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We present novel measurements of the refractive index, density and integrated band strengths of mid-
infrared features of solid N2O at 16 K and of NO2 and N2O4 in two frozen NO2:N2O4 mixtures deposited at
16 and 60 K. The refractive index and density measurements were performed also for frozen O2 deposited
at 16 K. In this case, the integrated band strength values could not be determined since O2 is a homonuclear
itrous oxide
itrogen dioxide
initrogen tetroxide

nfrared spectroscopy
nterstellar ices
and strengths

molecule and therefore its fundamental mode is not infrared active. The solid samples were analysed by
infrared spectroscopy in the 8000÷800 cm−1 range. The sample thickness was measured by the interfer-
ence curve obtained using a He–Ne laser operating at 543 nm. The refractive index at this laser wavelength
was obtained, by numerical methods, from the measured amplitude of the interference curve. The den-
sity values were obtained using the Lorentz–Lorenz relation. Integrated band strength values were then
obtained by a linear fit of the integrated band intensities plotted versus column density values. The
astrophysical relevance of these novel measurements is briefly discussed.
. Introduction

N–O containing molecules, such as NO, HNO, N2O, have been
etected in the gas phase both in low-mass and high-mass star-
orming regions [1–5] though the role of nitrogen chemistry in
nterstellar chemistry remains largely not understood. Since astro-
omical observations indicate that in dense molecular interstellar
egions gas phase species freeze out on dust grains and form “icy”
rain mantles [6–8], it is likely that some of these species exist even
n the condensed phase. Furthermore, dust grains present in these
nvironments suffer from the effects of cosmic ion irradiation and
V photolysis [9–11]. Solar System observations have shown that

he surface of the outer planets and satellites as well as comets and
steroids are rich of several simple molecules such as CO, N2, CH4,
2O in solid form (e.g., [12] and [13]). These bodies are continuously

rradiated by solar energetic ions and galactic cosmic rays [14].
Laboratory experiments have shown that N–O bearing
olecules are easily formed after ion and UV irradiation of
- and N- bearing frozen gas mixtures such as CO:N2 mixtures

n the solid form ([15], Palumbo et al., in preparation). Thus it is
easonable to expect that N–O bearing species are present in the
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solid phase both on the surface of external bodies in the Solar
System (such as Pluto and Triton) and within interstellar “icy”
mantles even if these have not yet been detected.

However, in order to estimate the abundance of such species
both in astronomical spectra and laboratory spectra integrated
band strengths (often referred to as A values) are required and, to
date, experimental measurements of A values for the solid phase of
N2O and NO2 are missing.

Oxygen is the most abundant element in the Universe after
hydrogen and helium and therefore it is expected to be present in
the solid phase in “icy” grain mantles and an upper limit for its abun-
dance has been estimated [16]. Observations in the 0.24÷5.2 �m
spectral range indicate the presence of frozen molecular oxygen
on the surface of Solar System objects such as the Jovian moon
Ganimede [17].

Nitrogen dioxide (NO2) and nitrous oxide (N2O) are also present
in Earth’s atmosphere. These two species occur both in strato-
sphere and troposphere [18–21] and, in particular, N2O is one of the
main greenhouse gas and biomarker species, being released into
the atmosphere mainly by biological sources [22 and references
therein].
In this paper, we present novel measurements of refractive
index, density and integrated band strengths of mid-infrared fea-
tures for solid N2O at 16 K and for NO2 and N2O4 in two frozen
NO2:N2O4 mixtures deposited at 16 and 60 K, respectively. We also
report refractive index and density measurements for frozen O2

http://www.sciencedirect.com/science/journal/13861425
http://www.elsevier.com/locate/saa
mailto:dfu@oact.inaf.it
dx.doi.org/10.1016/j.saa.2008.12.030
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Table 1
Values of density and refractive index measured for solid O2, N2O and NO2 deposited
at 16 K on a Si substrate. For frozen NO2 these quantities are also measured at 60 K.

Molecule Temperature (K) Density (g cm−3) Refractive index

O2 16 1.54 1.322
N2O 16 1.16 1.318
NO2 16 1.17 1.316
NO2 60 1.90 1.548

Table 2
Values of density and refractive index used to calculate, by means of Eq. (1), the L
value of the molecular species considered in this work. The related material phase
and temperature is also reported.

