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First-Principles Infrared Spectrum of Nitric Acid and Nitric Acid Monohydrate Crystals
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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 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-

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 CaParrinello method (CPMD), the
macroscopic polarization of the solid is evaluated at each step
of a trajectory, and then the dipetelipole correlation function,
which is directly related to the infrared absorbance, is evaluated. ! ; . i o
This method is specially suitable when dealing with liquids or cies are slightly shifted or the mtensmes_are not exactly matched.
anharmonic systems in general, such as solids at high temper- For all our crystal structure calculations, we have used the

atures. The second method exploits the harmonic approximation>/ ESTA method in the code implementation with the same
and is thus best suited for solids or molecules at low temper- "@me. This method has been designed to study the geometry

atures. It requires the calculation of the vibrational frequencies, @d dynamics of solids and has been applied to the study of

by diagonalization of the dynamical matrix, and the Born ionic! and molecular systerhand also to metals, semiconduc-

effective-charge tensor. These two quantities are second derivalors; or biological systemsThe SIESTA code, together with

tives of the energy and can be obtained in two different ways: ancillary programs, allows also the calculation of the vibrational
(i) using linear response, o (ii) by finite differences. This study requencies of the normal modes of the solid. We make use
uses the latter. The application of this method usually involves Nére of an extension of the mettotb evaluate the infrared

several stages to be performed with an acceptable numericafnNt€nsity of each mode, based on the polarization change with
precision. The first problem is to relax the structure to its 1€ atomic displacements. We also use that information to

theoretical equilibrium geometry. The next step is the evaluation Include in the calculation the long-range field effects that give
of the force constants, which, in finite differences-based S€ to longitudinat-transverse vibration (LOTO) splittings.
methods, are calculated from the variations in the atomic forces  Nitric acid and nitric acid hydrates are systems of well-
which arise for small displacements of the atoms around their ccepted atmospheric relevance. They are found in crystalline
equilibrium configuration. This process is usually very time ©OF aerosol form in clouds both in the troposphere, from where
consuming, as it involvesN atomic displacements (whehé they precipitate in the acid deposition process, and in the
is the number of atoms in the unit cell) and the corresponding Stratosphere, where they take part in the chemistry of ozone
forces evaluation. The calculation of the vibrational frequencies depletion, in polar stratospheric clouds. Infrared spectra of nitric
is then fairly straightforward, being given by the eigenvalues acid (NA) and nitric acid monohydrate (NAM) crystals have
of the dynamical matrices. The corresponding eigenvectors b&en published by several auth8rs: These systems have also
provide a representation of the motions of each atom per been studied from the theoretical point of view in articles that
vibrational mode. In some cases, the normal modes can bePresent a refined equilibrium structure of the crystal and the
depicted in a very simple way, for instance in high frequency Ccorresponding normal mode vibration analysi$However, as

stretching modes, but this representation becomes increasinglyfar 8 we know, their simulated infrared spectra have never been
published. In the following section of the paper, we describe
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and infrared intensities. The method is then applied to predict whereV is the volume of the unit cellP; is the macroscopic
the NA and NAM spectra. The results of the theoretical study polarization along thé axis, andr; is the displacement of the
are then compared to literature experimental spectra of theseatomr along thej axis.

systems. In this work, Born charges have been evaluated as the
numerical derivatives of the polarization per unit cell when
displacing each atom along thex, +y, and +z axis, corre-
sponding to the crystallographic axis for the present orthor-

Technical Details. In this section, we aim to highlight the ~hombic crystals. At this point, it is worth noting that the
main technical details used in our calculations on the nitric acid Macroscopic polarization given by the Berry phase method is
and nitric acid monohydrate systems. More details on the relaxedWell-defined modulus, a “quantum” of polarization, i.eeR2
structures, normal modes, and frequencies for the NA and NAM for @ nonmagnetic system, where 2 indicates the occupation,
crystals can be found in previous publications on this suBjgct.  the electron charge, arid an arbitrary lattice vector. As we

