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Solid layers of interest for the chemistry of polar stratospheric clouds were investigated. Mixtures of

covalent N,O and water in various molar ratios are deposited from vapor phase on a cold 12 K substrate.

By repeatedly recording Fourier transform infrared spectra of the samples during gradual warm up to

200 K over a period of several hours the hydrolysis process can be followed. At each concentration the

process is found to proceed in several distinct steps with sharp temperature thresholds. In samples

containing only small amounts of water the covalent N,O. is first around 110 K converted to an ionic

nitronium nitrate, and only in a subsequent step NO; NOj reacts to nitric acid.

PACS: 78.30.—j

Introduction

Structures, optical spectra, and other properties
of molecules in condensed phases often differ quite
substantially from those in the gas phase. Strongly
polar compounds like HCl or HI, which occur as
covalent compounds in the gas phase, ionize sponta-
neously when dissolved in water. Even though the
autoionizing reaction of water itself, 2H,0 - H30+ +
+ OH™ requires an energy H =933 kJ /mol, every
litre of pure room temperature water contains in
thermal equilibrium some 1017H30+ cations, and
a corresponding number of OH™ anions, which
greatly affect its properties. Some substances,
which are in the gas phase present in a covalent
form, tend to completely ionize in solid or liquid
where the substance itself acts as its own «solvents.
While in the gas phase a covalent form AB is
usually lower in energy, in a condensed phase where
an A" ion can interact with a number of nearby B~
anions, the lattice energy may more than compen-
sate for this deficit, and the ionic A*B™ alternative
becomes energetically preferable. A well known
example of this type is dinitrogen pentoxide, N,Os ,
which occurs in the gas phase in the form of covalent
O,N-O-NO, molecules, but in the solid usually
like an ionic NO;r NOg , nitronium nitrate [1,2].

Nitrogen oxide in the stratosphere

Nitrogen oxides and their condensation are of
considerable importance in the chemistry of strato-
sphere, and contribute in several ways to the ba-
lance of stratospheric ozone [3—8]. The major path
of N,O formation is due to reaction of nitric oxide
with ozone [9,10]:

NO, + 0, -~ NO, + O, ,
NO, + NO,(+M) - N,O.(+M).

Since during the daytime NOj is efficiently pho-
tolyzed by sunlight, the N,Oy concentration reaches
its maximum at night. The dinitrogen pentoxide is
ultimately also photolyzed back to NO, +NO,,
but it acts as a relatively unreactive «reservoir»
reducing, albeit temporarily, the concentration of
the so-called NO,. or «odd nitrogen» species. These,
and in particular NO, , in turn have importance in
reacting with ClO to form the relatively unreactive
chlorine nitrate, CIONO2 , thus removing reactive
chlorine from a catalytic, ozone destroying cycle.

Perhaps somewhat paradoxically for the rarefied
stratosphere, properties of N,O5 and other nitrogen
oxide in solid phase or on solid surfaces may be even
more important for stratospheric chemistry than
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their gas phase reactions [3—8]. When in the course
of the polar winter the temperature of the strato-
sphere drops below about 190 K, a formation of the
so-called polar stratospheric clouds (PSCs) takes
place. These consist of micron-size particles, whose
main components are water and the oxides of nitro-
gen. Heterogeneous processes on their surfaces are
then believed to be responsible for converting rela-
tively unreactive, so-called «reservoir» chlorine
containing compounds, mainly chlorine nitrate and
hydrogen chloride, into more active species, such as
Cl, or NOCI. During polar spring when the tem-
perature rises again, and the PSCs evaporate, chlo-
rine in this more reactive form is returned into the
gas phase, with their photolysis yielding atomic
chlorine. Cl atoms then very efficiently catalyze the
Oy destruction, and are ultimately responsible for
the seasonal ozone depletion and catalytic destruc-
tion, referred to popularly as <ozone hole».

Also the relatively nonvolatile dinitrogen pen-
toxide condenses on the surface of PSCs, and con-
tributes in a variety of ways to the ozone and its
balance. Important is the hydrolysis of N,Os to
form nitric acid, presumably by the reaction cata-
lyzed on a PSC surface [11-13]:

N,O, + H,0 - 2HNO, .