Molecule Phase Temperature (K) Density (g cm−3) Refractive index

F
T

Fig. 1. Schematic view of the experimental apparatus.

eposited at 16 K. In this case, integrated band strength values could
ot be determined since O2 is a homonuclear molecule so its funda-
ental mode is not infrared active. The present measurements will

llow us to calculate the column densities (i.e. the abundance in
olecules/cm2) of these molecules in observed mid-infrared spec-

ra in both the astrophysical and terrestrial environments in which
hey occur.

. Experimental apparatus

The present experiments were performed in the Laboratory
or Experimental Astrophysics in Catania (Italy). The experimen-
al apparatus used to obtain infrared transmission spectra of pure
rozen O2 and N2O (at 16 K) and NO2:N2O4 frozen mixtures (at 16
nd 60 K) of different thicknesses, in the range 8000÷800 cm−1,
s shown schematically in Fig. 1. It is composed of a stainless
teel high-vacuum chamber operating at a pressure P < 10−7 mbar
nterfaced to a FTIR spectrophotometer (Bruker Vertex 70) through

R-transparent windows. Frozen species are accreted by a gas inlet
nto a chosen substrate (in our case Si or KBr) inclined at an angle
f 45◦ with respect to the infrared beam. The substrate is placed
n thermal contact with a closed-cycle helium cryostat whose tem-
erature can be varied in the 10–300 K range (see [23] for further

ig. 2. Comparison between the profile of the �1 (1295 cm−1) and �3 (2239 cm−1) mid-infra
he bands in P polarized spectra show an additional feature due to longitudinal modes.
O2 Solid 20 1.22 1.25 [25]
N2O Solid 20 0.99 1.27 [25]
NO2 Liquid 300 1.45 1.40

details). With this experimental set-up we can monitor the thick-
ness of the film during its accretion on the substrate by looking at
the interference pattern (intensity versus time) given by a He–Ne
laser beam (543 nm) reflected at near normal incidence (2.9◦) by
the vacuum–solid and solid–substrate interfaces. After the reflec-
tion from the substrate, the laser beam is detected by using an
external silicon-diode detector. For each selected thickness, two
spectra are taken, one with the electric vector parallel (P polarized)
and one perpendicular (S polarized) to the plane of incidence. The
polarization is set using a rotatable polarizer placed in the path of
the infrared beam. All the spectra were taken with a resolution of
1 cm−1.

3. Results

3.1. Refractive index and density

To calculate the thickness of the species deposited on the silicon
substrate it is necessary to determine the optical properties of the
frozen film. The refractive index of the condensed film is the key

parameter if we are to measure its density and thickness. In general
the interference curve versus thickness is an oscillating function
and for absorbing materials, the laser light transmitted into the
film and reflected back by the interface film–substrate is attenu-
ated in the film. The amplitude of the oscillation in the interference

red features of frozen N2O deposited on a Si substrate at 16 K in P and S polarization.
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urve exponentially decays with the thickness, and the reflectance
pproaches its bulk value at a large thickness. Anyway, in molecular
rozen solids probed by visible light, the absorption is so low that
t can be neglected for a thickness of a few micrometers (as in this

ork).
In particular, the amplitude of the experimental interference

urve depends on the refractive index nf of the species at laser
avelength (543 nm), the refractive index ns of the substrate, the

ncidence angle �i of the laser beam and on the polarization of the
aser light. Hence, being all the other quantities known, nf can be
erived, using numerical methods, from the measured amplitude of
he experimental interference curve (intensity ratio between max-
ma and minima). The refractive index values obtained in this work
re listed in Table 1.

From the derived nf value, we can also estimate the film density
sing the Lorentz–Lorenz relation. In particular, for a given species
he Lorentz–Lorenz coefficient, L, is nearly constant for a fixed wave-
ength regardless of the material phase and temperature [24]. This
uantity is related to the density by the Lorentz–Lorenz relation:

� =
n2

f
− 1

n2
f

+ 2
(1)

