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High Pressure Raman Spectroscopy of Nitric Acid
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New high pressure Raman spectroscopy measurements on pure anhydrogadNENGQ—H,O mixtures

up to 38 mol % in water (commercial grade concentration) are reported up to 50 GPa. The main feature is
the reversible and progressive transformation of pure solid nitric acid at pressures between 10 and 17 GPa,
evidenced by an enhancement of the 1057 cpeak assigned to the vibrational stretching mode of the

NO; group and by the softening of the symmetric stretching W@de with pressure. The formation of the

H bonding by a charge transfer due to a strong interaction between the surrounding molecules is discussed.
Two hypotheses are discussed: nitric acid might be pressure autoionized or cross-linked as a reversible polymer-
like compound. These two hypotheses are not mutually exclusive. An increase of water concentration in
nitric acid shifts the limit of the appearance of the N@brational mode to lower values of the pressure at
constant temperature.

Introduction TABLE 1: Fundamental Vibrational Wavenumbers2 (cm™1)
of the Nitric Acid

Research on nitric acid and related compounds has typically
been concerned with environmental problems and the physico-
chemistry of the formation of nitrogen oxides in the Earth’s -
atmospheré23Nevertheless, nitric acid is known as a powerful ~attice modes 103 (s), 164 (m)

o - ' 611 (m) 625 (w) 627 (vw)
oxidizing agent at room temperature and pressure. It takes a O'—NO; bending 642 (m) 642 (W)
prominent part in numerous industrial processes. The concen- NO, bending
trated acid is especially known to react explosively with O'—NO, stretching}

HNO3 HNO;3 solid HNO; solid
mode description liquid at 14 kbar at210 K

677(m) 704 (m) 702 (m)

compounds such as ethanol, and its oxidizing properties have . (709) (m)
been used for military and aerospace applicatfons. g,ozﬁg”d'“g OHP' 778 (W)

Nitric acid does not seem to be an explosive compound by NO_Z beﬁgit:gc |ng} 930 (s) 961 (s) 958 (s)
itself, but, associated with specific compounds, it is used as a (977 vw)
powerful propellant. Actually, the chemical mechanism of nitric 4, s-stretching of NQ 1057 (w) 1054 (w)
acid based monergols and propergols is not confidently estab- NO, s-stretching 1298 (s) 1250 (s) 1251 (s)
lished, and detonation effects can occur depending on concen- in the (1342) (w)
tration, temperature, pressure, and nature of the mixtures. g:mond
Moreoyer, |mpur|t|gs such.as water can drastlpally mgopfy the s a-stretching of NQ 1380 (w) 1370 (w)
properties of the acid. Particularly the combustion of nitric acid »(NOY) 1400 (w) 1416 (m) 1426 (w)
based monergols and propergols could locally enhance the effect,, Néz bending o.p. 1539 (w) 1550 (w) 1552 (vw)
of high pressures and thus modify the behavior of the constitu- NO, a-stretching 1679 (w) 1660 (w) 1665 (w)

tive products to initiate hazardous effects. To determine pressure
induced structural and chemical transformations of the pure nitric ¢
acid, a high pressure Raman study of pure nitric and partially
hydrated acid has been undertaken. al. From spectroscopic measurements involving isotopically
Gaseous and liquid nitric acid at ambient pressure have beenmarked specie’? the planar structure of pure nitric acid with
extensively studied by Raman and infrared spectrosédpy.  the symmetry point groufisand nine normal vibrational modes
comparison with vibrational spectra measured with isotopically has been deduced.
marked molecules of nitric acid (D aR&N), the assignment of The water affinity of nitric acid has been studied by Raman
the peaks and the structure have been determined by McGrawsPectroscopy in the liquid, glassy, and solid state to understand
et al® and Guillory et af Table 1 summarizes the results of the interaction between HNQand HO.1** It seems to be
this identification in the liquid and the solid state. The 9enerally accepted that the large amplitude of torsional move-
assignment comes primarily from McGraw eﬁ&lowever, the ment of the OH bond playS an important role in the association
677 and 930 cmt frequencies have been assigned to the;NO of neighbor molecules as a function of the temperature and
bending mode and the' ©NO; stretching mode (Ois related ~ Probably of the pressufé? Evidence in favor of a self-

to the oxygen linked with the hydrogen atom) by Guillory et ionization mechanism of liquid nitric acid (reaction 1) has been
given by Gillespie et al3 Dunning et all* and Young et al®

aQur results? O’ refers to G-H bond.¢ Reference 79 Reference
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TABLE 2: Fundamental Vibrational Wavenumbers? (cm=1)
of the LINO; Salt

mode descriptioh wavenumber (cmt)
2v, out-of-plane 1673
vz a-stretching 1381 Liquid HNO;
v1 s-stretching 1066
v4 bending 732

aQur results? Reference 8.

