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While N,O3 has been observed previously in the gas phase, in solution and as a solid at low temperatures, it
has not been reported adsorbed on solids at room temperature. However, the adsorbed species has been
postulated as a precursor to HONO in the lower atmosphere. We report here the formati@h atisbrbed

on a porous glass surface at room temperature from the precursors NO angsiN@ transmission FTIR
spectroscopy. The spectrum of the porous glass in the presence of NO anshb\@@ed broad peaks at
approximately 1870 and 1600 ctmattributed to surface adsorbadymN,Oz; (ONNG;). These peaks shifted

by ~30—40 cni? to lower wavenumbers whefiN-labeled NO was used, consistent with absorption bands
previously assigned by other researchers to sigmN,O3 at low temperature. While the peaks assigned to
surface-adsorbecsymN,O; did not decrease significantly on exposure to water vapor, measurable
concentrations of gas-phase HONO were formed. The atmospheric implications are discussed.

Introduction 2 NO, + H,O < HONO + HNO, (3,—-3)

Dinitrogen trioxide (NOs) exists in the gas, aqueous, and ) . )
solid phases, and is commonly observed as a blue solid when(0r an NOs intermediate)’-*®is believed to be a key HONO
NO and NQ are co-condenseédt is formed in an equilibrium ~ Source in the atmosphere. On the other hand, some field studies

reaction between NO and NG®3 reported correlations between atmospheric concentrations of
HONO with not only NQ, relative humidity, and particles in

NO+NO,+M<N,0,+M K,=059atm* (1,-1) air, but also with NG** 31 A potential reason for the dependence
on NO is the formation of bDs as shown in reaction 1, followed

and has been characterized in a number of experimental and?Y the heterogeneous reaction of®§ with water, i.e. overall

theoretical studie%:2° reaction 2. Reaction 2 is known to be too slow in the gas phase
There are two isomeric forms of A5, the asymmetric to be responsible for this correlatidhbut the kinetics are
ONNO; and the symmetric ONON®;812-1417.20-22 and for enhanced in the presence of surfate?® However, while NOs

each of these exist different conforméfdnfrared spectra of ~ has been identified on gold surfaces with or without co-
asymN,0z and symN.Oz have been reported in low-temper-  condensed watéf,#2in low-temperature matrixe8,'215.161821.22
ature matrixe§122122and in liquid xenort3 Most theoretical in liguid xenon!® and in the gas phadé;?4it has not, to our

and experimental studies report tBgnN,Os is less stable than knowledge, been reported on surfaces at room temperature. We

asymN,0; by amounts estimated between 1.4 and 9.4 kcal report here the results of FTIR studies in whick¥ adsorbed
mol-1.7.13.17.2023glland and Maier reported that with an energy O Porous glass (a silica surface) has been identified at room

difference of 1.8+ 0.2 kcal mott, thesymN,Os in gas phase temperature from the reaction of NO and N®he atmospheric
is about 4% of total BD; at 300 K23 If we extrapolate these ~ Implications are discussed.

results to a difference of 9.4 kcal md)'” only 1 x 1075% of
the total NO3; would be present in the symmetric form at room
temperature. Thus, the asymmetric form is the isomer commonly  The apparatus, described in detail elsewR&mmnsists of a

Experimental Section

observed in the gas phase by infrared spectrost8gy. cylindrical borosilicate glass cell mounted in the sampling
N2Oz has been suggested as an intermediate in the formationcompartment of an FTIR spectrometer (Research Series, Matt-
of nitrous acid in the reaction of NO, NGnd water: son). The cell had a path length of 6.7 cm, volume of 79,cm
and geometric surface area estimated to be 240 Amorous
NO + NO, + H,O0 < 2HONO (2,-2) glass plate suspended in the cell could be moved in and out of

