2 observed in the

absence of HNO3. Barnes et al.
32 also reported bands at 3441

and 561 cm�1 and attributed them to the O–H stretch and NOH

torsion of the (HNO3)�(NO2) complex. A band at 3441 cm�1

was absent from our spectra of the HNO3–NO2–N2O4 mixture,

but this is not surprising since this is expected to be very broad

under the conditions of the experiment. The NOH torsion lies

outside the spectral range of the IRE and detector used.

We assign the bands at 1743 and 1256 cm�1 to ns(NO2) and

nas(NO2) of N2O4 complexed to HNO3 and NO3
�. The peaks in

Fig. 6b are indistinguishable from N2O4 on the surface in the

absence of added HNO3 or NO3
�. However, calculations predict

shifts of +15 cm�1 at the most for nas(NO2) stretches of N2O4

upon complexation with HNO3 and such differences will not be

easily distinguishable due to the broad peaks in these experiments.

The fact that N2O4 is observed on the surface in Fig. 6b and c and

that enhanced levels of N2O4 have been observed on surfaces

containing nitric acid in other systems20,21,27 suggests that N2O4

forms complexes with HNO3 or NO3
� on surfaces.

This is supported by calculated equilibrium constants for

(HNO3)�(NO2) and (HNO3)�(N2O4), which are 0.007 atm�1 and

0.25 atm�1 at 298 K, respectively. Under the present conditions,

this would correspond to a concentration of (HNO3)�(N2O4) that

is B15 times higher than (HNO3)�(NO2). Although all calcula-

tions here are for the gas-phase rather than for complexes on

surfaces, the trend is consistent with the observations shown in

Fig. 6c where the area of the peak at 1743 cm�1 is approximately

double that of the peak at 1602 cm�1. As seen in Fig. 6c, even

trace amounts of water will lead to HNO3 formation in the

presence of N2O4 and subsequent formation of nitric acid–nitrate

complexes will lead to enhanced uptake of N2O4 on the surface.

We also considered the possibility that N2O4 is complexed to

SiOH on the IRE surface.84 Complexes of HNO3 and N2O4 with

free OH groups on the IRE surface are formed during initial

exposure to N2O4, as indicated by a reduction of free SiOH

stretch at 3650–3800 cm�1. However, the surface quickly satu-

rates and the n(SiO–H) peak intensity remains constant, while

peaks attributed to N2O4 continue to increase in intensity linearly

with NO2/N2O4 concentration due to further complexation to

HNO3 and NO3
�.

UV/visible spectrum of N2O4 in aqueous nitric acid

Fig. 7 shows the UV/vis absorption spectra of N2O4 dissolved

in concentrated HNO3 and in acetonitrile, respectively. For

Fig. 5 Energetics of the H-atom transfer in the (HNO3)�(NO2)

complex depicted in Fig. 4 showing potential energy versus: (a) t for

step 1, (b) R1 for step 2, and (c) R2 for step 3.

Fig. 6 Spectrum of SiOx-coated AMTIR crystal exposed to (a) 2.3

Torr anhydrous HNO3 only; (b) 2.3 Torr anhydrous HNO3 and 46

Torr of NO2–N2O4; (c) 84 Torr of NO2–N2O4 only.
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solutions of N2O4 in HNO3–H2O, a distinct band is observed

centered at 320 nm with a tail that extends out to 340 nm. In the

N2O4–acetonitrile spectrum, there is an absorbance band cen-

tered at 338 nm, similar to what is observed for N2O4 dissolved

in hexane (lmax = 343 nm)85 and methylene chloride (lmax E
340 nm).86 The band center locations in the UV/vis spectra of

N2O4 in acetonitrile, hexane, and methylene chloride are very

similar to the band center location in the spectrum of gaseous

N2O4.
30 This is expected since there is a lack of strong

solute–solvent interactions in these mixtures. The approxi-

mately 20 nm blue shift in the absorbance band of N2O4 in

concentrated nitric acid relative to N2O4 in organic solvents

having minimal solvent–solute interactions is in excellent agree-

ment with the �22 nm shift in the vertical excitation energies of

(NO3
�)�(N2O4) relative to isolated N2O4 derived from CIS

calculations. It was not possible to determine the molar absorp-

tion coefficients for the HNO3–N2O4 solution since the path-

length between the quartz coverslips used to contain the

solutions was indeterminate. Solutions in cuvettes with longer

and defined pathlengths absorbed too strongly at wavelengths

less than 340 nm to resolve the N2O4 absorption band.