Relaxed structures and vibrational properties have beenar€ interested in the incremeA;, we evaluate firsp; at the
calculated using the SIESTA method. The corresponding ~ '€laxed atomic positions and théh + AP; with the atomz
code is an implementation of density functional theory combined displaced a bit along the directignin this case, jumps ofeR;
with norm-conserving pseudopotentials to describe the effect €N occur, so one has to be aware of this possibility and remove
of the atomic cores and a linear combination of atomic orbitals these jumps if they do appear. It is also worth noting that there
as the basis set for the valence electrons. As a result ofiS No need to calculate the Born charge tensors for all atoms in
SIESTA’s methodology, the computer time and memory needed the unit cell but only for the atoms in the |rrec_zlu0|ble unit. Tht_e
are modest, even for systems with many atoms in the unit cell. "eSt of the Born charges can be deduced using the appropriate

In our calculations, we have used the gradient-corrected SPace group symmetry. More details are presented in the
functional of Perdew, Burke, and Ernzeri®fyhich provides Discussion section. ) ) )
an accurate treatment of hydrogen bonding and dissociation We can now address the caICL_JIatlon of the infrared ab_sorptlon
energies of small molecules. Core electrons are replaced by°f the crystal. For a molecule in the gas phase, the infrared
norm-conserving pseudopotentials of the Trouffibtartins absorbance of then normal mode is given by the following
kind, including partial core corrections. The basis set used is a €XPressiot?
standard split-valence doublewith polarization (DZP). The _
orbitals are spatially confined with a cutoff value of up to 100 jm " a_“
meV, which corresponds to the excitation energy arising from IR 3c|9Q,
the confinement of the basis orbitals. The grid needed in order
to calculate the Hartree and exchange-correlation terms has beemvherep is the molecular concentratioajs the velocity of light,
chosen to have a fineness of 150 Ry. The k grid point sampling z is the electric dipole moment, ar@, is the normal mode
has been restricted to thepoint. The density matrix has been  coordinate
calculated iteratively with a tolerance of 1) and the atomic
forces for the relaxed structure have been in all cases smaller Ujf,m = QmX,-T,m 3
than 0.04 eV/A. Tests were run for NAM with a tolerance of
0.02 eV/A without appreciable changes in the predicted HereU;, is the m normal mode component of the displace-
spectrum. ment of ther atom in thej direction, evaluated from thx;

Force constants have been calculated as the numericalelements of the corresponding vibrational eigenvettoXll
derivatives of the analytical interatomic forces with respect to these equations refer to normal modes that satisfy
atomic displacements. The displacement has been chosen to be 3 N
0.01 A'in all cases. Vibrational frequencies and normal modes Z M. X

T
=1e=

Theory
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)

T T
have been calculated within the harmonic approximation as the imXjn = Omn )
square root of the eigenvalues and as the eigenvectors of the

dynamical matrix, respectively. They have been evaluated atwhereM, is the mass of the atom

the I' point, the only k point needed for infrared absorption A similar expression can be used for solid polycrystalline

studies. samples, replacing the electric dipole moment by the macro-
Infrared Absorption Intensity. The key magnitude for the  scopic polarization

evaluation of the infrared absorption intensity of a crystal is

the macroscopic polarization and, more specifically, its deriva- N
tives with respect to atomic displacements. From the polariza- g U o (5)
tion, atomic Born charges associated with atomic displacements =1 \9Qn,

along the axes can be calculated. In this section, we describe . . . o
. . whereP; is thei component of the macroscopic polarization
the method we have used to obtain these properties.

Vibrational modes and frequencies have been calculated asand t_he e|genm_odes are c_alcula}ted atlfhx_mmt. .
This expression (eq 5) is valid for solids under two main

described in the previous section. SIESTA has routines to o . o
pproximations. First, we suppose that the material is a

S\@Ig:tﬁqter;(haorgeacroscoplc polarization that are based on the Berr>f)lolycrystn'jll where all directions are equivalent. This is the same

The Born effective charge tens* ., is defined’ as the as saying that the angle between the crystalline axis and the

linear change in the polarization per unit cell created along the eleqtrlc field of the incident infrared I'ght is random. Second,
TR T s we ignore the effects of the macroscopic shape of the sample,
directioni when the atonr is displaced along the directign

which are mainly transmissiefreflection and interference
P, effects. These could be taken into account by constructing a
Z5 ., =V — 1) macroscopic electromagnetic mofeduitable for each specific
Ly problem.
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The derivative in eq 5 can be rewritten in terms of the Born
charges so that the infrared absorbance fomtiraode results

3 3 N 2
Ik O Z Z*  Xim (6)
=1\ [=17=

whereN is the number of atoms in the unit cell.