According to [25], frozen O2 at 20 K has a density
= 1.22 g cm−3 and a refractive index of nf = 1.25. The corre-

ponding Lorentz–Lorenz coefficient is equal to 0.1294 cm3 g−1

t � = 632.8 nm. Although L is a function of wavelength through
he refractive index, we can neglect, for a material transparent
n the visible, the variation of the refractive index between 543
nd 632.8 nm. Hence, to a first approximation, we can assume
hat the L coefficient does not vary between 543 and 632.8 nm. By
ubstituting this L value in Eq. (1) and the value of the refractive
ndex measured by interference, we obtain for our experimental
eposition conditions a density � = 1.54 g cm−3 for frozen O2 at
6 K. Similarly, by using the n and � values for solid N2O measured
y [25] (see Table 2), we obtain a density � = 1.16 g cm−3 for frozen
2O at 16 K. In the case of NO2, we used the density and refractive

ndex available from commercial catalogues for the liquid phase in
rder to derive the Lorentz–Lorenz coefficient. By using this L value
e obtain a density of � = 1.17 g cm−3 and � = 1.90 g cm−3 for frozen
O2 deposited at 16 and 60 K, respectively. The � values found for

he frozen species treated in this work are reported in Table 1.
Once nf has been derived, we can also measure the thickness of

he deposited film by comparing the theoretical interference curve
ith the experimental one. In particular the period of the interfer-

nce curve (distance between two maxima or minima) is given by
he relation:

d = �0

2nf

√
1 − sin2 �i/n2

f

(2)

here �0 is the laser wavelength and �i the incidence angle. Further
etails on the method used to derive the refractive index and the
hickness can be found in [23] and [26]. The absolute accuracy of the
hickness measured in this way is about 5% and it is mainly limited
y the uncertainties in the knowledge of the refractive index of the
i substrate at low temperature and by the error in measuring the
ncidence angle of the laser.
.2. Band strengths

Using the values of thickness d (cm) and density � (g cm−3)
alculated above, we can derive the column density N (molecules
m−2) for a species of molecular weight � (g) using the following
Fig. 3. IR spectra (in three different spectral regions) of frozen N2O deposited at 16 K
on KBr and Si substrate. The y-scale is different for the sake of clarity.

relation:

N = d�

�
(3)
From the infrared spectra, the integrated intensity (area) of a
selected band (in optical depth �(�) scale) is measured for differ-
ent film thicknesses in order to derive the related integrated band
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Table 3
Peak position of the IR bands of solid N2O deposited at 16 K and their assignment
[22,29,30].

Wavenumber (cm−1) Mode

1166 2�2

1295 �1

2239 �3

2469 �1 + 2�2

2581 2�1

2814 �2 + �3
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Table 4
Peak positions and integrated band strengths for the three most intense features of
frozen N2O deposited at 16 K on two different substrates (Si and KBr).

Substrate: Si KBr
Peak position (cm−1) A (cm molecule−1) A (cm molecule−1)

−17 −17

F
f

380 2�2 + �3

509 �1 + �3

trength A (cm molecule−1) value:

=
∫

�(v)dv
N

(4)

It has been shown [23,27,28] that when the band profiles
ecorded using P and S polarization are similar, the transitions are
eak and the features seen in the transmission spectra directly

eflect variation of the absorption coefficient of the solid sample.
hese circumstances have been observed in the frozen NO2:N2O4
ixture at 16 K, in which case the band strengths have been calcu-

ated by using the P polarized spectra since the signal to noise ratio
s higher for this polarization. On the other hand, in the case of the
rozen NO2:N2O4 mixture at 60 K and N2O at 16 K, some absorp-
ion features have different profiles in P and S polarizations. This is
learly seen in Fig. 2, where we show the profile of the two main
eatures of frozen N2O (�1 and �3) deposited on a Si substrate at
6 K (film thickness = 0.213 �m) in both P and S polarization. In this
ase the bands in P polarized spectra show an additional feature
verlapped (in the left hand side) to that present in S polarized
pectra. These additional bands do not correspond to maximum of
he absorption coefficient but to longitudinal modes. For this rea-
on, in the case of the frozen NO2:N2O4 mixture at 60 K and N2O at
6 K we used S polarized spectra in order to derive the integrated
and strengths (e.g., [27]).

Finally we want to point out that column densities and band
trengths were derived after correcting the thickness by a factor√

from the Snell’s low) of 1/ cos �r = 1/ 1 − sin2 �i/n2

f
, where �r is

he refractive angle. This correction takes into account the increased
ath length of the IR beam at an oblique incidence of �i = 45◦. The
orrection factor was derived by assuming a constant value of the

ig. 4. Plot of the band area vs. the column density for the three most intense bands of N
or the corresponding band (see Table 4).
2239 6.55 × 10 5.69 × 10
1295 1.22 × 10−17 1.07 × 10−17

2581 1.63 × 10−18 1.5 × 10−18

refractive index with the wavelength. This approximation neglects
any variations in the refractive index in the infrared spectral region
due to the vibrations and contributions of the electronic transitions
to the dispersion from the visible (543 nm) to the infrared.