Formation of the (NO3
�)�(N2O4) complex in concentrated

HNO3 requires the presence of NO3
�. While undissociated

HNO3 is favored in concentrated solutions of HNO3, spectro-

scopic studies have shown NO3
� is present in such solutions,

due in part to the ionization of N2O4.
87,88 The UV/vis absorp-

tion spectra presented here support the existence of the

(NO3
�)�(N2O4) complex and is consistent with the enhance-

ment of visible light absorption for solutions of N2O4 and

HNO3.

Atmospheric implications

HNO3 and NO3
� are ubiquitous components of urban surface

films,89 resulting from heterogeneous chemistry such as NO2

and N2O5 hydrolysis, and deposition of HNO3 and nitrate-

containing particles.1 HNO3 and NO3
� are considered ‘‘end

products’’ of atmospheric oxidation of gaseous nitrogen

oxides emitted during fossil fuel combustion. Consequently,

NOx will be present near boundary layer surfaces that hold the

acid and the anion, creating conditions favorable for forming

the type of complexes investigated here.

The calculations show that complexes of N2O4 with HNO3

and NO3
� are more stable than those with NO2, and hence

more likely to play a role in heterogeneous chemistry at room

temperature. One argument against a significant role for N2O4

is that the concentrations in equilibrium with atmospherically

relevant concentrations of NO2 are quite small, since the

equilibrium constant90 for the 2NO2 2 N2O4 reaction is only

2.8� 10�19 cm3 molecule�1. For example, at 100 ppb NO2, the

concentration of N2O4 in equilibrium with it is only 0.07 ppt in

the gas phase. However, the gas-phase equilibrium does not

accurately represent condensed phase N2O4 concentrations.

Experimental evidence87,91 suggests that N2O4 is the dominant

species formed in solution, with solution phase equilibrium

constants 3–4 orders of magnitude higher than the gas-phase

equilibrium.92 The stability of the N2O4 complexes with HNO3

and NO3
� predicted here suggests that the surface concentra-

tion of N2O4 may also be larger than expected from the gas

phase equilibrium.21 The amount of the surface-bound dimer

may be limited by the amount of available adsorbed HNO3

and NO3
�. Therefore, one may expect surfaces to hold

increasing amounts of N2O4 in the form of the complexes as

more complexing species are generated in such reactions as (1)

and the hydrolysis of N2O5.

Some of these complexes may play a key role in the thermal

reaction (1). For example, the source of the surface N2O4 could

be a sequential complexation of NO2 to HNO3 to form (HNO3)�
(NO2) and then (HNO3)�(O2NNO2) or (HNO3)�(ONONO2). In

any event, if there is an equilibrium concentration of (HNO3)�
(NO2) complexes on the surface and the rate determining step

for forming (HNO3)�(ONONO2) and then HONO + HNO3 is

uptake of NO2 from the gas phase, the formation of HONO

would be first order in gas phase NO2, consistent with experi-

mental observations.5,27,93–100 It is also possible that the

(HNO3)�(N2O4) will be only short-lived and spontaneously

undergo ionization to NO+NO3
�, followed by protonation to

yield HONO and HNO3. The present studies also show that the

photochemically driven transfer of a hydrogen atom from

HNO3 to NO2 and N2O4 to form HONO are feasible.

