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The spectra of nitric acid and nitric acid monohydrate crystals, including both vibration frequencies and
infrared intensities, have been calculated from first principles using the methodology developed for the SIESTA
program. In this method, infrared intensities are evaluated from the macroscopic polarization changes with
atomic displacements per normal mode. The process requires the calculation of Born charges associated with
atomic displacements. The actual value of the Born tensor elements gives interesting information on the
electronic nature of the bonds. The application of this method to the two systems of atmospheric relevance
studied here is particularly interesting. The calculated spectra are compared to previous experimental
transmission spectra of these species with overall satisfactory agreement. The calculations provide a useful
tool for the interpretation and assignment of the observed spectra.

Introduction

The simulation of infrared spectra of condensed materials by
theoretical methods is not an easy task. As far as we know,
previous ab initio simulations have been carried out along either
of the following schemes. In molecular dynamics calculations,
most frequently using the Car-Parrinello method (CPMD), the
macroscopic polarization of the solid is evaluated at each step
of a trajectory, and then the dipole-dipole correlation function,
which is directly related to the infrared absorbance, is evaluated.
This method is specially suitable when dealing with liquids or
anharmonic systems in general, such as solids at high temper-
atures. The second method exploits the harmonic approximation
and is thus best suited for solids or molecules at low temper-
atures. It requires the calculation of the vibrational frequencies,
by diagonalization of the dynamical matrix, and the Born
effective-charge tensor. These two quantities are second deriva-
tives of the energy and can be obtained in two different ways:
(i) using linear response, or (ii) by finite differences. This study
uses the latter. The application of this method usually involves
several stages to be performed with an acceptable numerical
precision. The first problem is to relax the structure to its
theoretical equilibrium geometry. The next step is the evaluation
of the force constants, which, in finite differences-based
methods, are calculated from the variations in the atomic forces
which arise for small displacements of the atoms around their
equilibrium configuration. This process is usually very time
consuming, as it involves 6N atomic displacements (whereN
is the number of atoms in the unit cell) and the corresponding
forces evaluation. The calculation of the vibrational frequencies
is then fairly straightforward, being given by the eigenvalues
of the dynamical matrices. The corresponding eigenvectors
provide a representation of the motions of each atom per
vibrational mode. In some cases, the normal modes can be
depicted in a very simple way, for instance in high frequency
stretching modes, but this representation becomes increasingly

complicated for lower frequency vibrations, such as librational
or bending modes. By correlation of the computed frequencies
to the observed spectra, both an assessment of the quality of
the calculations and a guide to the assignment of the spectra
can be achieved. However, a proper comparison can only be
carried out when not only vibrational frequencies but also the
corresponding infrared dipole intensities are evaluated. In this
case, the comparison between experimental and simulated
spectra should be free from ambiguities, even if some frequen-
cies are slightly shifted or the intensities are not exactly matched.

For all our crystal structure calculations, we have used the
SIESTA method in the code implementation with the same
name. This method has been designed to study the geometry
and dynamics of solids and has been applied to the study of
ionic1 and molecular systems2 and also to metals, semiconduc-
tors, or biological systems.3 The SIESTA code, together with
ancillary programs, allows also the calculation of the vibrational
frequencies of the normal modes of the solid. We make use
here of an extension of the method4 to evaluate the infrared
intensity of each mode, based on the polarization change with
the atomic displacements. We also use that information to
include in the calculation the long-range field effects that give
rise to longitudinal-transverse vibration (LO-TO) splittings.

Nitric acid and nitric acid hydrates are systems of well-
accepted atmospheric relevance. They are found in crystalline
or aerosol form in clouds both in the troposphere, from where
they precipitate in the acid deposition process, and in the
stratosphere, where they take part in the chemistry of ozone
depletion, in polar stratospheric clouds. Infrared spectra of nitric
acid (NA) and nitric acid monohydrate (NAM) crystals have
been published by several authors.5-11 These systems have also
been studied from the theoretical point of view in articles that
present a refined equilibrium structure of the crystal and the
corresponding normal mode vibration analysis.2,12However, as
far as we know, their simulated infrared spectra have never been
published. In the following section of the paper, we describe
the theory underlying the calculation of polarization changes* Corresponding author. E-mail: deliaft@iem.cfmac.csic.es.
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and infrared intensities. The method is then applied to predict
the NA and NAM spectra. The results of the theoretical study
are then compared to literature experimental spectra of these
systems.

