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Kinetic behaviour investigations and crystal

structure of nitric acid dihydrate

X-ray powder diffraction experiments are performed to prove
the possible crystallization of nitric acid dihydrate
(HNO3-2H,0, further denoted NAD) and to determine the
best thermal conditions for growing a single crystal. It is shown
that the kinetic behaviour of NAD strongly depends on the
preliminary thermal treatment. One good single crystal
obtained by an in situ adapted Bridgman method procedure
enabled determination of the crystal structure. The intensities
of diffracted lines with /& odd are all very weak. The H atom of
nitric acid is delocalized to one water molecule leading to an
association of equimolar nitrate (NO3™) and an HsO," ionic
group. The asymmetric unit contains two such molecules.
These two molecules are related by a pseudo a/2 translation
(witha 0.3 A mean atomic distance difference), except for one
H atom of the water molecules (0.86 A) because of their
different orientations in the two molecules. The two
molecules, linked by very strong hydrogen bonds, are arranged
in layers. Two layers which are linked by weaker hydrogen
bonds are approximately oriented along the c¢ axis. The
structure may be described by translations of this set of two
layers along the ¢ axis without hydrogen bonds leading to a
two-dimensional hydrogen-bond network. The structures of
the monohydrate (NAM) and trihydrate (NAT) are re-
determined for comparisons. These structures may be
described by one- and three-dimensional hydrogen-bond
networks, respectively.

1. Introduction

It is now well established that polar stratospheric clouds
(PSCs) are the support for heterogeneous reactions respon-
sible for the ozone depletion at the poles (Solomon, 1988).
One of the most important classes of PSCs (type I PSCs) is
formed during winter (7" < 200 K) and consists mainly of nitric
acid and water. The study of the composition, physical states
and mechanisms of formation of these clouds is of paramount
importance for a better understanding of the chemistry of
ozone depletion. This requires a more accurate knowledge of
the behaviour of some hydrates, particularly as regards equi-
librium and non-equilibrium phase diagrams and also the
kinetics and crystalline structures of their different solid
phases.

Two hydrates, NAM (nitric acid monohydrate: HNO3-H,O)
and NAT (nitric acid trihydrate: HNO3-3H,0) were first
identified by Pickering (1893) using thermal analysis. The
existence of these defined compounds was confirmed by
Kuster & Kremann (1904) and later by Biltz et al. (1935).

The crystal structures of NAM and NAT were first deter-
mined by Luzzati (19515, 1953). They were re-investigated for
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greater precision, particularly concerning the descriptions of
the hydrogen-bond network.

NAM (Delaplane et al, 1975) crystallizes in an ortho-
rhombic structure with P2;cn space group. The lattice para-
meters were measured at 85 K: a = 5.4647 (1), b = 8.6439 (1),
¢ = 62308 (1) A; and at 225 K: a = 5.4759 (2), b = 8.7242 (2),
c=63275(2) A.

NAT (Taesler et al., 1975) is orthorhombic with space group
P2,2,2,. The cell parameters were measured at 85K: a =
9.4845 (4), b = 14.6836 (9), ¢ = 3.4355 (2) A.

Toon et al. (1986), Hansen & Mauersberger (1988), Tolbert
& Middlebrook (1990) and Arnold (1992) state that crystalline
NAT should be the fundamental constituent of type I PSCs.

Solid NAM was also considered by Fahey et al. (1989) as
another possible constituent. More recently, this view has been
questioned (Toon & Tolbert, 1995) and the formation of nitric
acid dihydrate (NAD) has been suggested (Ritzhaupt &
Devlin, 1991; Worsnop et al., 1993).

Recently, Ji & Petit (1992, 1993) and Mahé (1999) have
reinvestigated, by DSC, the phase diagram in the concentra-
tion and temperature ranges of polar stratospheric cloud
formation. Using the Tamann diagram they proved that NAD
(HNO5-2H,0) may crystallize after particular thermal treat-
ments and that its behaviour strongly depends on the preli-
minary thermal treatment. The equilibrium phase diagram,
measured from preliminary samples previously quenched in
liquid nitrogen, showed that NAD undergoes a non-congruent
reaction: NAD < NAT + liquid at 230 K (Fig. 1). On the
contrary, the non-equilibrium phase diagram measured from
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Phase diagram of HNO3/H,O mixtures [0 < X(HNO3) < 0.6].

samples previously slowly cooled (5K min~') showed the
congruent melting of NAD at 235 K (7, in Fig. 1). Higher
cooling rates (> 10 K min ") led to the crystallization of NAM
and NAT.