This reaction is in fact believed to be the major
pathway of «denitrification» of the stratosphere,
that is for the loss of NO, species, and thus to
contribute indirectly to an increase in the concent-
rations of active chlorine radicals and to ozone
destruction. The nitric acid concentration also af-
fects the PSC formation itself: the so-called type 11
PSCs, containing nitric oxides and in particular
nitric acid trihydrate (NAT), can form at a higher
temperature than «pure water», type I PSCs. While
the above hydrolytic reaction forming nitric acid
could in principle also occur during gas phase colli-
sions, this is believed to be far too inefficient to
explain the observed chemistry.

This added practical importance of N,Og and of
its condensation and hydrolysis has motivated a
number of recent experimental and theoretical stud-
ies. Thin layers consisting of nitrogen oxides, nitric
acid and water were studied by spectroscopy, and
also their reactions were extensively investigated at
a variety of temperatures. Also theoretical, ab initio
or density functional theory (DFT) studies of
N,O; and its hydrolysis have appeared [14]. In
spite of this extensive attention, numerous open or
controversial problems remain. A considerable dis-
cussion centered on the question of whether the
reactants occur and the reaction products are
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formed in an ionized or in a molecular form. Based
on infrared study it was concluded that N, Oy itself
does not play directly a major role in the heteroge-
neous chemistry, but rather through its hydrolysis
products. The structure and reactivity of nitrogen
oxides is known to be a sensitive function of their
temperature and of the dynamics of their formation.
To gain additional insights, we reinvestigate here
the N,Og hydrolysis using Fourier transform infra-
red (FTIR) spectroscopy.

Even though in solid the ionic NOJ NOj form is
lower in energy, if a gaseous dinitrogen pentoxide is
condensed on a very cold surface, a solid consisting
of discrete, covalent N,O4 molecules is formed,
whose infrared or Raman spectra are very similar to
the gas phase spectrum. When the energy needed to
overcome the activation barrier is supplied, either
by optical irradiation, or by heating the sample, it
is converted into the ionic form. As is well known,
annealing such samples above about 120 K, results
in an abrupt and complete change in the structure
of the solid, and naturally also in its infrared or
Raman spectrum. In the present work we take
advantage of the ability of a modern FTIR instru-
ment to rapidly acquire and store digitally infrared
spectra. We prepare by deposition from the gas
phase solid mixtures of water and covalent N,O5 at
about 12 K. Then we slowly allow the samples to
warm up over several hours, and take repetitively
infrared spectra every few minutes. The spectra
then provide information about structural changes,
phase transitions or chemical reactions taking place
in the solid. The interpretation of the results is
naturally greatly assisted by the availability of
numerous previous studies of the spectroscopy of
nitrogen oxides, nitric acid, and of its hydrates.

Experimental

The N,Os prepared in a standard way by the
reaction of commercial nitric oxide (or N,O,) with
ozone was purified by vacuum distillation and by
several pump-freeze-thaw cycles. The oxide stored
in pyrex containers at liquid nitrogen temperature
was then deposited via a corrosion resistant needle
valve onto a metal substrate cooled to [112 K by a
closed cycle refrigerator. Simultaneously with
N,O5 water was deposited from a separate inlet, to
yield a solid mixture in a desired molar ratio of
H,O : N,O; . Infrared spectra were recorded on a
Bruker 1FS 120 HR Fourier transform spectrometer.
The 100-300 spectra acquired during over 4—6 h
during the slow sample warm-up could then be used
and displayed in a variety of ways. Initial spectra,
final spectra, or intermediate spectra at any time
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during the warm-up could be plotted. Alterna-
tively, by plotting the absorption at a selected
wavelength, the decay of a reacting compound or
the appearance a products as a function of time and
temperature could be displayed. Finally one could
produce a <«three-dimensional» diagram with the
abscissa indicating the wavenumber, the ordinate
the time — or the temperature which was rising
approximately linearly with time, and in «color» or
shade of gray the band intensity. In the samples
studied here there was little change in the spectrum
up to about 100 K. To shorten the duration of the
experiments, the sample temperature was first «ra-
pidly», over about ten minutes, raised to 80 K.
After that it was over the course of about 4-6 h
allowed to rise further to about 160-200 K, at
which point the experiment was terminated and the
sample allowed to evaporate.

Results and discussion

Figure 1 exemplifies the results of such an ex-
periment obtained with a sample containing
N,O5 with a relatively low water concentration
(H,O : N,Og molar ratio 0.25:1) deposited at a
temperature of [112 K. The initial spectrum in the
bottom trace of Fig. 1 shows the known bands of
the covalent N,O5, e.g., near 1740, 1240 and
756 cm™, most of which are only slightly shifted
with respect to the gas phase. The presence of water
is evidenced by the broad band centered near
3350 em™!.