A further aspect to be considered is the so-called-TQ
splitting, an effect that induces a frequency shifting of some / ',ﬁ.
3
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vibrations and which can give rise to significant changes in the - 03
infrared spectrum, such as the appearance of new peaks or Rl
broadening of some bands. The QO splitting is caused by /
the macroscopic electric field which appears because of the b 02
electrical charge displaced for longitudinal vibrations (LO) in  Figure 1. Schematic view of the calculated structure of the unit cell
the crystal. These vibrations are thus subject to an electric field of NAM seen from thex axis. The atom numbering is shown for
which is slightly different to the incident radiation field observed reference in Table 1.
by the transverse vibrations (TO). The modified field induces

e ! . ) == with longer cutoff radii and a smoother orbital fallout with
a blue shift in the corresponding LO frequencies. The inclusion

. . S growing radius was used for this purpose. The importance of
of this treatment in the methodology used in this work has been e pagis set in the calculation of infrared activities has been
described in ref 4. . . noted in the literaturé® The last check of convergence is related
We have used eq 6 to calculate the infrared absorptions of , the sum of the traces of the Born charge matrices for every
the normal modes of the NAM and NA crystals under study, 45 in the unit cell, which is called the acoustic (or neutrality)

taking also the LG-TO splitting into account. For a more g yyje; and resulted 0.1 au, a value close enough to 0 to be
graphical comparison with the experiment, discussed later in considered satisfactory.

this article, the computed absorptions have been convoluted with g1 effective charge tensors for NAM in atomic units (au)

a Lorentzian function. are presented in Table 1 for the atoms in the irreducible unit
only. The rest can be deduced using the space group symmetry

Results and Discussion of NAM (P2;cn).25 The Born charge tensors can be decomposed

Born Charges. Nitric Acid Monohydrate.The unit cell of into three contributions, an isotropic part, with the same trace
NAM, 2522 which contains four nitric acid and four water as the whole tensor; a symmetric traceless matrix, and an
molecules, all of them in ionic form, N and HOT, antisymmetric part. In ionic materials, the diagonal element of

respectively, is represented in Figure 1, where the atom the isotropic part,Z*y = Z*yy = Z*zz is the dominant
numbering used in this work is also indicated. The crystal has contribution to the Born tensor and is usually close to the formal
orthorhombic symmetry. ionic charge, according to the simple idea of the ions as the
The macroscopic polarization has been calculated as describeelementary parts of the whole solid. In our case, we have atoms
in ref 13 using the modern theory of polarizati#he method attached by covalent bonds instead of ions so that the symmetric
needs sampling in k space in order to evaluate a one-dimensionatontribution to the Born tensor is relevant. The analysis can be
(1D) integral along a given direction of k and then a 2D integral pursued by diagonalizing the total symmetric contribution,
across the corresponding perpendicular plane. From the polar-composed by the isotropic part plus the traceless symmetric
ization, Born charges have been calculated in this work using matrix. The eigenvectors of this matrix indicate the directional
two sampling points for the line integral and one sampling point distribution of charges for each atom, and the eigenvalues, the
for the surface integral. In the terminology of ref 23, this is amount of charge that is displaced along each direction. The
described as % 1 x 1. Convergence of the results has been underlying idea is that bonding directions should be predominant
checked for NAM using grids ranging fromx 1 x 1 to 10x for charge displacements for atoms in a terminal position of
5 x 5. We have also checked the stability of the Born charges the molecule, such as the O atoms in NOwhereas a larger
versus the geometry relaxation method used (fixed or relaxed charge distribution should remain in the plane perpendicular to
lattice parameters) and versus the basis set, and convergencthe symmetry axis for central atoms, such as N in the same
was achieved in all cases. A variationally optimized basi# set system. Diagonalization of the Born charges for NAM yields