An extensive study of the self-ionization of liquid acid at
different water concentratiots showed that the acid self-
ionization is the dominant mechanism above 23 mol % of water
content. The nitronium ion NDand nitrate ion N@ issued
from reaction 1 have been identified respectively in the Raman
spectrum of pure nitric acid by weak peaks at 1400 and 1057
cm~L. Table 2 summarizes the different frequencies of the nitrate
ion NO;.

In the present work, new spectroscopic measurements areg 400 800 1200 1600 2000 2400
reported for nitric acid over a wide range of pressure. In addition,
Raman spectra of nitric acid with an increasing concentration
of water have been performed in order to investigate the effect Figure 1. Raman spectra of pure nitric acid at ambient pressure at the
of water in the pressure behavior of the acid. liquid state (upper) and the solid state (lower).
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Experimental Method point to compare the measurements with the spectroscopic
literature data in the liquid and solid state (Figure 1). Jones et

The measurements have been performed with fresh distilled @l-® claim that pure anhydrous nitric acid exists only in the
white nitric acid (CEA Le Ripault, France) and with hydrated Solid phase. Table 1 summarizes the different frequencies of
nitric acid between 5 and 38 mol % of water in acid (corre- the pure nitric acid in the liquid and the solid state under pressure
sponding to the commercial grade form). Pure nitric acid is at 1.4 GPa and at low temperature at 210 K. In the low
stored at low temperature in a PTFE container to avoid a rapid frequency range, three peaks have been assumed to be lattice

aging of the sample which can modify the chemical composition Modes at 106 and 164 crh At 210 K, the O—NO; (O’ refers
of the acid. to the O-H bond) bending mode (611 crhin the liquid state)

The experiments have been performed in a high pressureSPlits in two distinguishable peaks at 627 and 642 gnand
membrane type diamond anvil cell made of refractory alfoy.  the NG bending mode (677 cniin the liquid state) is observed
The pressure was monitored by a pneumatic ram connected tct 707 cnt. The O—NO; stretching mode shifts from 930 to
a pressure generator through a high pressure flexible capillary.958 cnT*, and its apparent bandwidth decreases from 53 to 11

The stable hydrated nitric acid is used without further purifica- €M *. The NG symmetrical stretching mode shifts to the low
tion or precaution. The diamond anvil cell dried at 373 K over frequencies from 1298 to 1251 ciyand its apparent bandwidth

24 h was then put in a desiccator until its return to room decreases from 45 to 9 cth We assume that the observed 1426
temperature and then loaded in a drybox. The cell is consideredC™™ * band is related to the shifted and enlarged vibrational mode
to be ready when the intensive Raman band of th&NO; of the nitronium NG group (observed at 1400 cthin the
symmetrical stretching mode at around 1050 &nis not liquid state). Weak peaks at 977, 1342, and 1370 cane not
observed in the spectrum (the accuracy in the water content isassigned.

lower than 1% within our experimental conditions). Under these ~ The high pressure Raman measurements on pure nitric acid
conditions, the acid is considered to be still pure inside the cell. have been measured over a pressure range of 1 to 50 GPa at
The pressure is measured by the shift of the fluorescence singleambient temperature (Figure 2a). We note that peaks are
(685.4 nm at 0.1 MPa) of Sy®7:Sn?t chips set inside the  hidden by the strong 1332 crh peak from the diamond
high pressure chambét An argon ion laser (514, 514.5 nm) windows. The pressure freezing point of the pure nitric acid is
delivered 40 mW power on the sample which is low enough to found at 1.4 GPa and is characterized by the strong shift (48
avoid heating the sample. The diameter, thickness, and volumecm™?) toward lower frequency, observed at 210 K, of the NO
of the sample are 20@&m, 80 um, and 2 x 1073 mm?, symmetrical stretching mode. A new small peak, appearing at
correspondingly. SrED;:Sn?* chips and the stainless steel 778 cml, is not assigned. The behavior of the vibrational modes
gasket were mixed with nitric acid during several days. The with pressure will be discussed below, in comparison with
products did not react with nitric acid. Spectra have been previously reported results at ambient pressure.