Preliminary X-ray powder diffraction studies (Ji et al., 1996)
using a Guinier-Simon camera confirmed the existence of
solid NAD at the composition X(HNO;s) = 0.35, but the
diffraction diagrams were not accurate enough to determine
its crystallographic characteristics.

Our work is devoted to the study of the kinetic behaviour of
NAD using the X-ray powder diffraction technique from
which the best thermal conditions to grow an in situ single
crystal on the automatic four-circle diffractometer will be
deduced. The crystal is of sufficiently good quality for its
structure determination. The structure will be described and
compared to those of nitric acid HNO3z;, NAM and NAT.

2. Experimental

Commercial dilute nitric acid (68 wt %) was purchased from
PROLABO RECTAPUR. The HNO;-2H,0O mixture was
prepared by mass dilution using bidistilled water. The
concentration was controlled by acidimetry.

Thermal treatments were performed using a cryostream
cooler (from Oxford Instruments) which operates from 80 to
373 K with a 0.1 K temperature stability.

2.1. Powder diffraction

The kinetic behaviour of NAD was investigated by X-ray
powder diffraction. Approximately 3 mm® of liquid
HNO;-2H,0 was introduced by capillarity in a Lindemann
cylindrical glass tube (¢ = 0.7 mm). The glass capillary was
further sealed by flame.

The sample rotated continuously around a vertical axis and
was illuminated by a collimated (¢ = 0.8 mm) monochromatic
beam, Cu Ka; (A = 1.54056 A) The diffracted X-ray inten-
sities were measured by means of a curved multidetector
INEL CPS 120 and registered by a multichannel counter. Data
were stored in a personal computer and fitted using Gaussian
functions with asymmetric contributions. Experimental X-ray
diagrams were corrected from scattering by air and container.
Accurate calibration of the diffraction instrument was
performed thanks to pure standards. The cubic material silicon
(a = 5.43082 A; Straumanis & Aka, 1952) and NAF
(Na,CazAlF 4 a=10.2498 A; Courbion & Ferey, 1988) cover
a large angular domain (12 < 26 < 110°). The cubic material
silver behenate (a = 58.376 A; Blanton ef al., 1995) was also
used for calibration at low diffraction angles (0 < 26 < 20°).

2.2. Crystallographic studies on a single crystal

Crystal data and important parameters for the data collec-
tion and structure refinement of NAD are given in Table 1.!
The cell parameters were refined from 25 reflections carefully

! Supplementary data for this paper are available from the IUCr electronic
archives (Reference: GS0002). Services for accessing these data are described
at the back of the journal.
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Table 1

Experimental details.

Crystal data

Chemical formula HNO;-2H,0
Chemical formula weight 99.04
Cell setting, space group Monoclinic, P2, /n
a, b, c(A) 17.509 (3), 7.619 (4), 6.253 (3)
B, 107.5 (3)
V (A% 796 (2)
V4 8
D, (Mg m~3) 1.654
Radiation type Mo Ka
No. of reflections for cell para- 25
meters
0 range (°) 5.5-25
w (mm~1) 0.186
Temperature (K) 200
Crystal form, colour Cylindrical, colourless
Crystal radius (mm) 0.5

Data collection

Diffractometer Philips PW1100
Data collection method w-20 scans
Scan width (°) 1.5

Scan speed (° s7) 0.04

No. of measured, independent and 3665, 1567, 1315

observed parameters

Criterion for observed reflections I>o()

R 0.0417

Omax (©) 26.03

Range of h, k, 1 —21—> h— 20
-9—>k—>9

—3=>1-7

No. and frequency of standard 3 every 60 min

reflections
Intensity decay (%) 1
Refinement
Refinement on F

R[F?>20(F?)], wR(F?), S

No. of reflections and parameters
used in refinement

H-atom treatment

Weighting scheme

0.0324, 0.092, 1.434
1567, 150

Only H-atom U’s refined

w = U[o?(F%) + (0.0375P)*], P
= (F2 +2F)3

(A/0) 0.003

Apmax’ Apmin (C A73) 03, —0.2
Extinction method SHELXL93 (Sheldrick, 1993)
Extinction coefficient 0.040 (4)