A plot of the band area against the column densities (see Sections
3.2.1 and 3.2.2) is used to derive the band strength values for the
main infrared features of frozen N2O held at 16 K and of NO2 and
N2O4 in two frozen NO2:N2O4 mixtures deposited at 16 and 60 K,
respectively. Since O2 is a homonuclear molecule its fundamental
mode is not infrared active and thus no A value has been determined
for this molecule.

3.2.1. N2O
N2O films were prepared using a SIO lecture bottle of N2O.

Fig. 3 shows the IR spectra of two frozen samples deposited
at 16 K respectively on a Si and a KBr substrate. Each spec-
trum is plotted on an optical depth (�) scale using the relation
I = I0·e−� (Beer–Lambert law), where � = ˛·x (˛ = absorption coef-
ficient; x = path length through the material). However it is well
known that this is only an approximation and deviations from this
relationship may be as high as 20–30% and depend on the optical
properties of the substrate.

The bands present in the spectra of Fig. 3 are identified in Table 3,
together with their assignment. The weak band appearing at about
2320 cm−1 is probably due to the presence of a N2 contamination
inside the lecture bottle. Fig. 4 shows the plots of the band area
against the column density. The best-fit of these data is used to
derive the A values for the three most intense bands of N2O, in the
case of the two different substrates used for the deposition. In the
A value computation usually we considered five film thicknesses

(up to 1.047 �m) for each band, except for the region of strong
absorption (see for instance the 2239 cm−1 band) where we used
just the three thinner film thicknesses to keep the feature far from
the saturation level.

2O. The slope of the fit (solid line) gives the value of the integrated band strength A
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Fig. 5. IR spectra (two different spectral regions) of a NO2:N2O4 = 1:1 frozen mixture as deposited at 16 K. The y-scale is different for clarity.
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For pure NO2 Eq. (5) can be written as:

KP =
P2

NO2

PT − PNO2

(6)

where PT = PNO2 + PN2O4

Table 5
Peak position of the IR bands of a frozen NO2: N2O4 = 1: 1 mixture as deposited and
their assignment. When two species compete for the same spectral feature we use
the slash symbol to consider both of them. The slash is also used for the identification
of the vibrational modes and references, respectively.

Wavenumber (cm−1) Mode Molecules References

1262 �11 N2O4 [32–35]
1279 �11 + R* N2O4 [32,33]
1304 �1/�1 NO2/N2O [36]/[22,29,30]
1613 �3 NO2 [32,36]
1720 �7 N2O4 [32,35]
1741 �9 N2O4 [32–35]
1765 �9 + R*/�6 + �11 N2O4 [32,33]/[34]
1860 �4 + �5/�1 N2O4/NO [33]/[25]
2235 �3 N2O [22,29,30]
Fig. 6. IR spectra (same spectral regions of Fig. 5) of a NO2:N2O4 = 1

Table 4 reports the integrated band strength values so esti-
ated. We note that differences due to the substrate in the

btained A values range between 15% and 25%. These differences
an be explained by the limits of applicability of the Beer–Lambert
aw.

.2.2. NO2:N2O4 mixtures
NO2:N2O4 mixtures were prepared using an Aldrich lecture bot-

le of NO2 stated to be of ≥99.5% purity. Before to reach the vacuum
hamber (P < 10−7 mbar) the gas is admitted in a pre-chamber, kept
t room temperature, at a given pressure. We must point out that
O2 monomer is in equilibrium with its own N2O4 dimer so dimers
re always present with NO2. Therefore, to know what mixture
O2:N2O4 we are depositing on the substrate, we need to deter-
ine the relative concentration of these two species within our

xperimental set up.
For the association–dissociation reaction 2NO2 ↔ N2O4 the

quilibrium constant in terms of the partial pressure corresponding

o each species is [31]:

P =
P2

NO2

PNO4

(5)
en mixture as deposited at 60 K. The y-scale is different for clarity.
2328 �1 N2 [37]
2346 �3 CO2 [38]
2599 �1 + �11/2�1 N2O4/N2O [33]/[22,29,30]
2638 2�7 + �11 N2O4 [33]

* R = torsional lattice vibrations.
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ig. 7. Plot of the band area vs. the column density for the NO2 band at 1613 cm−1 a
ntegrated band strength A for the corresponding band (see Table 6).