measured with a DILOR XY multichanel spectrometer and an B, Hydrated Nitric Acid. As for pure nitric acid, a set of
ISA liquid nitrogen cooled CCD detector. Raman measurements has been performed at ambient pressure
to compare our results with the spectroscopic literature data. In
liquid phase (Figure 3), the ratio between the peaks related
respectively to the nitronium ion N® and the nitrate ion

High pressure Raman spectra measurements have beeMO; peaks decreases with increasing concentration of water,

performed on pure nitric acid and in 5, 15, 25, and 38 mol % in agreement with the equilibrium of reaction 1 and the
mixtures with water. literature®151° Depending on the water concentration, the

A. Pure Nitric Acid. A first set of Raman experiments was appearance of the; NO; symmetrical stretching mode at the
performed at ambient conditions of pressure up to the freezing liquid—solid transition temperature is different.

Results and Discussion
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Figure 2. Raman spectra of pure nitric acid for different pressures (GPa) at ambient temperature:-9ap &’ range, (b) 9061300 cnt?
range, and (c) 13562000 cnt. It is worthwhile to notice the behavior of the 1550 thpeak between 6 and 11 GPa.

Figure 3. Raman spectra at ambient conditions of liquid nitric acid
for four concentrations in water (0, 5, 15, and 25 mol %).
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the liquid—solid transition at 210 K is evidenced by the
vanishing of the 1303 and 957 crvibrational modes corre-
sponding to the intramolecular N®@ymmetrical stretching mode
and the O—NO; stretching mode of the nitric acid. Compared
to the pure nitric acid, the '©NO; stretching mode is shifted
by 24 cnt! to the higher frequencies. A splitting of the
stretching mode is observed at 1056 and 1045%cit 210 K,

two weak peaks at 738 and 720 thassigned respectively to
the v4 bending mode (Table 2) of the NQyroup and the N@
bending mode of the nitric acid, appear in the Raman spectrum.
The vanishing of the nitric acid NOsymmetrical stretching
and the O—NO; stretching vibrational modes has also been
reported in the equimolecular mixture HN®,0 by Herzog-
Cance et al® They observed single strong peaks at 1060 and
740 cn?, assigned tar; NO; symmetrical stretching anel,
NO; bending modes in the solid phase of nitric acid HNO
H,0. Second, below 38 mol % in water, the ligdigolid
transition is similar to the pure nitric acid liquigsolid transition.
The NG, symmetrical stretching and the’-©NO; stretching
modes are still present and shifted toward lower and higher
frequencies in the spectra, respectively. The only difference
comes from the’; NO; symmetrical stretching peak intensity
which increases with the water concentration.

High pressure Raman spectra of acwater solutions have
been measured up to 50 GPa for 38 mol % (Figure 4 and Figure
5) and up to 20 GPa for 5, 15, and 25 mol % in water. Figure
6 shows the differences between Raman spectra for four
different water concentrations in the acid at 4 GPa. The shift of
the NG, symmetrical stretching mode frequency is reported as

Two types of mixtures can be distinguished. First, at 38 mol a function of the concentration and the pressure (Figure 7). The
% in water concentration (and probably at higher concentration), behavior of the vibrational modes with pressure will be discussed
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Figure 6. Pressure Raman spectra of solid nitric acid for four
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Figure 4. Raman spectra of solid nitric acid (38 mol % of water) as
a function of the pressure (GPa) in the 9GB0O0 cnT? range. 1248 1
1180 € 1214
)
~ 160 T 1240 ]
‘ S
S 1140 5 e
1 ]
b 1]
g 1120 =2
g 1100 1232
G
= 1080 1228 by ; — +
= 1060 2 3 45 6 7 8 9 10111213 14 15
Pressure (GPa)
1040 Figure 7. Pressure dependences of the selected Raman-active NO
0 5 10 15 20.25 30 35 40 45 50 55 symmetrical stretching mode in function of concentrations in waer (