Theory

Technical Details. In this section, we aim to highlight the
main technical details used in our calculations on the nitric acid
and nitric acid monohydrate systems. More details on the relaxed
structures, normal modes, and frequencies for the NA and NAM
crystals can be found in previous publications on this subject.2,12

Relaxed structures and vibrational properties have been
calculated using the SIESTA13,14 method. The corresponding
code is an implementation of density functional theory combined
with norm-conserving pseudopotentials to describe the effect
of the atomic cores and a linear combination of atomic orbitals
as the basis set for the valence electrons. As a result of
SIESTA’s methodology, the computer time and memory needed
are modest, even for systems with many atoms in the unit cell.

In our calculations, we have used the gradient-corrected
functional of Perdew, Burke, and Ernzerhof,15 which provides
an accurate treatment of hydrogen bonding and dissociation
energies of small molecules. Core electrons are replaced by
norm-conserving pseudopotentials of the Troullier-Martins
kind, including partial core corrections. The basis set used is a
standard split-valence double-ú with polarization (DZP). The
orbitals are spatially confined with a cutoff value of up to 100
meV, which corresponds to the excitation energy arising from
the confinement of the basis orbitals. The grid needed in order
to calculate the Hartree and exchange-correlation terms has been
chosen to have a fineness of 150 Ry. The k grid point sampling
has been restricted to theΓ point. The density matrix has been
calculated iteratively with a tolerance of 10-4, and the atomic
forces for the relaxed structure have been in all cases smaller
than 0.04 eV/Å. Tests were run for NAM with a tolerance of
0.02 eV/Å without appreciable changes in the predicted
spectrum.

Force constants have been calculated as the numerical
derivatives of the analytical interatomic forces with respect to
atomic displacements. The displacement has been chosen to be
0.01 Å in all cases. Vibrational frequencies and normal modes
have been calculated within the harmonic approximation as the
square root of the eigenvalues and as the eigenvectors of the
dynamical matrix, respectively. They have been evaluated at
the Γ point, the only k point needed for infrared absorption
studies.

Infrared Absorption Intensity. The key magnitude for the
evaluation of the infrared absorption intensity of a crystal is
the macroscopic polarization and, more specifically, its deriva-
tives with respect to atomic displacements. From the polariza-
tion, atomic Born charges associated with atomic displacements
along the axes can be calculated. In this section, we describe
the method we have used to obtain these properties.

Vibrational modes and frequencies have been calculated as
described in the previous section. SIESTA has routines to
evaluate the macroscopic polarization that are based on the Berry
phase method.16

The Born effective charge tensor,Z* ij,τ, is defined17 as the
linear change in the polarization per unit cell created along the
direction i when the atomτ is displaced along the directionj

whereV is the volume of the unit cell,Pi is the macroscopic
polarization along thei axis, andrj

τ is the displacement of the
atomτ along thej axis.

In this work, Born charges have been evaluated as the
numerical derivatives of the polarization per unit cell when
displacing each atom along the+x, +y, and +z axis, corre-
sponding to the crystallographic axis for the present orthor-
hombic crystals. At this point, it is worth noting that the
macroscopic polarization given by the Berry phase method is
well-defined modulus, a “quantum” of polarization, i.e., 2eR
for a nonmagnetic system, where 2 indicates the occupation,e
the electron charge, andR an arbitrary lattice vector. As we
are interested in the increment∆Pi, we evaluate firstPi at the
relaxed atomic positions and thenPi + ∆Pi with the atomτ
displaced a bit along the directionj. In this case, jumps of 2eRj

can occur, so one has to be aware of this possibility and remove
these jumps if they do appear. It is also worth noting that there
is no need to calculate the Born charge tensors for all atoms in
the unit cell but only for the atoms in the irreducible unit. The
rest of the Born charges can be deduced using the appropriate
space group symmetry. More details are presented in the
Discussion section.

We can now address the calculation of the infrared absorption
of the crystal. For a molecule in the gas phase, the infrared
absorbance of them normal mode is given by the following
expression18,19

whereF is the molecular concentration,c is the velocity of light,
µb is the electric dipole moment, andQm is the normal mode
coordinate

Here Uj,m
τ is the m normal mode component of the displace-

ment of theτ atom in thej direction, evaluated from theXj,m
τ

elements of the corresponding vibrational eigenvector.19 All
these equations refer to normal modes that satisfy

whereMτ is the mass of the atomτ.
A similar expression can be used for solid polycrystalline

samples, replacing the electric dipole moment by the macro-
scopic polarization

wherePi is the i component of the macroscopic polarization
and the eigenmodes are calculated at theΓ point.