Since the value of the KP constant is 104 mbar at 294 K [31] and
he total pressure in the pre-chamber is 100 mbar, by means of Eq.
6) we can calculate the partial pressure of NO2 and N2O4 in the
as phase under the given conditions. The values of partial pres-
ure calculated in this way give a mixture NO2:N2O4 = 1:1 and we
ssume the same relative concentration of NO2 and N2O4 even for
he deposited solid phase. In this work we performed experiments
t two different deposition temperatures: 16 and 60 K. Figs. 5 and 6
how the IR spectra of two NO2:N2O4 = 1:1 mixtures deposited
espectively at 16 K and at 60 K on a Si substrate, again in an optical
epth scale.

For the correct interpretation of Figs. 5 and 6, we should keep
n mind that N2O4 is a molecule that presents both stable and

etastable molecular configurations. The presence, shape and peak
osition of the bands associated with the N2O4 metastable struc-
ures are strongly related to the deposition rate and substrate
emperature [32]. From these figures it is also evident that the
rofile of the main absorption bands for both NO2 monomer and
table N2O4 dimer (for their identification see Table 5 and refer-
nces therein) depends on the structure of the species constituting
he frozen mixture, on their mobility and the relative amounts of
ach species. Moreover, in these spectra we can see the presence
f additional bands which are attributed to N2O, NO, N2 and CO2.
e think that these species are contaminants present in the lecture

ottle, since these are not observed in the spectra of other samples,
uch as the N2O spectra shown in Fig. 3.

Fig. 7 shows the plots of the band area against the column den-
ity. The best-fit of these data was used to derive the A values for
he NO2 band at 1613 cm−1 at both 16 and 60 K. For the N2O4 band

t 1740 cm−1 the A value is derived only at 16 K, because in the case
f the frozen mixture at 60 K, to measure the area of this band, we
hould take into account the strong and not quantifiable contribu-
ion (see Fig. 6) from the contiguous band at 1765 cm−1.

able 6
eak positions and integrated band strengths for the two most intense features
espectively of NO2 and N2O4 deposited at 16 and 60 K on a Si substrate.

pecies – Peak position Temperature

16 K 60 K
A (cm molecule−1) A (cm molecule−1)

O2 – 1613 cm−1 6.24 × 10−18 2.53 × 10−18

2O4 – 1741 cm−1 5.05 × 10−18 –
r the N2O4 band at 1740 cm−1. The slope of the fit (solid line) gives the value of the

In the A value computation we considered five increasing film
thicknesses (up to 1.051 �m) for each band. Table 6 reports the
integrated band strength values so estimated.

4. Final remarks

N–O bearing molecules are very important in both astrophysi-
cal and Earth’s atmosphere sciences. However, there are a number
of unsolved question regarding the N–O bearing species found in
the gas phase in astrophysical sources (only NO, HNO and N2O)
and the lack of detection of N–O bearing molecules in the solid
phase in interstellar frozen grain mantles. Another unsolved ques-
tion regards the possibility of detecting these molecules in some
bodies of the outer Solar System such as Pluto and Triton. In fact,
near-infrared observations have already revealed the presence of N2
and CO in the solid phase on their surface so, taking into account the
chemical alterations induced by solar wind ions, solar UV photons
and galactic cosmic rays on their molecular bonds, we can expect
to detect N–O bearing species even in these objects because of ion
and/or UV processing [22].

Conscious of the above mentioned importance of the N–O
bearing molecules, in this paper we have presented novel measure-
ments of the integrated band strengths of mid-infrared features for
solid N2O at 16 K and for NO2 and N2O4 in two frozen NO2:N2O4
mixtures deposited at 16 and 60 K, respectively. The measure-
ments reported will allow us to calculate the abundances of these
molecules from observed mid-infrared spectra in both the astro-
physical and terrestrial environments above mentioned. Moreover,
refractive index and density measurements are given for solid N2O
at 16 K, frozen NO2:N2O4 mixtures deposited at 16 and 60 K and
frozen O2 at 16 K. For the last species the integrated band strength
values have not been determined since O2 is an homonuclear
molecule.
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