0 mol %; a, 5 mol %; M, 15 mol %; and®>, 25 mol %).
Pressure (GPa)
Figure 5. Pressure variation of the selected Raman-active mede  the NGO, group, observed in the solid equimolecular mixture
NO; symmetrical stretching of solid nitric acid (38 mol % of water). HNO3z*H,O at low temperature by Herzog-Cance et'lis
observed in the pressure spectrum of the pure nitric acid above
below in comparison with previously reported room measure- 11 GPa. At the same time, a change diP of the vy NO;
ments!® Figure 8(a-d) shows the pressure shift of the vibra- symmetrical stretching mode is observed at around 11 GPa.
tional modes of the pure nitric acid. These observations indicate the onset of significant changes in
In the lower frequency range (Figures 2a and 8a), the intensity the nitric acid at this pressure. In the 950 to 1300 Emange
of one of the external modes, initially observed at 210t (Figure 8c), the N@symmetrical stretching mode (1250 ctin
GPa), progressively increases with pressure and a change irat 1.4 GPa) and the’©NO, stretching mode (961 cm at 1.4
dv/dP is observed above 15 GPa. GPa) progressively give place to a strong peak assigned to the
In the 600 to 850 cmt range, the splitting of the N£and of v1 symmetrical stretching of the NQgroup (1054 cm' at 1.4
the O—NO; bending modes (Figure 8b) occurs at about 11 GPa. GPa). At the same time, the N@ymmetrical stretching mode
A new important feature is that the NO; bending mode of observed at 1250 cm at 1.4 GPa shifts to lower frequencies
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Figure 8. Pressure dependences of the selected Raman-active modes gbtM@en (a) 106500 cnm?, (b) 600-850 cntt (A, O'-NO; bending

mode;<, NO, bending mode; andl, 4 NO; bending mode), (c) 9061300 cnt? (®, O' —NO; stretching modefl, v; NO;~ stretching mode; and
A, NO; symmetrical stretching mode), and (d) 135000 cn1? (O, s NOs~ a-stretching mode, »(NO,*); A, second overtone Nbending out

of plane; andD, NO, antisymmetrical stretching mode amd; LINO3 a-stretching mode and 2 v, LINO3).

with a slope of-1 cnmm%GPa and, above 11 GPa,4.5 cntY/ disappears (see Figure 2c). It is worthwhile to note that a weak
GPa. Above 23 GPa, this NGBsymmetrical stretching mode  negative frequency shift of the second overtone of the bi@
completely disappears and thesymmetrical stretching mode  of the plane bending mode is observed as a function of pres-

of the nitrate ion is the major peak in the 960400 cnt! range. sure.

The O—NO; stretching mode increases as a function of pressure |t is known that the molecule of pure nitric acid is planar
with a slope of 4.5 cm/GPa and disappears in thg NO; under room conditions with @ symmetry. According to Stern
symmetrical stretching band. et al* and Luzzati et al? the structure is monoclinic. Luzzati

The frequency variation in the 1350750 cnT! range is suggests that twinning and disordering occur in the crystal owing
reported in Figure 8d. Four vibrational modes are found at 1.4 to the position of the hydrogen atoms. The molecular crystal
GPa corresponding respectively to (1) a weak peak at 1380 cm formed by van der Waals bonds is strengthened under high
(this peak is assumed to correspond to the 1370'cpeak pressure. This effect is evidenced by the strong shift of the
observed in the low temperature solid acid whose assignmentexternal modes (more than 200 chbetween 5 and 45 GPa
corresponds to thes NO; antisymmetrical stretching band in  compared with the main value of 40 cffor the internal
comparison with a high pressure spectroscopic study of LiNO modes).

(cf. Figure 8d); (2) the NQ stretching mode at 1416 crh (3) The NG and O—NO, bending modes between 600 and 800
the second overtone of the N©@ut of the plan bending mode  cm™ shift toward higher frequencies (40 c#), corresponding

at 1550 cmil; and (4) the N@ antisymmetrical stretching mode  to a closing of the N@and O—NO, angles and the deformation

at 1660 cm!. The second overtone of the N@ut of plane of the plane of the molecule. Above +18 GPa, a splitting is
bending mode at 1550 crhdisappears between 7 and 9 GPa observed showing that the progressive closing of the Bl
while a new peak appears at a 25¢rfower wavenumber and ~ O'—NO, angles leads to two active Raman modes corresponding
becomes progressively dominant in the spectrum above 13 GPato two distinguishable molecular forms which disappear above
Above 11 GPa, the N©antisymmetrical stretching mode 30 GPa. It is supposed that the complete symmetrization of the
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NO; group is then achieved in the whole compound. The GPa in pure nitric acid is located at lower pressures as the
mean equivalence of the ONO angles in the ,N§doup could concentration in water increases. This feature confirms the prior
explain the weak effect of the pressure above 30 GPa, sincestatement of the proton transfer mechanism in the transformation
only the NG vibrational modes are active above this pressure. Of solid nitric acid under high pressure, enhanced by the presence
Simultaneously, the pressure weakening of the B@nmetrical of water.