Computer programs used: Philips PW1100 Software, SHELXS86 (Sheldrick, 1985),
SHELXL93 (Sheldrick, 1993), ORTEPIII (Burnett & Johnson, 1996).

centred on the diffractometer. The intensities of three stan-
dard reflections were measured every hour. No correction was
applied because of random and weak intensity fluctuations.
Intensities were measured by the w-20 scanning mode. Left
and right backgrounds were measured over half the scan time.
Standard deviations on intensities were deduced from
counting statistics. All the data were corrected for Lorentz—
polarization factors. A secondary extinction correction was
performed. Scattering factors of neutral atoms were approxi-
mated by exponential series from International Tables for
X-ray Crystallography (1974, Vol. 1V) and for H atoms from
Stewart et al. (1965). Attempts to take into account the ioni-
zation of nitrate and oxonium groups led to no significant
improvement in the results.

All calculations were performed on a Unix machine. The
programs used are reported in Table 1. The structure was

solved by direct methods using SHELXS86 (Sheldrick, 1985)
and refined by full-matrix least-squares on F° using
SHELXL93 (Sheldrick, 1993). After anisotropic refinement of
the non-H atoms, all H atoms were located on a difference
Fourier map (p = 0.5¢ A73). They were refined freely with
isotropic displacement parameters in the final refinement
cycles. The final refinement leads to a good reliability R factor
equal to 0.0323. The illustration of the molecular arrangement
was obtained using ORTEPIII (Burnett & Johnson, 1996).

3. Results and discussion

3.1. Powder diffraction studies: kinetic studies of the
crystallization of NAD under different thermal treatments

The crystallization of NAD was observed by Ji & Petit
(1992, 1993) at 210 K (7. in Fig. 1). Our experiments were
performed on a mixture [X(HNO3;) = 0.342] close to the NAD
composition. We discuss here two particular thermal treat-
ments among numerous others.
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Figure 2
X-ray diffraction patterns: (a) calculated for nitric acid monohydrate
(NAM) from Delaplane et al. (1975); (b) experimental for nitric acid
dihydrate (NAD) measured after 30 min at 200 K (experiment 1); (c)
calculated for nitric acid trihydrate (NAT) from Taesler et al. (1975).
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3.1.1. First experiment. The liquid was quenched from 293
to 200 K by quick translation of the capillary in a cold gas flow.
A sudden crystallization was observed. During all the
following thermal treatments, X-ray diffraction patterns were
registered every 30 min.

(i) The compound was first maintained under isothermal
conditions for 200 min.

The X-ray diagram recorded during the first half an hour at
200 K (Fig. 2b and Fig. 3, part B) was compared to the simu-
lated one for NAT (Fig. 2c) and NAM (Fig. 2a) deduced from
the known structures. For greater clarity, all the diffracted
intensities were normalized to unity in Fig. 2. This compound
clearly crystallizes first into another solid, then NAT and (or)
NAM.

Few diffracted lines were observed and the solid crystal was
very transparent. This proves that the liquid crystallized as
large monocrystalline domains with a preferential orientation.
All attempts to determine the cell parameters, by trial-and-
error procedures, failed.

This solid is identified as the stable phase of NAD at low
temperature after structure determination.

After annealing for 1h, some new weak diffracted lines
appear (Fig. 3, part B). They show the crystallization of a
small amount of NAT, which does not increase throughout
the isothermal period. This implies that some nuclei were
formed during this preliminary thermal treatment. For
stoichiometric reasons, the crystallization of a small amount
of NAM may be expected but is not observed throughout
the isothermal period. One interpretation is that a small part
of the starting compound remains as a metastable liquid,
leading to a scattering ring which is too low and therefore
unobservable.

Table 2 .

Selected intramolecular geometric parameters (A, °).