the infrared beam. Single beam spectra were recorded with the
In the lower atmosphere, particularly in urban areas, HONO is porous glass either in the path of the infrared beam or withdrawn
a major source of the hydroxyl radical (OH), which initiates from the beam, as well as with and without the gases in the
the oxidation of organics in aff. However, its sources are not  cell. The ratio of the single beam spectrum with the porous glass
well understood, although from laboratory studies, heteroge- and gases in the beam to that without the reactants allows the
neous reactions appear to be important. For example, thesijlica absorptions to be ratioed out, giving the absorbance due
heterogeneous hydrolystsof NO, to gases plus surface-adsorbed species. Similarly, the ratio of
P—, g roud be add < en 949 824 the analogous single beam spectra with and without the gases
7670.0ng:0?2928)"§§£gr116§T]CE(?niai(I)lljojﬁnIgy%@urc?.sesdi.' one: (949) and with the porous glass withdrawn from the infrared beam
f Current address: Institute of Low Temperature Science, Hokkaido Was used to obtain the absorbance of the gases alone. Subtracting
University, N19 W8, Kita-ku, Sapporo 060-0819, Japan. the spectrum of the gas species from that of the combined gas
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plus surface species gives the spectrum due to surface-adsorbed 1.2
species alone. Infrared spectra were recorded with resolution

between 0.5 and 4 cnh and the number of scans was between NO.(g)

1 and 1024, depending on the S/N ratio and time resolution 29

required for experiments. 1.0 — NO(g) + N,O,(ads) 1618
Since porous glass has a strong absorlf@roelow 2000 273

cm~1 where vibrational bands of nitrogen oxides are present, 1876 N,0,(g,ads)

the porous glass plate must be as thin as possible in order to
obtain sufficient intensity of the transmitted infrared beam. A
commercially available (Corning) 2 3 cm porous glass plate
of 1 mm thickness was etched in the center with 7.7(v:v)% HF
solution for 21 min to obtain a plate with an3 cn¥ central
area as thin as 0.1 mm which was investigated by the infrared
beam. The porous glass plate has a surface area o#28.8
m? as determined by the Brunau€Emmett-Teller (BET)
method using nitrogen as an adsorbate (ASAP2000, Micromer- 0.4 —
itics); this large surface area, relative to the geometric area of (c)
the plate of 12 c is due to the numerous small pores in the
glass* However, as discussed in more detail below, the
experimental evidence suggests that not all of this surface area 0.2 b 1677
is available for uptake of gases, perhaps because of water in (®) i
the pores under our experimental conditions, and/or the larger
size of NO3 compared to Mused for the BET measurements. 00
Between experiments, the porous glass was cleaned by ' (@) HNO,(ads)
soaking in water (Barnstead, Nanopure, 18Mm) to remove 3
adsorbed species such as nitrate and nitrite. It was then pumped | | ‘ '
for ~2 h prior to exposure to the gases. In agreement with 2000 1900 1800 1700 1600 1500
previous worki this procedure does not remove water strongly Wavenumber (cm'1)
_bound o the surlface as indicated by a b_road infrared absorptionFigure 1. Infrared spectra of combined gas and adsorbed species after
in the 3400 cm™ region. In most experiments, there was no the introduction of (a) N@N,O, (1.7 x 107 molecule cm?) into the

heating of the surface before reaction, because the intent wageaction cell containing the porous glass followed by NO at concentra-
to study the reactions on a hydrated surface. In one set oftions of (b) 3.0x 10', (c) 6.4 x 10'7, and (d) 9.5x 107 molecule

experiments to elucidate the effects of water vapor on the surfacecm3, respectively.
species, the porous glass was heated at 520 K for several hours
under vacuum and then cooled to room temperature prior to cell alone, a broad band at1677 cnt?, assigned to nitric acid
addition of the gases and water vapor. adsorbed on the porous gl&#$2845was observed. The nitric
Both NO and NQ were measured by FTIR using the bands acid is mainly due to hydrolysis of the N@n the hydrated
centered at 1876 and 1618 chirespectively. Quantification  silica surface€® perhaps with some contribution from small
was carried out using calibrations for these gases under theamounts of impurity HN@in the NQ. The surface-adsorbed
conditions of temperature and pressure used in these experi-HNO; decreases upon the addition of NO, due to the rapid
ments. Gas-phase,8; was quantified using the integrated band reaction of the surface species with NO to form N®In
intensity at 1830 cm'* of (660+ 111) cnt? atnT ! reported by addition, a broad peak can be seen growing under the P branch
Kagann and Mak# It was assumed that the absorbance was of the NO rotational bands.

linear with concentration over the range measured in these  rigyre 2a shows the combined spectrum of gases and surface-

0.8 | 1742

o
o
|

)