stretching mode is observed from 10 to 23 GPa. Above this

pressure, the peak disappears, leaving the Raman activity onlyConclusions

to the NG, group in the compound.

The charge transfer via the H-bonding of the proton toward
the neighboring nitric acid molecules is expected to lead to the
g ot AL a4 g 1, e of e NO: symmeical siretching viratonal modethe strong
the second overtone N@ut-of-plane vibrational bending mode ~ Ncréase of the intensity of tha NO, symmetrical stretching
(1550 cn! at 1.4 GPa) to the benefit of a 25 cilower vibrational mode, and the_relr)forcement of the j\lmode at
frequency new peak. Above 15 GPa, this last new frequency is 1400 crrTl._The transformatlon is assumed to be complete above
always present in the spectrum. 23 GPa with thg formation of intermolecularO'---H bonds. .

The same low value ofddP of the external and internal WO nonexclusive hypotheses have been proposed. The first
modes at high pressure (i.e., 3 cHGPa in comparison with9 ~ ©°N€ would be_ an aut_0|on|zat|on_ of _the n_|tr|c acid, in comparison
cmYGPa and 5 cmYGPa, respectively, at low pressure) with th_e autoionization of the I|qU|d_aC|d, and the second, the
involves the homogenization between intramolecular and in- formation of an H-bonded polymer-like compound between the

termolecular modes. The high pressure splitting of the,NO NOsz groups. The former is similar to the high pressure
bending and G-NO, bending modes, confirms the hypotheses behavior of the solid halogenide or carboxylic acids. The
of the proton transfer between neighboring molecules. The addition of water up to 25 mol % moves the transformation

splitting disappears beyond 30 GPa where only one structure istoward lower pressures, without modifying the hypothesis.
distinguishable (the ND vibrational mode is only active Above 25 mol % the behavior of the solid acid solutions is

above this pressure). expected to be similar to the liquid.

Two hypotheses can be considered. First, the proton transfer !N @ previous study it has been shown that the initiation of
above 11 GPa, locally occurring on a ps time scale, could be the chemical decomposition of nitromethane occurred at the so-

explained by an electron overlap mechanism and short rangeca"ed 7.5 GEa solid Hsolid 1l trgnsition, characteri;ed by a
order up to 23 GPa. Above 23 GPa, Hh@volves classical ~ SOng negative Wav?number Sg“ft of the Neymmetrical (30
electrostatic interaction with a long range interaction and a €M ) and (19 cm?) modesi® Therefore, the hazardous
longer time scale. At higher pressure, solid nitric acid presents "€@ctivity of nitric acid in propellant mixtures, whatever the
long range electrostatic behavior. This finding supports the €XPected assumption for the high pressure- 25 GPa solie-
statement that the reinforcement of the N@nion may be solid transformatlon, would be expected in the vicinity of the
attributed to an increasing donor strength. It is confirmed by pressure freez_lng (1.5t03 GPa) O.f the pure or weakly hydrated
the observation at 23 GPa of the BiQvibrational band at 1600 acid cha:\Lracterlzed by a strong shift 1o thg lower wavenumbers
cm™1, corresponding to an ionization of the solid nitric acid as (50_ cnt) (_)f the NG symr_netncal st_retchlng mode. It would
NO;, NOI. The second hypotheses could be the progressive bg interesting to qo_nﬁrm_ this concl_u3|on by the study of a model
crogé-linkzing of H-bonded deformed chains of acid as is the mixture of pure nitric acid and a nitro-alkane compound known

case for the pressure behavior of solid halogenated &kfés. for its weak propensity to explode.

Moreover, the spectrum of acetic a®idshows broad IR ] )

absorption at 200 cnt extended to low frequency which is ~ Acknowledgment. Financial support from the CEA Le
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