Molecule A Molecule B

NA—-O14 1.286 (2) NB—O1B 1.279 (2)
NA—024 1.222 (2) NB—O2B 1223 (2)
NA—034 1235 (2) NB—O3B 1253 (2)
0O4A—H1A 0.99 (3) O4B—HI1B 0.92 (3)
044 —H24 0.93 (2) 04B—H2B 091 (3)
044 —H3A 0.81 (3) O4B—H3B 0.85 (2)
O5A—H4A 0.88 (3) O5B—H4B 0.99 (3)
05A—H5A 0.83 (3) 05B—H5B 0.78 (2)
O1A—NA—-024 1192 (1) O1B—NB—O2B 119.7 (1)
O1A—NA—034 1174 (1) 01B—NB—O03B 118.0 (1)
02A—NA—-034 123.5 (1) O2B—NB—O03B 1223 (1)
H1A—04A—H2A 111 (2) H1B—0O4B—H2B 111 (2)
H1A—04A—H3A 117 (2) H1B—O04B—H3B 114 (2)
H2A—-04A—H3A 108 (2) H2B—0O4B—H3B 110 (2)
H4A4—05A—H5A 108 (3) H4B—05B—H5B 105 (2)

(ii) The compound is then reheated up to 243K at a
constant 0.07 K min~" rate.

Fig. 3 shows the diffracted diagrams every 1 K from 223 K
(part C) to 229 K (part I). No important significant modifi-
cation was observed up to 223 K.

The diffracted lines of NAD begain to decrease at 223 K.
This was followed by crystallization of NAM at ~224 K (part
D) certainly due to a so-called ‘cold crystallization’ process.
NAD and NAM disappear completely at ~226 K (part F) and
228 K (part H), respectively. A significant increase in the
diffracted intensities of NAT (part E) is simultanecously
observed which begins at 225 K. The melting of NAT is
observed at 252 K. These results agree well with the equili-
brium phase diagram (Ji & Petit, 1992, 1993; Mahé, 1999).

3.1.2. Second experiment.
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Figure 3

X-ray patterns recorded after quenching from 293 K down to 200 K. The two lower diagrams are taken at
200 K after (part A) half an hour and (part B) 1 h, respectively. X-ray patterns are shifted in 26 and in
intensity. Dotted lines show the intensity decrease in the most important diffracted lines of NAD.
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trial-and-error computing programs also fails.

The compound was then heated from 213 K up to 243 K at
0.07 Kmin~". In contrast to the first experiment, no trans-
formation occurs during heating. Only the congruent melting
of NAD is observed at 233 K, in agreement with the phase
diagram (Fig. 1) determined by Ji & Petit (1992, 1993) using
samples previously cooled slowly (5 K min™").

3.1.3. Best thermal conditions for single-crystal growth.
These experiments clearly confirm the possible crystallization
of NAD and that the thermal behaviour of NAD strongly
depends on the preliminary thermal treatment. They also
indicate the best thermal conditions in which to grow a single
crystal.

The same NAD crystalline phase is observed in both
experiments, but some discrepancies are observed in the
magnitude of certain diffracted intensities. Furthermore, the
reflections (hkl) with k non-equal zero are systematically
absent (first experiment) or weak (second experiment, see Fig.
4). This is clearly due to a preferential axial crystallization with
the b axis along the axis of the rotating vertical capillary
parallel to the cold gas flow. This may be favoured by the low-
temperature gradient.
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Figure 4
X-ray diffraction patterns for NAD after a 30 min annealing at 200 and
213 K compared with the calculated one at 200 K.

Table 3 )
Hydrogen-bond geometries (A, °).
. d(). ~.H 01’o
Bond description do...o (A) dy...o (A) Oo_n...0 (°)

Hydrogen bonds linking the two ions (nitrate and oxonium) and the water
molecule in the two molecules A and B

O4A—HIA- - -O1A4' 2550 (2) 155 (3) 172 3)
04B—HIB- - -O1B' 2.606 (2) 1.69 (3) 174 (3)
O4A—H2A- - -O5A' 2559 (2) 1.64 (2) 174 (2)
O4B—H2B- - -O5B' 2460 (2) 155 (3) 176 (2)

Hydrogen bonds linking the two molecules A and B in an independent group

O5A—HA4A- - -O3B_i 2.828 (2) 1.96 (3) 169 (3)
O5B—H4B- - -034" 2.768 (2) 1.79 (3) 168 (3)
Hydrogen bonds linking the independent groups in one layer

No. 1: O4B—H3B---014" 2.628 (2) 1.79 (2) 167 (2)
No. 2: 044A—H3A---01B" 2.604 (2) 1.80 (2) 169 (2)
No. 3: O5B—HS5B- - -:05A4" 2.822 (2) 2.06 (3) 167 (3)
Hydrogen bonds linking the two layers of molecules