TABLE 1: Born Effective Charge Tensors for NAM (au)2

X y z Q o bond X y z Q o bond
N1 x 2.47 0.06 0.75 2.74 05 x —1.59 0.26 —-0.06 -—161
y —0.77 2.25 0.62 2.58 y -032 -156 0.10 -—155
z 0.57 0.92 0.88 0.28 z 0.01 0.10 -0.65 —0.60
02 x —-095 -034 -036 -084 112 O2N1 H6 X 0.28 —0.48 0.17 0.23 82 H605
y -—-023 -152 -054 -0.30 88 y —0.12 194 -0.46 035 94
z -038 -076 —0.73 -—-2.05 22 z 0.03 —-0.59 0.52 2.17 8
03 x —192 0.03 -040 -0.84 71  O3N1 H7 x 1.16 0.60 0.25 0.18 79 HYO5
y 0.14 -0.81 —-0.07 -0.29 88 y 0.96 0.83 0.21 0.35 53
z —-049 -0.14 -044 -2.04 19 z 0.42 0.19 0.44 189 11
04 x —1.15 0.45 0.13 —-0.80 108 O4N1 H8 X 1.72 -0.63 —0.32 0.24 84 H8O05
y 056 —-148 -0.34 -0.31 90 y -0.21 0.36 0.05 0.37 83
z 0.27 —-048 -045 -—-1.97 18 z —041 0.14 0.47 1.93 9

a Atoms are numbered as in Figure Q. represents the eigenvalues of the symmetric component of the Born tensar,isutide angle (deg)
formed by the corresponding eigenvector with the bond shown in the following column.
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Figure 2. Eigenvectors of the symmetric Born tensor for the NO N2 2
group in NAM. Each diagram shows the eigenvectors for one of the |
atoms and the bond or bonds in which it is involved. o8

results which comply with the expectations, as reflected in Table
1 for both NQ~ and HO™' of the irreducible unit. The
eigenvalues of the symmetric matrix are listed in Table 1 with Figure 3. Schematic view of the calculated structure of the unit cell
the angle that the corresponding eigenvectors form with the bondof NA, seen from theaxis. The atom numbering is shown for reference
indicated. The largest eigenvalues are always in the directionin Table 2.
closest to that of the appropriate bond for NCand HO™,
with a maximum deviation of 22 Eor N and the central O of  30° from the bonding direction for the 8417 atoms. Whereas
the H,O™ group, however, the minimum charge transfer occurs the charge-transfer values for the N atoms are close to those in
along the direction closest to the local symmetry axis, and the NAM, both in magnitude and direction, the charge displace-
maximum charge transfer takes place in the perpendicular plane Mments along the NO bonds, and also those along the OH bonds,
As an illustration, we represent with arrows in Figure 2 the havein general smaller values for the terminal atoms than those
eigenvectors of the N© group, and the above commented ©obtained for the previously described system, although keeping
results can be easily visualized. Therefore, we can conclude thatheir sign. The conclusion, as before, is that there are well
for NAM all molecular bonds determine well-defined charge- established predominant directions for maximum charge transfer,
transfer directions along which the displacement of charge is Mainly along the molecular bonds. When comparing NA and
greatest in absolute value. The results are approximately equalNAM crystals, the larger dispersion Hf . values, and also in
for all equivalent atoms in each molecular group with negative the angular distribution of the charge transfers, of the former
values for the O atoms in N and positive values for the H ~ System can be related to its smaller crystalline symmetry.
atoms in HO™. Infrared Absorption. Nitric Acid Monohydrate From the
Nitric Acid. There are 16 NA molecules in the unit céll, optimized geometry of the unit cell and following the theory
also of orthorhombic symmetry, with the disposition represented outlined above, we have calculated the infrared absorption
in Figure 3, which includes the atom numbering for the spectrum of NAM. We have also estimated the effect of the
irreducible unit. LO—TO splitting, making use of the experimerifavalue of
Born charges for NA have also been calculated usinga 2  the dielectric constant for visible light,, = nvis? = 1.54 =
1 x 1 k grid. As there are now 80 atoms per unit cell, the 2.37, corresponding to the value of the index of refraction of
calculation is much more time-consuming than it was for NAM. NAM at visible wavelengthn,is. Both computed spectra are
With our computing facilities, namely, a two-processor Sun- displayed in Figure 4, where a Lorentzian line shape has been
Blade 1000 workstation, it took about 10 h to complete the assumed with a half-width at a half-maximum (hwhm) value
calculation for NAM and around 17 days for pure nitric acid. of 15 cnm’. The spectrum shows interesting variations when
This is due to the unfavorable scaling in the computation of the LO-TO correction is applied. The main effect consists of
the macroscopic polarization as opposed to the more favorablea splitting of the stronger peaks of the spectrum, giving rise to
scaling in energy computations. resolved independent features which shift in frequency over tens
Born effective charge tensors for NA are shown in Table 2 of wavenumbers. This correction therefore induces an ap-
for the four NA molecules that make the irreducible unit. Born preciable change in the shape of all of the bands of the spec-
charges for the rest of the atoms can be generated from thosdrum.
listed in Table 2 by applying the space group symmetry of NA,  The computed contour, after L&' O correction, is compared
P2,a.2” For NA, the acoustic sum rule has a value of 0.08 au, with previous experimental spectra in Figure 5. For this figure,
which again seems satisfactory. we have convoluted the calculated intensities with a Lorentzian
The Born charge tensors have been decomposed into thredunction of two different widths, 15 cni for the peaks at <
contributions as described above. The results of the diagonal-2000 and 150 cmt for those atv > 2000 cnT®. The higher
ization of the symmetric part are listed in Table 2. We find a frequency region corresponds te-® stretching vibrations in
similar behavior as for NAM, with a maximum deviation of which the H atoms are involved in strong H bonding, which