As the sample is warmed up, the spectrum in-
itially remains unchanged until about 110 K is
reached. Here over a temperature range of less than
10 K the covalent N,Og bands nearly completely
disappear, and are replaced by absorptions of the
ionic solid, the most characteristic being the asym-
metric stretch of the NO;r , nitronium cation at
2386 cm™!, and the v, vibration of the nitrate anion
near 820 cm™!. A simple program was written which
displays the information obtained from the repeti-
tive spectral scans during the sample warm-up in
the form of a colored two dimensional diagram, in
which the spectral changes occurring in the sample
can be very nicely seen. As an example we present
in Fig. 2 a black and white version of one of these
diagrams. Even though in the shades of gray version
the changes are much less apparent, one can still
follow the disappearance of the covalent solid and
growth of the ionic solid as a function of time.

With some time delay after the conversion to
ionic N,Og is complete, a second, less prominent
change occurs in the spectrum near 140 K, when
bands of nitric acid begin to grow in. While some of
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Fig. 1. Experiment with H,O : N,O, ratio of about 0.25:1. The
initial 10 K infrared spectrum of covalent N,O, in the bottom
trace is in the top trace after gradual annealing over 4 h to
160 K converted to ionic N20+ NO; , with small amounts of ni-
tric acid, HNO, .

these are partially overlapped, the HNO; absorp-
tions are easily identified near 775 and 945 cm™!.
Another strong HNO4 band, nearly coincident with
an N,Og absorption occurs around 1680 cem™!. The
final spectrum resulting from annealing of the sam-
ple to 160 K can be seen in the top trace of Fig. 1,
where the nitric acid bands can be easily identified.
These observations provide clear evidence that
under the conditions of our experiments, the neutral
dinitrogen pentoxide does not react with the water
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Fig. 2. <3 D» diagram, from the same experiment showing the
changes of spectrum during the controlled warm-up. The initial
bands of covalent N,O. disappear after [1120 min (at 110 K),
with concurrent appearance of the ionic nitronium nitrate.
After about 220 min ([]140 K) nitric acid bands appear.
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Fig. 3. Intensity profiles showing the simultaneous growth of
the NZO+ NO; bands within a relatively narrow, 5 K tem-
perature range.

present in the sample. The formation of nitric acid
only takes place with a considerable delay, after a
complete conversion of the nitrogen pentoxide solid
into an ionic form.

A different presentation of these data and of the
conversion of the covalent dinitrogen pentoxide
into the ionic nitronium nitrate is shown in Fig. 3.
Here one can see the simultaneous and abrupt
appearance of the ionic solid absorptions at 820,
1400 and 2386 cm™! after about 115 min during
controlled sample heating. The spectral change oc-
curs within a narrow range around 110 K, and
concurrently one can observe a decrease in the
absorptions due to the covalent pentoxide. Note
that the thin solid line gives the changes in the
sample temperature, as indicated by the right hand
scale.

The formation of nitric acid hydrates which are
particularly important in the formation and chemis-
try of polar stratospheric clouds, and apparently in
the ozone balance, can be studied by increasing the
proportion of water in the deposited H,O : N,Oq
samples [15—18]. Interesting are the intermediate
concentration samples with an H,O : N,Oq ratio of
about 3:1, stoichiometry which should lead to nitric
acid monohydrate (NAM):

P
N,O, +3H,0 - 2HNO,[H,0 - 2H,0" NO; .

Such a sample when deposited at 12 K shows
again a superposition of the spectrum of covalent
N,O5 with in this case a much more prominent
water band near 3360 cm™!, as shown in the Fig. 4.
Interestingly, a minor amount of the ionic form
seems to be present, perhaps small «clusters» whose
conversion during deposition is «catalyzed» by the
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Fig. 4. Experiment with H,O : N,O, ratio of 3:1, correspon-
ding to nitric acid monohydrate (NAM). The initial, bottom

spectrum shows mainly covalent N,O., and a very strong,

5 il
broad water band near 3360 ¢cm™. The middle spectrum after
330 min exhibits maximum HNOj; concentration. The top spec-

trum after 400 min is mainly that of the NAM.

water rich surface. During the warm-up little hap-
pens until about 130 K is reached, when major
changes in the spectrum begin to take place. In the
first step the bands of the covalent N,O; start to
disappear, with simultaneous appearance of the ab-
sorptions of nitric acid. The concentration of
HNO; which can be followed by monitoring its
absorptions near 775 and 945 cm™ reaches a maxi-
mum near 145 K when it starts to disappear again.
Before the final temperature of 180 K is reached,
the nitric acid is completely replaced by NAM. This
is best identified by the H;O" absorptions near
1670, 2250 and 2650 cm™!, and nitrate anion bands
near 735, 812 and 1260 cm™!. The absorptions of
NAM then remain until the sample is lost.