No. 4: O5A—H5A---03BY 2.940 (2) 2.14 (3) 162 (2)

Symmetry codes: (i) x,y,z; (i) $+x,3—y.3+z (i) —3+x, —3—y, —i+z (iv)
x,1+y,z(v)3—x, —1+y, —z

The first method is to quench the liquid down to 200 K and
to grow the single crystal at this temperature. The growing of
large monocrystalline domains with a preferential orientation
is certainly a favourable factor. At this temperature the
amount of crystalline NAT is very low and the diffracted
intensities of NAD may be registered at this temperature.

The second method is to quench the liquid at 200 K and to
grow the crystal at 213 K after rapid reheating. This seems to
avoid any other crystallization, but the mono-crystalline
domains are certainly not as large as in the first experiment.

3.2. Single-crystal diffraction studies

3.2.1. Single-crystal growth and behaviour on re-heating.
For single-crystal analysis, liquid nitric acid dihydrate is
introduced by capillarity into a Lindemann tube (¢ = 0.5 mm;
height of liquid: 10 mm). The capillary is sharpened in its
upper part in order to favour the growth of a single crystal
from a little small germ. The single crystal is grown in situ on
the four-circle Philips PW1100 diffractometer using an
adapted Bridgman method.

The liquid is quenched from 293 K down to 200 K as in the
first powder diffraction experiment. It crystallizes rapidly into
a solid which is then partially melted by horizontal displace-
ment of the capillary in a temperature gradient thanks to the
outer de-icing warm stream (285 K) and the inner cold one (at
200 K) of the low-temperature device. A very small crystalline
germ is kept in the sharpened extremity of the capillary. The
liquid part is moved very slowly towards the low-temperature
(200 K) stream. The single-crystal growth from the little germ
is checked by visual observation of the solid-liquid frontier
displacement thanks to a binocular telescope. The quality of
the single crystal is checked by controlling the profile of some
diffracted lines chosen in different ‘regions’ of the reciprocal

Acta Cryst. (2001). B57, 27-35
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Table 4
Geometry of the NO3 group or ion in some selected compounds.
N—01 (A) N—02 (A) N—03 (A) 01—N—03 (°) O1—-N—-02 (°) 02—N—03 (°)
NO; in gaseous 1.22 1.22 1.41 115.0 130.0 115.0
nitric acid (a), (b) 121 1.20 1.41 115.7 130.2 114.1
NOs in solid 1.28 1.19 1.21 117 130 113
nitric acid (c) 121 1.22 1.33 113 138 109
1.20 1.25 1.31 119 140 101
1.26 1.25 1.25 116 134 110
NO;™ in NAM (d) 1.254 1.258 1.257 119.4 120.5 120.1
(HNO;-H,0) (e) 1252 (2) 1251 (2) 1.249 (1) 119.9 (1) 120.0 (1) 120.0 (1)
NO,~ in NAD
(HNO;-2H,0)
Molecule A (e) 1.286 (2) 1222 (2) 1235 (2) 117.4 (1) 1192 (1) 123.5 (1)
Molecule B (e) 1279 (2) 1223 (2) 1253 (2) 118.0 (1) 119.7 (1) 1223 (1)
NO;™ in NAT (f) 1.247 1.265 1.256 121.2 120.3 118.5
(HNO;-3H,0) (e) 1.244 (1) 1252 (1) 1251 (1) 120.7 (1) 120.7 (1) 1185 (1)

(a) Maxwell & Mosley (1940); (b) Cox et al. (1994); (c) Luzzati (1951a); (d) Delaplane et al. (1975); (e) our work; (f) Taesler et al. (1975).

Table 5

Geometry of the oxonium H;0" ion in solid NAM, NAD and NAM after refinement of H coordinates

(from our work).