This expression (eq 5) is valid for solids under two main
approximations. First, we suppose that the material is a
polycrystal where all directions are equivalent. This is the same
as saying that the angle between the crystalline axis and the
electric field of the incident infrared light is random. Second,
we ignore the effects of the macroscopic shape of the sample,
which are mainly transmission-reflection and interference
effects. These could be taken into account by constructing a
macroscopic electromagnetic model20 suitable for each specific
problem.
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The derivative in eq 5 can be rewritten in terms of the Born
charges so that the infrared absorbance for them mode results

whereN is the number of atoms in the unit cell.
A further aspect to be considered is the so-called LO-TO

splitting, an effect that induces a frequency shifting of some
vibrations and which can give rise to significant changes in the
infrared spectrum, such as the appearance of new peaks or
broadening of some bands. The LO-TO splitting is caused by
the macroscopic electric field which appears because of the
electrical charge displaced for longitudinal vibrations (LO) in
the crystal. These vibrations are thus subject to an electric field
which is slightly different to the incident radiation field observed
by the transverse vibrations (TO). The modified field induces
a blue shift in the corresponding LO frequencies. The inclusion
of this treatment in the methodology used in this work has been
described in ref 4.

We have used eq 6 to calculate the infrared absorptions of
the normal modes of the NAM and NA crystals under study,
taking also the LO-TO splitting into account. For a more
graphical comparison with the experiment, discussed later in
this article, the computed absorptions have been convoluted with
a Lorentzian function.

Results and Discussion

Born Charges. Nitric Acid Monohydrate.The unit cell of
NAM,21,22 which contains four nitric acid and four water
molecules, all of them in ionic form, NO3- and H3O+,
respectively, is represented in Figure 1, where the atom
numbering used in this work is also indicated. The crystal has
orthorhombic symmetry.

The macroscopic polarization has been calculated as described
in ref 13 using the modern theory of polarization.16 The method
needs sampling in k space in order to evaluate a one-dimensional
(1D) integral along a given direction of k and then a 2D integral
across the corresponding perpendicular plane. From the polar-
ization, Born charges have been calculated in this work using
two sampling points for the line integral and one sampling point
for the surface integral. In the terminology of ref 23, this is
described as 2× 1 × 1. Convergence of the results has been
checked for NAM using grids ranging from 1× 1 × 1 to 10×
5 × 5. We have also checked the stability of the Born charges
versus the geometry relaxation method used (fixed or relaxed
lattice parameters) and versus the basis set, and convergence
was achieved in all cases. A variationally optimized basis set24

with longer cutoff radii and a smoother orbital fallout with
growing radius was used for this purpose. The importance of
the basis set in the calculation of infrared activities has been
noted in the literature.19 The last check of convergence is related
to the sum of the traces of the Born charge matrices for every
atom in the unit cell, which is called the acoustic (or neutrality)
sum rule, and resulted 0.1 au, a value close enough to 0 to be
considered satisfactory.

Born effective charge tensors for NAM in atomic units (au)
are presented in Table 1 for the atoms in the irreducible unit
only. The rest can be deduced using the space group symmetry
of NAM (P21cn).25 The Born charge tensors can be decomposed
into three contributions, an isotropic part, with the same trace
as the whole tensor; a symmetric traceless matrix; and an
antisymmetric part. In ionic materials, the diagonal element of
the isotropic part,Z* xx,t ) Z* yy,t ) Z* zz,t, is the dominant
contribution to the Born tensor and is usually close to the formal
ionic charge, according to the simple idea of the ions as the
elementary parts of the whole solid. In our case, we have atoms
attached by covalent bonds instead of ions so that the symmetric
contribution to the Born tensor is relevant. The analysis can be
pursued by diagonalizing the total symmetric contribution,
composed by the isotropic part plus the traceless symmetric
matrix. The eigenvectors of this matrix indicate the directional
distribution of charges for each atom, and the eigenvalues, the
amount of charge that is displaced along each direction. The
underlying idea is that bonding directions should be predominant
for charge displacements for atoms in a terminal position of
the molecule, such as the O atoms in NO3