A considerably different behavior can be found
in samples containing still larger relative concentra-
tions of water, where one can naturally observe a
higher degree of nitric acid hydration. As in the less
concentrated samples, the reaction again proceeds
in several distinct steps. Such an experiment is
presented in Fig. 5, where the molar ratio of H,O
to N,O5 was about 8:1, allowing formation of nitric
acid trihydrate:

P
N,O, +7H,0 - 2HNO,3H,0 - 2H.O, NO, .

In this case conversion of N,Os from covalent to
ionic form is hardly observed at all, with the
covalent form persisting up to about 150 K. Appar-
ently under these conditions one effectively has
discrete N,O5 monomers <«isolated» in water glass.
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Fig. 5. H,0 :N,O, ratio of about 8, with enough water to
form nitric acid trihydrate, NAT. The initial, bottom spectrum
contains covalent N,O. , and a strong water band. In the mid-
dle spectrum after about 300 min ([1140 K) the dinitrogen
pentoxide has disappeared, and the observed absorptions agree
with the known spectrum of NAD. After 320 min ([]145 K)
another sharp change takes place and the top spectrum identi-
fied as NAT results as final product.

As the temperature is gradually raised, the changes
start only above 140 K, but unlike in the more
concentrated N,Oy case, neither nitric acid, nor
nitric acid monohydrate is detected. The new bands,
which grow in, can on the basis of previous spectro-
scopic work [15—19] be easily identified as nitric
acid dihydrate (NAD). The most characteristic fea-
ture are two strong bands near 1290 and
1420 cm™!, interpreted previously in terms of the
asymmetric nitrate stretching mode split by the
asymmetric environment. The NAD bands do, how-
ever, not persist long, but are at 155 K abruptly
replaced by the spectrum of the final product, the
nitric acid trihydrate. In NAT the two nitrate
stretching bands collapse to a single strong absorp-
tion at 1390 em™, and two bands appear in the OH
stretching region, a sharper one at 3424 cm™, and a
much broader band near 3205 cm™. The apparently
quite stable trihydrate, NAT, which is believed to
be one of the major components of the polar strato-
spheric clouds then remains unchanged until the
sample is lost.

Similar to Fig. 3, Fig. 6 shows the time depend-
ent change in the product infrared absorption inten-
sities for the 8:1 sample of Fig. 5, as demonstrated
by the 1030 ¢cm™ band, at a temperature near 145 K
the NAD appears but only transiently, only to be
replaced by the strong 1100 cm™! band of the final
product, NAT.
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Fig. 6. Time resolved intensity profiles showing the NAD ab-
sorptions growing in after [1280 min, reaching a maximum
after [1305 min ([J145 K) and then abruptly disappear with
concurrent appearance of the NAT.

Summary

In summary, in this manuscript we investigate
the structural changes in solid layers with relevance
to the chemistry of PSCs. We condense the samples
at low temperatures, and record then repeatedly
their infrared spectra as a function of time as the
sample temperature is slowly raised, to gain insight
into processes and structural changes which take
place. We find that the hydrolysis of N,O5 proceeds
in each case in several well defined sequential steps.
Specifically in samples of dinitrogen pentoxide,
there is a distinct transition to an ionic NO3 NO3
form around 120 K. When only small amounts of
water ([J0.2:1) are present, a further reaction to
form nitric acid occurs only with delay, after a
complete conversion into the ionic form. When
enough water is present (> 3:1), the nitric acid
produced in the first step reacts after some delay
further with water to NAM. In samples containing
a large excess of water (> 7:1), almost no conver-
sion of the pentoxide into an ionic form takes place.
The covalent form persists up to about 150 K,
where it directly reacts with H,O first to yield
nitric acid dihydrate, and in a second reaction step
finally to trihydrate.
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