O—H1 (A) 0O—H2(A) O—H3(A) HI—O—H2(°) HI—O—H3(°) H2—0—H3 (°)

The nitrate NO; ™ ions are planar
but deviate from the expected
ternary symmetry. For the two
molecules A and B, one N—O

bond (NA—O1A and NB—O1B)

NAM 0.93 (3) 0.87 (3) 0.97 (4) 103 (3) 107 (3) 115 (3) R

NAD is significantly longer than the two
Molecule A 0.99 (3) 0.93 (2) 0.81 (3) 111 (2) 117 (2) 108 (2) others because of a strong
Molecule B 0.92 (3) 091 (3) 085 (2) 111 (2) 114 (2) 110 (2) o

NAT 082(3)  086()  08(3)  105(3) 115 (2) 103 (3) hydrogen  bond linking one

lattice and by measuring the diffracted intensities of some
equivalent lines. After some failing unsuccessful attempts, the
crystal is of sufficient quality to permit a data collection.

The crystal is finally slowly reheated. No other crystal-
lization or transformation is observed. Contrary to the first
powder diffraction experiment, the congruent melting of NAD
is observed at approximately 233 K. This is due to the in situ
growth from a liquid which avoids the nucleation of NAT and
NAM during the rapid growth of NAD from a little small germ
by translation in a large temperature gradient.

3.2.2. Molecular structure and crystal packing. Molecular
structure: The asymmetric unit contains two independent
(HsO,"-NO3 ™) molecules named A and B.

The delocalization of the nitric acid hydrogen to one water
molecule leads to the formation of a nitrate ion NO3 ™, an
oxonium ion H;O" and a water molecule linked together by
strong hydrogen bonds.

The characteristics of covalent and hydrogen bonds linking
molecules A and B are given for the two independent mole-
cules in Tables 2 and 3.

Applying the inversion symmetry to molecule B shows that
the two independent molecules are related by a pseudo-
translation a/2, explaining that the diffracted intensities for
(hkl) planes are (very) weak for odd A values. The mean
distance between corresponding atoms is low (0.3 A), except
for one H atom (H5A and H5B, 0.86 A) of the water mole-
cules because of the different orientations in the two mole-
cules.

acceptor oxygen (O1lA or O1B)
atom of the nitrate ion to an H
donor atom (H1A or H1B) of the
H;0" ion. The water molecule is also strongly linked, via its
acceptor O atom (O5A or O5B), to the H;O" group involving
one other H (H2A or H2B) donor atom, leading to an
asymmetrical HsO," ion. These ‘intramolecular’ strong
hydrogen bonds have practically the same geometrical char-
acteristics with the following mean values: d(O- - -O) = 2.54 A
(0.05) and d(O- - -H) = 1.62 A (0.06) and O—H. - -O = 174.3°
(1.4).

The A and B molecules are linked together by a weaker but
nevertheless strong hydrogen bond involving one other O
atom (O3A or O3B) of the nitrate ion as an acceptor to one
other donor hydrogen (H4A or H4B) atom of the H;O" group.

The association of the two molecules (A and B) described
above will be further named the independent group in the
following.

Crystal packing: The solid-state packing is mainly governed
by hydrogen bonds between NO;~ and HsO," ions of the
independent groups. They are arranged in groups of two
infinite puckered layers named L; and L, with the mean plane
parallel to the (101) crystallographic plane.

L, is formed by independent groups related by the diagonal
symmetry plane. L, is related to L, by the inversion symmetry.
One such layer is depicted in Fig. 5, which shows a projection
in the (101) crystallographic plane.

The linkage of the independent groups in one layer is
ensured by a complicated two-dimensional hydrogen-bond
network. The geometrical characteristics of the hydrogen
bonds are given in Table 3. One molecule, for example A, is
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linked to three B molecules belonging to adjacent groups by
three different types of hydrogen bonds. The strong bond
(denoted 1, Table 3) links the acceptor NO3~ to one donor
H;O". The strong bond (denoted 2) links the donor H;0™" to
one acceptor NO; ™. A weaker hydrogen bond (denoted 3)
links the water molecule which is an acceptor for molecule A
and a donor for molecule B via the H5B atom.

The L, and L, layers (Fig. 6) are weakly linked by one type
of hydrogen bond (denoted 4) involving the ‘out-of-layer’
HS5A atom of the water molecule as a donor to the nitrate ion
of molecule B.

Figure 5

Projection along [001] of the two independent molecules (A and B),
showing the numbering and their neighbourhood in one layer. Hydrogen
bonds are indicated by double thin broken lines. Thermal ellipsoids for
heavy atoms are drawn with a 50% probability level.

The structure may be described by the translation of this
group of two linked layers along the [001] direction (Fig. 6).
These groups of two layers are not linked together.