-, whereas a larger
charge distribution should remain in the plane perpendicular to
the symmetry axis for central atoms, such as N in the same
system. Diagonalization of the Born charges for NAM yields

TABLE 1: Born Effective Charge Tensors for NAM (au)a

x y z Qr R bond x y z Qr R bond

N1 x 2.47 0.06 0.75 2.74 O5 x -1.59 0.26 -0.06 -1.61
y -0.77 2.25 0.62 2.58 y -0.32 -1.56 0.10 -1.55
z 0.57 0.92 0.88 0.28 z 0.01 0.10 -0.65 -0.60

O2 x -0.95 -0.34 -0.36 -0.84 112 O2-N1 H6 x 0.28 -0.48 0.17 0.23 82 H6-O5
y -0.23 -1.52 -0.54 -0.30 88 y -0.12 1.94 -0.46 0.35 94
z -0.38 -0.76 -0.73 -2.05 22 z 0.03 -0.59 0.52 2.17 8

O3 x -1.92 0.03 -0.40 -0.84 71 O3-N1 H7 x 1.16 0.60 0.25 0.18 79 H7-O5
y 0.14 -0.81 -0.07 -0.29 88 y 0.96 0.83 0.21 0.35 53
z -0.49 -0.14 -0.44 -2.04 19 z 0.42 0.19 0.44 1.89 11

O4 x -1.15 0.45 0.13 -0.80 108 O4-N1 H8 x 1.72 -0.63 -0.32 0.24 84 H8-O5
y 0.56 -1.48 -0.34 -0.31 90 y -0.21 0.36 0.05 0.37 83
z 0.27 -0.48 -0.45 -1.97 18 z -0.41 0.14 0.47 1.93 9

a Atoms are numbered as in Figure 1.Qr represents the eigenvalues of the symmetric component of the Born tensor, andR is the angle (deg)
formed by the corresponding eigenvector with the bond shown in the following column.

Figure 1. Schematic view of the calculated structure of the unit cell
of NAM seen from thex axis. The atom numbering is shown for
reference in Table 1.
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results which comply with the expectations, as reflected in Table
1 for both NO3

- and H3O+ of the irreducible unit. The
eigenvalues of the symmetric matrix are listed in Table 1 with
the angle that the corresponding eigenvectors form with the bond
indicated. The largest eigenvalues are always in the direction
closest to that of the appropriate bond for NO3

- and H3O+,
with a maximum deviation of 22°. For N and the central O of
the H3O+ group, however, the minimum charge transfer occurs
along the direction closest to the local symmetry axis, and the
maximum charge transfer takes place in the perpendicular plane.
As an illustration, we represent with arrows in Figure 2 the
eigenvectors of the NO3- group, and the above commented
results can be easily visualized. Therefore, we can conclude that
for NAM all molecular bonds determine well-defined charge-
transfer directions along which the displacement of charge is
greatest in absolute value. The results are approximately equal
for all equivalent atoms in each molecular group with negative
values for the O atoms in NO3- and positive values for the H
atoms in H3O+.

Nitric Acid. There are 16 NA molecules in the unit cell,26

also of orthorhombic symmetry, with the disposition represented
in Figure 3, which includes the atom numbering for the
irreducible unit.

Born charges for NA have also been calculated using a 2×
1 × 1 k grid. As there are now 80 atoms per unit cell, the
calculation is much more time-consuming than it was for NAM.
With our computing facilities, namely, a two-processor Sun-
Blade 1000 workstation, it took about 10 h to complete the
calculation for NAM and around 17 days for pure nitric acid.
This is due to the unfavorable scaling in the computation of
the macroscopic polarization as opposed to the more favorable
scaling in energy computations.

Born effective charge tensors for NA are shown in Table 2
for the four NA molecules that make the irreducible unit. Born
charges for the rest of the atoms can be generated from those
listed in Table 2 by applying the space group symmetry of NA,
P21a.27 For NA, the acoustic sum rule has a value of 0.08 au,
which again seems satisfactory.