Absorbance

experiments. ~adsorbed species in the 1562000 cnt? region for a typical
Nitric oxide (Matheson 99%) was passed through a dry ice/ experiment. Figure 2b is the spectrum of the gas phase only,
acetone bath at 195 K to remove impurities such as b obtained by lifting the porous glass sample out of the infrared

HNOs. Nitrogen dioxide was synthesized by combining NO with  peam. By subtracting from Figure 2b the contributions of NO,
excess oxygen (Oxygen Service Company, 99.993%) and theny o, and NO,, a weak band centered at 1830 ¢ris observed,
was purified by condensing .the mixture at 195 K using a dry o< shown in Figure 2c. This band compares well with the
|ce/ace_tone bath and pumping away the excessNO, WaS  giretch of NO; in the gas phas?24 Using Ky = 0.59 atm?
stored Ina glass b‘%'b covered with a dark cloth to minimize 5 correcting the Ngconcentration for the equilibrium amount
photolysis in room lights. of N,O4, the gas-phase J0; concentration is calculated to be
7 x 10 molecule cm?. This is in reasonable agreement with
a concentration of 5¢< 10 molecule cm? calculated using
A. Evidence for N;O3; Adsorbed on Porous GlassFigure the integrated band intensity reported by Kagann and ¥faki,
1 shows infrared spectra when a set amount of; N@d particularly given the relatively small amounts of®$ and the
increasing amounts of NO were added to the cell with the need to ratio out or subtract the contributions of the porous glass
suspended porous glass plate. These spectra include both thend other gases present in the cell. AnothgdNoeak around
gas phase and species adsorbed on the porous glass. A$650 cnt! was not clearly discernible due to the difficulty in
expected, the gas-phase Nénd NO bands centered at 1618 subtracting the strong NOabsorption. The integrated band
and 1876 cml, respectively, are clearly visible. The band at intensities for gas-phase Nt and NOz?* are similar, (636:
1740 cntlis due to NO4 (both gas phase and adsorbed) which 25) cnm? atnmt and (660+ 111) cnm? atnt %, respectively (both
is in equilibrium with NQ. When NQ was introduced into the  base 10). The much larger gas-phase ;N@frared band

Results and Discussion
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Figure 2. Infrared spectra of (a) gas and surface species after the Figure 3. Infrared bands of surface-adsorbedy with two iso-

introduction of 3.3x 10" molecule cm® of NO2/N,O, and 9.5x 10
molecule cm® of NO into the cell containing the porous glass; (b) gas

topes: N and®N. (a) with (1)**NO (9.7 x 10 molecule cm®) and
NO; (1.6 x 10 molecule cm?®) or (2) **NO (1.1 x 10 molecule

phase under the same conditions as for (a); (c) difference spectrumcm=3) and15NO,(1.7 x 107 molecule cm?d) in the cell; (b) with (1)

obtained by subtraction of NO(g), N@), and NO4(g) bands from

NO (1.1 x 10* molecule cm?®) and **NO; (2.4 x 10" molecule

(b); (d) difference spectrum between (a) and (b), showing only surface- cm=3) or (2) 3NO (1.1 x 10'® molecule cm?3) and*NO, (1.7 x 10Y7
adsorbed species. The total intensities in parts (c) and (d) have beemmolecule cm?) in the reaction cell. The concentrations for Ngiven

multiplied by two for clarity.

compared to that for pO3 (Figure 2) is consistent with its much
higher concentration, & 107 vs (5-7) x 10 molecule cm?
for N2Os.

are total NQ and the NO, in equilibrium with it.

cm! peaks to surface-adsorbed®¢ was obtained usinégPN-
labeled NO and N@ As seen in Figure 3a, both of these peaks
shifted to lower wavenumbers by approximately-2M cnt 2.