First-Principles Spectra of NA and NAM

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

J. Phys. Chem. A, Vol. 108, No. 47, 20040539

X y z Q o bond X y z Q o bond X y z Q « bond
N1x 2.05-0.36 099 251 O8x —0.76 0.16 0.55-0.59 95 0O8-N2 015x —0.32 0.16 0.34-0.20 87 O15N4
y —0.38 223 0.73 257 y 0.07 -0.63 -0.05-0.15 90 y 0.10-1.16 —0.37 —0.67 100
z 076 054 109 0.30 z 0.44-0.13-054-120 5 z 0.16 -0.19-0.76 —1.36 10
N2 x 1.32-0.17-0.96 2.89 09 x —0.47 0.27 0.27-1.95 19 O9-N2 016x —0.28 0.02 0.13-1.98 20 O16-N4
y 0.01 288-0.10 211 y 0.21-1.90-0.11 —0.64 109 y —0.09 -1.98 0.13-0.23 88
z-0.83 0.17 112 0.32 z 0.23-0.10-0.41-0.18 89 z 0.05-0.04 -0.42-0.46 70
N3 x 185 0.17 059 290 O1R —0.41 -0.29 0.20—0.23 87 O16-N2 H17x 0.54-0.16 0.02 0.69 31 H17O5
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 015 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 0O11x —1.04 —0.03 —0.35 -0.64 90 O1+N3 H18x 0.24-0.21 0.12 0.10 112 H18010
y 0.07 268 0.01 217 y 0.05-0.64 0.02—-0.19 92 y —0.10 1.01 0.12 0.43 83
z —0.45-0.33 195 0.35 z —0.51 0.02-0.41-1.26 2 z 012 0.27 037 1.09 23
O5x —1.30 0.12—-0.67 —0.29 98 O5-N1 012x —0.65—0.24 —0.22 —1.69 22 O12N3 H19x 0.41 0.66—0.05 0.08 113 H19013
y 0.21-0.36 0.07-0.39 84 y —0.33 —1.60 —0.07 —0.71 68 y 024 125 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—-0.10 040 0.33 148 25
06 x —0.68 0.44-0.12-1.39 1 O6-N1 0O13x —0.55 0.02—-0.06 —0.55 72 O13-N3 H20x 0.36-0.50 0.00 0.42 96 H20016
y 0.49 -1.08 —0.16 —0.49 89 y 0.26-1.89 0.11-0.30 98 y —0.15 147 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 008 070 041 172 26
07 x —0.53 -0.18 —0.31 —0.57 85 O#N1 014x —0.42-0.12 0.50—-0.75 99 O14N4
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 025 0.21-1.26-1.45 13

a Atoms are numbered as in Figure @. represents the eigenvalues of the symmetric component of the Born tensar,isutide angle (deg)
formed by the corresponding eigenvector with the bond shown in the following column.
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Figure 4. Calculated IR spectrum of NAM (a) without LOTO
correction and (b) with L& TO correction
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Figure 5. Experimental and calculated infrared absorption spectra of
NAM. The spectra are from (a) ref 6, (b) ref 7, and (c) this work.