The Born charge tensors have been decomposed into three
contributions as described above. The results of the diagonal-
ization of the symmetric part are listed in Table 2. We find a
similar behavior as for NAM, with a maximum deviation of

30° from the bonding direction for the O5-H17 atoms. Whereas
the charge-transfer values for the N atoms are close to those in
NAM, both in magnitude and direction, the charge displace-
ments along the NO bonds, and also those along the OH bonds,
have in general smaller values for the terminal atoms than those
obtained for the previously described system, although keeping
their sign. The conclusion, as before, is that there are well
established predominant directions for maximum charge transfer,
mainly along the molecular bonds. When comparing NA and
NAM crystals, the larger dispersion inZ* ii ,τ values, and also in
the angular distribution of the charge transfers, of the former
system can be related to its smaller crystalline symmetry.

Infrared Absorption. Nitric Acid Monohydrate.From the
optimized geometry of the unit cell and following the theory
outlined above, we have calculated the infrared absorption
spectrum of NAM. We have also estimated the effect of the
LO-TO splitting, making use of the experimental28 value of
the dielectric constant for visible light,ε∞ ) nvis

2 ) 1.542 )
2.37, corresponding to the value of the index of refraction of
NAM at visible wavelength,nvis. Both computed spectra are
displayed in Figure 4, where a Lorentzian line shape has been
assumed with a half-width at a half-maximum (hwhm) value
of 15 cm-1. The spectrum shows interesting variations when
the LO-TO correction is applied. The main effect consists of
a splitting of the stronger peaks of the spectrum, giving rise to
resolved independent features which shift in frequency over tens
of wavenumbers. This correction therefore induces an ap-
preciable change in the shape of all of the bands of the spec-
trum.

The computed contour, after LO-TO correction, is compared
with previous experimental spectra in Figure 5. For this figure,
we have convoluted the calculated intensities with a Lorentzian
function of two different widths, 15 cm-1 for the peaks atν <
2000 and 150 cm-1 for those atν > 2000 cm-1. The higher
frequency region corresponds to O-H stretching vibrations in
which the H atoms are involved in strong H bonding, which

Figure 2. Eigenvectors of the symmetric Born tensor for the NO3
-

group in NAM. Each diagram shows the eigenvectors for one of the
atoms and the bond or bonds in which it is involved.

Figure 3. Schematic view of the calculated structure of the unit cell
of NA, seen from thex axis. The atom numbering is shown for reference
in Table 2.
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induces a broadening of the corresponding bands, with respect
to similar vibrations when H bonding is not present.29,30

There are many articles in the literature dealing with the
spectrum of NAM.6,7,9 From these, we have selected the
transmission spectra of Smith et al.6 (Figure 5a, top), and of

Ritzhaupt and Devlin7 (Figure 5b, middle). Published experi-
mental spectra present some surprising differences which have
not been fully explained yet. This effect is frequently found in
spectra of this kind of crystalline materials. For those in Figure
5, the major differences appear in the 1000-1500 cm-1 range
with changes in the relative intensities of the two strong peaks
and a shift of the lower frequency one. Smith et al. explain this
frequency shift in terms of a loss of symmetry of the nitrate
ion, originated by imperfections in the crystal, and no explana-
tion is attempted for the observed intensity change. It is not the
purpose of this paper to provide a full justification for these
effects, but in our opinion, the intensity variation seems to be
too large and peak-selective to be caused by microscopic order-
disorder structural changes. The comparison with the ab initio
prediction sheds some light on this problem.

Our simulated spectrum (Figure 5c, bottom) presents a
reasonable similarity with the experimental spectra and looks
closer to spectrum b than to spectrum a. The strongest band in
the spectrum, ca. 1400 cm-1, is calculated with a very large
intensity relative to the other bands in the prediction, which
somehow distorts the comparison with the observed spectra.
This band is also blue-shifted with respect to the observations.
As noted above, we have carefully checked the convergence of
the NAM calculations against the geometry relaxation method
and against the basis set, not finding any appreciable changes
in frequencies, Born charges, and infrared activities. The shift
in the predicted spectrum for this band can be due to any of the
approximations in the method (GGA, pseudopotentials, basis
set) or more technical reasons. Tests have been performed on
the basis set and on the convergence with respect to the different
tolerances and other parameters, showing robust results. Further
work is needed to ascribe the origin of the deviations, but the
present accuracy is enough for this study. The rest of the bands
in the spectrum are basically predicted at correct wavenumbers.
The lowest frequency band, at 700 cm-1, is assigned as a blend
of NO3

- and H3O+ bending vibrations, which in the prediction
does not induce large dipole moment displacements, yielding a
comparatively low intensity. The band at around 1700 cm-1 is
split in the calculation, but a composite structure cannot be
discarded in the observed spectra as well. The bands calculated
over 2000 cm-1 agree in location with both a and b spectra.