Figure 2d shows the spectrum of the surface-adsorbed speciesSimilar shifts have been observed for solibQy at low
obtained by subtracting the gas spectrum in Figure 2b from the temperatures where the 1870 chiband shifted by~32 cn!

combined “gast surface-adsorbed” spectrum in Figure 2a. In
addition to NO4 and HNG; on the surface, two broad peaks at
~1870 and~1600 cnt! were observed. As expected for surface
species, rotational structure is not evident. The peaksl&70
and 1600 cm?! correspond to those reported for soidym-
N,O;3 at low temperatures?-21.2240.4;and hence we assign them
to the nitrosyl NO stretch (1870 cr#) and the nitre-NO stretch
(~1600 cnTl) of asymN,Os; adsorbed on the porous glass.

from the*N to the>N compound, while the second band shifted
to lower wavenumbers by40 cnr1.12.22

In short, both the peak positions and their shifts wHhis
used support the assignment of the peak at 1830'¢mthe
nitrosyl-NO stretching mode adsymN,O3, and that around
1600 cnt? to the nitro-NO stretching mode aymN,03.12:22

B. Dependence of Gas and Surface-Adsorbed 03 on
Gas-Phase NO and N@ Figure 4a shows the concentration

These absorption peaks were observed only when both NO ancbf gas-phase pDs, calculated using the integrated band intensity
NO, were present. No surface absorptions due to NO 05,NO  for thew stretch at 1830 crrt reported by Kagann and MaKi
respectively, were observed when these gases were introduce@s a function of the initial NO concentration at two different

individually into the cell (although as reported in earlier
studies?® N,O, and HNGQ; are formed on the surface from NO
Hence, attribution of these bands to species such asishe
N,O, dimer of NO observed on zeolites' or to NO; strongly
bonded to the surface with the partial loss of an eleéfroan

initial concentrations of N@ As expected from the equilibrium

(eq 1,—1), the gas phase intensity increases linearly with the
NO concentration; the concentrations determined from the
infrared band intensities are consistent within experimental error
with those calculated using the equilibrium constant and the

be ruled out. In contrast to the gas-phase absorption spectruminitial concentrations of NO and NO(The small slope when

the peak due to adsorbed:® on the surface is larger than  NO, was not added and small nonzero intercepts are due to the

that of NG Thus, the amount of }Ds on silica surfaces is  difficulty in obtaining complete subtraction of the strong porous

apparently enhanced compared to that 0N was observed  glass and gas-phase NO absorptions in this region; in addition,

for NO2/N20, on silica surface3? some NQ is formed in the cell when NO is added, due to its
Additional evidence for assignment of the 1870 and 1600 reaction with small amounts of HNQOeft adsorbed on the
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Figure 4. Measured (a) gas-phase concentrations gdi\neasured Figure 5. Measured (a) gas-phase concentrations #J\using the

using the 1830 crrt band, and (b) integrated intensities of the band at 1830 cnT* band, and (b) integrated intensities of the band at 1870 cm
1870 cn1t due to surface-adsorbed®s when increasing amounts of ~ due to surface-adsorbed® when increasing concentrations of MO
NO are added to an initial NAIN,O4 mixture at the initial concentrations ~ N20s are added to either (2.9 or 6.%) 10 molecule cm® NO in the

of NO, shown which have been corrected for the 2NG& N,O, cell. The concentrations of Nhave been corrected for the 2NS&
equilibrium. N20O. equilibrium.
surface’ from previous runs). Figure 4b shows that the intensity 0.6 O
of the peak at 1870 cm assigned to surface-adsorbedQy PREYAN
also increases linearly with NO. (The band at 1600 tmas 0.5 — ;s 7
too weak to provide a meaningful correlation with the gas-phase . 7,7
species). 0.4 — < KX

Figure 5 shows the analogous plots foyQy as a function =) p :Q
of the initial gas-phase Nfzoncentration, which was calculated 0.3 — /s
from the total pressure of N{IN,O, and the equilibrium s Qf
constant for the 2N@< N,O, reaction,Keq = 2.5 x 107%° =z AV
cm? molecule'X.4? While the gas-phased®; varies linearly with < 0.2 L
NO,, the peak intensity at 1870 crhfor the adsorbed species 9/
falls off at higher NQ concentrations. Given that.N, is 0.1 — A
enhanced on the surface relative to the gas ptaseossible Q’
explanation is that pD, competes with PO for the surface 0 _@’A
sites at the higher concentrations, leading to the observed falloff

in the surface MNOs. If this is the case, then the difference ! ! ! ! I 35
between the expected ideal linear behavior shown by the dotted 0.0 0.5 1.0 1.5 2.0x10
lines and the observed peak intensities, represented s,

in Figure 5b, should be proportional to the amount of surface ) o )
N,O4 and hence to gas-phase® or [NO,J2. Figure 6 shows Figure 6.f Thhe’\(flfferenceL(xlNzog)_ shogn :n Flng’e 5 asla functloln of
a plot of this differenceAln.o, as a function of the square of - TS 20 e L) B aet Al ot e e pecvely,
the NG, pressure for the two different concentrations of NO.