From the point of view of interionic contacts, only two O
atoms of the NO;~ ions are engaged in three acceptor
hydrogen bonds, explaining the N—O bond length differences.
One O atom is strongly linked to two oxonium ions, while the
second one is more weakly linked to a water molecule. The
three donor H atoms of the oxonium H;O™ ions are linked by
strong contacts with two NO; ions and one water molecule.

The O atoms of the water molecules are strongly linked to
oxonium ions, while the two H atoms are weakly linked to
NOs™ ions, in the layers for the B molecule and between two
layers for the A molecule.

Comparison with other structures containing nitric acid:
The crystal structures of the monohydrate NAM (HNO;-H,0)
and the trihydrate NAT (HNO;-3H,O) were re-investigated in
this study. Crystals were obtained by a similar in situ proce-
dure. Our results confirm the previous studies and the crystal
data obtained by Delaplane et al. (1975) for NAM and Taesler
et al. (1975) for NAT. They crystallize in the orthorhombic
system.

The cell parameters for NAM, at 200 K, are a = 6.317 (3),
b = 8723 (4), ¢ = 5477 (3) A with space group P2;cn (R =
0.0302). The molecule is dissociated in NO3;~ and oxonium
H;0" ions. The H;O" and NO;~ ions exhibit a pseudo-
threefold axis. The molecular arrangement, deduced from our
structural data, is shown in Fig. 7. All O and H atoms are
linked by hydrogen bonds. The oxonium ion (H;O%) is
hydrogen bonded to three different nitrate ions to form one-
dimensional infinite staggered layers, whose mean planes are
parallel to the (100) crystallographic plane. The layers are
symmetrically related by the helicoidal twofold axis parallel to
a. The layers are not related by hydrogen bonds.

The cell parameters for NAT (space group P2,2,2;) at
220K are a = 9.508 (3), b = 14.718 (4), ¢ = 3.518 3) A (R =
0.0282). The molecular arrange-
ment, deduced from our structural
data, is shown in Fig. 8. The struc-
ture contains nitrate ions and
oxonium H;O" ions, each of which
is bonded to two water molecules to
form H;O;" ions. All O and H

atoms are linked by hydrogen
bonds. The H,O5" ions are linked to
one another as helix helices which
are hydrogen bonded to NO;™ ions.
The structure may be described by
infinite staggered layers linked by

Figure 6

Projection along the [010] direction showing the two types of layers (L, and L,) and the crystal packing

of NAD.

hydrogen bonds leading to a three-
dimensional network.

Finally, the two-dimensional
network of molecular layers of
NAD may be considered as inter-
mediate between those of NAM
(one-dimensional network) and
NAT (three-dimensional network).
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Concerning the NO; geometry, Table 4 contains data for
HNO; in the gaseous state (Maxwell & Mosley, 1940; Cox et
al,, 1994) as in the crystalline state (Luzzati, 1951a). The
characteristics of the NO;™ ions in crystals of NAM (Dela-
plane et al., 1975; and our study), NAD (our study) and NAT
(Taesler et al., 1975; and our study) are also listed.

The geometry of NOjs in pure nitric acid HNOj is naturally
different from that of the NO;™ ion in NAM, NAD and NAT.
Pure nitric acid may be written as (NO,)OH, explaining the
asymmetrical geometry. In the gaseous and solid states, the

Figure 7
Projection approximately along the [001] direction showing the crystal
packing of NAM.

N—O—H bond is naturally larger than the other two. The
angle between these two N—O bonds is larger than the other
two.

All the NO;™ ions in the crystallized hydrated nitric acid are
quasiplanar. The O—N—O angles are equal (approximately
120°) whatever the number of water molecules, but significant
differences are observed in the lengths of the N—O bonds
depending on the symmetry and number of strong contacts by
hydrogen bonds. In NAM, each O atom is engaged in an
identical hydrogen bond and the NO;~ group exhibits an
internal ternary symmetry. For NAD, the asymmetrical
geometry of hydrogen bonds (§3.2.2) leads to important
deviations from the ternary symmetry of NO;™. For NAT, the
NO;™ recovers its quasi-ternary symmetry due to symmetrical
contacts.

For all solid phases, the oxonium H;O" roughly agrees with
a C;, symmetry (Table 5).
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