TABLE 2: Born Effective Charge Tensors for NA (au)a

x y z Qr R bond x y z Qr R bond x y z Qr R bond

N1 x 2.05 -0.36 0.99 2.51 O8 x -0.76 0.16 0.55-0.59 95 O8-N2 O15 x -0.32 0.16 0.34-0.20 87 O15-N4
y -0.38 2.23 0.73 2.57 y 0.07 -0.63 -0.05 -0.15 90 y 0.10 -1.16 -0.37 -0.67 100
z 0.76 0.54 1.09 0.30 z 0.44 -0.13 -0.54 -1.20 5 z 0.16 -0.19 -0.76 -1.36 10

N2 x 1.32 -0.17 -0.96 2.89 O9 x -0.47 0.27 0.27-1.95 19 O9-N2 O16 x -0.28 0.02 0.13-1.98 20 O16-N4
y 0.01 2.88-0.10 2.11 y 0.21 -1.90 -0.11 -0.64 109 y -0.09 -1.98 0.13-0.23 88
z -0.83 0.17 1.12 0.32 z 0.23 -0.10 -0.41 -0.18 89 z 0.05 -0.04 -0.42 -0.46 70

N3 x 1.85 0.17 0.59 2.90 O10x -0.41 -0.29 0.20-0.23 87 O10-N2 H17 x 0.54 -0.16 0.02 0.69 31 H17-O5
y 0.03 2.89-0.05 2.19 y -0.30 -1.63 0.32-0.45 70 y -0.21 0.45-0.13 0.55 93
z 0.84 -0.06 0.74 0.39 z 0.15 0.17-0.39 -1.75 20 z -0.13 -0.06 0.50 0.26 121

N4 x 0.65 0.15-0.93 2.75 O11x -1.04 -0.03 -0.35 -0.64 90 O11-N3 H18 x 0.24 -0.21 0.12 0.10 112 H18-O10
y 0.07 2.68 0.01 2.17 y 0.05 -0.64 0.02-0.19 92 y -0.10 1.01 0.12 0.43 83
z -0.45 -0.33 1.95 0.35 z -0.51 0.02-0.41 -1.26 2 z 0.12 0.27 0.37 1.09 23

O5 x -1.30 0.12-0.67 -0.29 98 O5-N1 O12 x -0.65 -0.24 -0.22 -1.69 22 O12-N3 H19 x 0.41 0.66-0.05 0.08 113 H19-O13
y 0.21 -0.36 0.07-0.39 84 y -0.33 -1.60 -0.07 -0.71 68 y 0.24 1.25 0.13 0.43 100
z -0.44 0.01-0.65 -1.65 10 z -0.28 -0.05 -0.34 -0.19 90 z -0.10 0.40 0.33 1.48 25

O6 x -0.68 0.44-0.12 -1.39 1 O6-N1 O13 x -0.55 0.02-0.06 -0.55 72 O13-N3 H20 x 0.36 -0.50 0.00 0.42 96 H20-O16
y 0.49 -1.08 -0.16 -0.49 89 y 0.26 -1.89 0.11-0.30 98 y -0.15 1.47 0.25 0.12 65
z -0.06 -0.07 -0.34 -0.22 89 z -0.05 0.05-0.32 -1.91 20 z 0.08 0.70 0.41 1.72 26

O7 x -0.53 -0.18 -0.31 -0.57 85 O7-N1 O14 x -0.42 -0.12 0.50-0.75 99 O14-N4
y -0.16 -1.22 -0.54 -0.28 92 y -0.08 -0.80 0.13-0.28 81
z -0.23 -0.41 -0.67 -1.57 6 z 0.25 0.21-1.26 -1.45 13

a Atoms are numbered as in Figure 3.Qr represents the eigenvalues of the symmetric component of the Born tensor, andR is the angle (deg)
formed by the corresponding eigenvector with the bond shown in the following column.