The linearity of these plots shows that competition for surface nonlinear dependence of surface-adsorbe®:N\on the gas-
sites between pO, and NOs is indeed responsible for the  phase NQ concentration seen in Figure 5b.

[NOZ]g2 (molecule2 cm”s)
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®) vapor in 650 Torr of Hea represents HONO with the porous glass
suspended in the cell; the cell with the porous glass had been heated
3 to 520 K for several hours prior to introducing the gagesepresent
HONO without the porous glass in the cell. Smaller amounts of HONO
without water vapor generated with only N@in the cell with the porous glass are represented
— by O.
Q 2 y ©
g
E 1 laboratory?® (The apparent increase in the NO and N©due
s to pressure effects on the bands). However, as seen in Figure
2 7b, the 1870 cm! N,Os peak did not change significantly upon
0 the addition of water vapor.
The formation of gas-phase HONO was followed with time
1 . under the experimental conditions similar to the ones shown in
wltgsmtga_}_er va?c:_'r Figure 7. Despite the lack of change in surface-adsorb€,N
in orrot He gas-phase HONO was formed (Figure 8). However, the amount
24— T T I T T T T of HONO formed without the porous glass plate in the cell was
1920 1880 1840 1800 about twice that when the porous glass plate was present. This
4 initially puzzling result may be due to the fact that the effective
Wavenumber (cm ) surface area for the reaction on the porous glass plate is much

Figure 7. Infrared spectra of (a) the gas-phase plus surface-adsorbedcloser to its geometric surface area than to the measured BET
species before adding water (dashed line) and after adding water vaporsurface area. In that case, most of the heterogeneous chemistry
and (b) spectrum of surface-adsorbeibefore and after the addition s actually occurring on the walls of the reaction cell, rather

of water vapor. The initial concentration of NO was 3A.0'” molecule than on the porous glass plate. Following the surface species

cm2 and NQ was 2.5 x 10 molecule cm?®. The water vapor . .
concentration added to the cell in 650 Torr of He was &.6.0'7 on the porous glass plate using FTIR provides a means of

molecule cm3. The cell with the porous glass had been heated to 520 directly following the chemistry occurring on all of the cell
K for several hours prior to introducing the gases. surfaces. The smaller amount of HONO formed in the presence

of the porous glass may be due to two factors: (1) a
C. Effects of Added Water Vapor. Reaction 2 may involve  heterogeneous loss of HONO by reaction with HN@ the
adsorbed KOs as an intermediate which then reacts with water porous glass plate suggested by studies of the reaction of
on the surface. pDz is the anhydride of HONO, and is known surface-adsorbed HNQwith NO in this systent®> and/or (2)

to react in aqueous solution with,& to form HONO?®° efficient uptake of water vapor by the porous glass so that the
surfaces of the reaction cell are actually drier when it is
N,O; + H,0 < 2HONO (4,-4) suspended in the cell.

The lack of change in the surface-adsorbe®Nvhen water
To test whether surface-adsorbegy reacts with water vapor,  vapor is added may be attributed to one or more factors. One
the porous glass was first heated to 520 K for several hours possibility is that the amount of JDs lost from the surface by
under vacuum; this decreased the peak height due to water atydrolysis is too small to be observed. We estimate that the
3400 cnt! by a factor of approximately 23. N,Oz; was loss would have to be 20% in order to be readily observed in
generated on the surface in the usual manner and water vapothese experiments. Another possibility is that the symmetrical
was then added to the cell. The dashed line in Figure 7a showsform of N,Os, i.e., ONONO, reacts more rapidly with water
the initial spectrum of the gas and surface species. The solidthan the asymmetrical form, ONNOto form HONO. This is
line shows the spectrum after water vapor in 650 Torr He was reasonable since the reaction afHwith symN,O3; presumably
added to the cell. The XD, peak decreased and that of adsorbed occurs with a more-favored six-membered transition state
HNO; increased, as expected from previous studies in this compared to a five-membered transition statedsymN,Os.
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