The calculations presented here show that N2O4 does indeed

lend its photochemical properties to the complexes with HNO3

and NO3
�. The peak of the transition to the first excited state for

N2O4 alone is centered at 340 nm, but the absorption band is

broad and extends beyond 430 nm.101 This suggests that light

absorption by the (HNO3)�(N2O4) and (NO3
�)�(N2O4) com-

plexes, which are predicted to occur at 336 and 318 nm, respec-

tively, will also extend out into the visible region. The N–N bond

energy of N2O4 is 12.7 kcal mol�1,102 much less than the

excitation energy of the chromophore. Therefore, the adsorption

of a photon by the (HNO3)�(N2O4) complex may result in

fragmentation of N2O4 into electronically excited NO2* and a

ground state NO2, similar to what is observed in the photodisso-

ciation of free N2O4.
103 The electronically excited NO2* generated

during this process may react with water or HNO3 on the surface,

analogous to what was proposed by Li et al. in the gas phase.33

Fig. 7 UV/vis absorption spectra of (a) N2O4 dissolved in a solution

of 70% w/w HNO3–H2O (solid line) and (b) N2O4 dissolved in

anhydrous acetonitrile (spectrum shifted along y-axis for clarity).

The spectrum in N2O4 in HNO3 was obtained by subtracting from

the spectrum of a solution of HNO3–H2O from a spectrum of

HNO3–H2O–N2O4.
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It is intriguing that irradiation of humidified air in the SAPHIR

chamber produced HONO at a rate of 0.391 ppb h�1 with the

370 nm cutoff filter in place and 0.665 ppb h�1 for the experiment

without the filter.26 This is only a factor of 1.7 decrease in the

HONO production rate, and should be much larger if HNO3,

NO3
�, or N2O4 were the precursors. This and the fact that

HONO production could be parameterized based on NO2 photo-

lysis is consistent with surface (HNO3)�(NO2) or (NO3
�)�(NO2)

being the photolytic HONO precursor. In the case of (NO3
�)�

(NO2), electronically excited NO2 would abstract a proton from

water or nitric acid co-adsorbed on the surface. While the

photochemical evidence favors this explanation, the weak gas-

phase binding energy of especially (HNO3)�(NO2) would seem to

preclude it from being the HONO source in the SAPHIR

experiments. Conversely, the complexes (HNO3)�(N2O4) and

(NO3
�)�(N2O4) that have substantial binding energies to hold

NOx to surfaces, absorb light at l o 370 nm and do not explain

the HONO production rates in the cutoff filter experiments.

However, it should be emphasized that the binding energies

calculated here are for gas-phase species and the interactions

between NO2 and HNO3 and NO3 may be very different in

surface films comprised of complex mixtures.

The present calculations did not include water which is

present on all surfaces in the lower atmosphere. Infrared

spectroscopic studies show that at 50% relative humidity during

the NO2 heterogeneous hydrolysis, the major hydrate of HNO3

on the surface is the monohydrate.22 The binding energy of

HNO3 to one water molecule in the gas phase is calculated to be

B8 kcal mol�1,23,104,105 similar to the binding energy of 7 kcal

mol�1 for HNO3 to N2O4 calculated here (Table 1). The role of

water is more complex than simply binding to surface species,

however, since it also assists in the isomerization106 of sym-

metric to asymmetric N2O4 and reacts with the autoionized

NO+NO3
� to form HONO and HNO3 on the surface.

Furthermore, water has been shown to displace HONO

from surfaces into the gas phase in both laboratory and field

studies.107,108 Whether this is a simple competitive adsorption/

desorption process or a chemical reaction with a HONO

precursor is not known. However, if a complex such as

(HNO3)�(N2O4) is a precursor to HONO, the latter may be

initially bound to HNO3 when it is formed on the surface. The

release of HONO upon the addition of water vapor or increase

in the relative humidity may be due to stronger binding of H2O

to HNO3 than of HONO to HNO3, thus causing HONO to be

displaced. We have computed the ROMP2 binding energy of

the (HNO3)�(HONO) complex. The ZPE corrected binding

energy of this complex is �3.5 kcal mol�1 and is small

compared with the binding energy for (HNO3)�(H2O) com-

plex, which is about �7 to �10 kcal mol�1.59,60

In summary, the calculations presented here highlight the

potential importance of HNO3 and NO3
� complexes with

oxides of nitrogen on surfaces. Such complexes may be key

intermediates in the thermal and photochemical production of

HONO in the absence of organic compounds.
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