Figure 4. Calculated IR spectrum of NAM (a) without LO-TO
correction and (b) with LO-TO correction

Figure 5. Experimental and calculated infrared absorption spectra of
NAM. The spectra are from (a) ref 6, (b) ref 7, and (c) this work.
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Nitric Acid. We have also calculated the infrared spectrum
of NA as described above. The value of the dielectric constant
for visible light, ε∞, was taken31 asε∞ ) nvis

2 ) 1.492 ) 2.22.
The effect of applying the LO-TO correction to the spectrum
of the nitric acid crystal was small, and the corrected spectrum
only is used for the following discussion.

The infrared spectrum of NA has been reported a few
times.5,6,8 We reproduce in Figure 6 the spectra measured by
Koehler et al.8 (top, part a) and by Smith et al.6 (middle, part
b). These spectra also present some discrepancies in the observed
peak intensities. The major differences appear for bands located
at either end of the spectral region. Interestingly, whereas the
bands at the lower frequency zone are weaker in the spectrum
a than those in b, those at the higher-frequency end follow the
opposite pattern. The reason for these discrepancies, in our
opinion, may lie in small changes in the microscopic structure
of the samples due to different methods of preparation of the
crystals. Another possibility, relating the observed intensity
differences with the temperature at which the spectra were
measured, can be discarded on the grounds of the experiments
carried out by Smith et al,6 who recorded spectra at varying
temperatures between 113 and 188 K, finding only small
changes in the shape of one band, which peaks at about 1300
cm-1.

Considering the discrepancies within experimental spectra,
the comparison with the ab initio prediction, Figure 6c, seems
satisfactory. The convolution of the calculated intensities has
been done as for NAM, with two different broadenings to
account for the effect of H bonding with hwhm) 15 cm-1 for
peaks atν < 2000 cm-1 and hwhm) 75 cm-1 for peaks atν
> 2000 cm-1, the latter being smaller than that for NAM,
because the hydrogen bonds are weaker in this system. The
detailed spectral assignment of the nitric acid spectrum is
presented in ref 12. The O-H stretching region presents some
small discrepancies, which may arise from different reasons,
such as shortcomings of the GGA functional or the lack of
inclusion of anharmonicity in the theoretical calculations. The
agreement for the rest of the spectrum is quite good, in both
frequencies and intensities. The analysis of the spectrum in terms
of the theoretical results can provide information to unravel the
experimental discrepancies between spectra b and c, if it is
assumed that they are due to small microscopic differences
between the samples. The lowest frequency band, 700-780
cm-1, corresponds to bending vibrations of the NO3

- group.
The higher intensity in spectrum b can be interpreted in terms

of a larger disorder in the relative planes that contain the N-O
bonds with respect to the perfect crystal, which has very well-
defined layers with the N-O bonds distributed along them. The
following band, in the 900-1000 cm-1 range, is split in the
calculation. The lower frequency peak, at about 870 cm-1, is
assigned to the O-H out of plane torsion,12 and the higher
frequency one, at about 980 cm-1, is due to N-O’ stretching,
where O’ represents the oxygen atom bonded to hydrogen. It is
possible then that the calculated splitting arises from slight
misplacements of the H positions. The band at about 1250-
1400 cm-1 presents a quite different shape in the experimental
spectra, which makes the comparison less meaningful, although
the agreement in frequency is quite good. Finally, the peak at
about 1650 cm-1, attributed to asymmetric NO2 stretching, is
again in good agreement between prediction and observations.

Conclusions

The SIESTA method, which has proved to be an adequate
tool for the study of molecular crystals with many atoms per
unit cell, provides also the basis for the calculation of the
macroscopic polarization of the crystal. The method has been
recently extended to include the determination of Born charges
associated with atomic displacements in the normal modes,
which can be used to evaluate the infrared intensity of the
corresponding vibrations.

We present the application of this formalism to atmospheri-
cally relevant species, nitric acid and nitric acid monohydrate
crystals. For NAM, the effective Born charges show a highly
anisotropic charge distribution, with a negative charge on the
O atoms and a positive charge on N. The O-H bond has similar
characteristics, with positive charge on the H atoms and negative
on the apex O. The corresponding values for NA follow an
analogous pattern, with smaller charge concentration in the N-O
and O-H bonds.

We have predicted the infrared absorption spectrum of NA
and NAM from the corresponding Born tensors and normal
mode coordinates. The computed spectra are compared to
experimental infrared transmission measurements. The overall
agreement can be considered satisfactory.
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