Ritzhaupt and Devlih(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 16A®00 cnt! 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-erder
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 crh 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 thiis assigned as a blend
of NOs~ and HO™ bending vibrations, which in the prediction

induces a broadening of the corresponding bands, with respectdoes not induce large dipole moment displacements, yielding a

to similar vibrations when H bonding is not preséht?

There are many articles in the literature dealing with the
spectrum of NAM®7° From these, we have selected the
transmission spectra of Smith et®afFigure 5a, top), and of

comparatively low intensity. The band at around 1700t

split in the calculation, but a composite structure cannot be
discarded in the observed spectra as well. The bands calculated
over 2000 cm?! agree in location with both a and b spectra.



10540 J. Phys. Chem. A, Vol. 108, No. 47, 2004 Fernandez-Torre et al.

of a larger disorder in the relative planes that contain theON

bonds with respect to the perfect crystal, which has very well-
a defined layers with the NO bonds distributed along them. The

following band, in the 9081000 cnt! range, is split in the
00 3000 2500 2000 1500 1000 500 calqulation. The lower frequency peak_, at about 870?cn's

assigned to the ©H out of plane torsioR? and the higher

frequency one, at about 980 cipis 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 250
1400 cnt! 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!, attributed to asymmetric NOstretching, is
again in good agreement between prediction and observations.

w
a

b

00 3000 2500 2000 1500 1000 500

w
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c

Absorbance (arbitrary units)

3500 3000 2500 2000 1500 1000 500

. -1 .
Frequencies (cm ) Conclusions

Figure 6. Experimental and calculated IR absorption spectra of NA.

The spectra are from (a) ref 8, (b) ref 6, and (c) this work, The SIESTA method, which has proved to be an adequate

tool for the study of molecular crystals with many atoms per

Nitric Acid. We have also calculated the infrared spectrum unit cell, provides also the basis for the calculation of the

of NA as described above. The value of the dielectric constant Macroscopic polarization of the crystal. The method has been
for visible light, e, was takedt ase, = n2, = 1.4% = 2.22 recently extended to include the determination of Born charges

: vis associated with atomic displacements in the normal modes
The effect of applying the LOTO correction to the spectrum ” ) . - '
ppying b which can be used to evaluate the infrared intensity of the

of the nitric acid crystal was small, and the corrected spectrum . oo
corresponding vibrations.

only is used for the following discussion. W t th licati f this f lism to at heri
The infrared spectrum of NA has been reported a few € present the application ot this tormalism 1o atmospheri-
cally relevant species, nitric acid and nitric acid monohydrate

times>6.:8 We reproduce in Figure 6 the spectra measured by - .
Koehler et aP (top, part a) and by Smith et &imiddle, part crystals. For NAM, the effective Born charges show a highly
isotropic charge distribution, with a negative charge on the

b). These spectra also present some discrepancies in the observ . .
) b P P atoms and a positive charge on N. Thel®bond has similar

peak intensities. The major differences appear for bands locate . . o .
at either end of the spectral region. Interestingly, whereas the characteristics, with positive charge on the H atoms and negative
! on the apex O. The corresponding values for NA follow an

bands at the lower frequency zone are weaker in the spectrum i S
a than those in b, those at the higher-frequency end follow the analogous pattern, with smaller charge concentration in th&N

opposite pattern. The reason for these discrepancies, in ou n\(/jVO;H bondsd_ d the infrared ab . f NA
opinion, may lie in small changes in the microscopic structure e have predicted the infrared absorption spectrum o

of the samples due to different methods of preparation of the andd NAM f(r;.)mtthe E:r%rrespondl?gdBorn ';ensors and norrréalt
crystals. Another possibility, relating the observed intensity mode coordinates. the computed spectra aré compared 1o
differences with the temperature at which the spectra were experimental infrared transmission measurements. The overall

measured, can be discarded on the grounds of the experiment?greemem can be considered satisfactory.
carried out by Smith et & 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 130
cm L,

Considering the discrepancies within experimental spectra,
the comparison with the ab initio prediction, Figure 6¢, 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 cn? for
peaks atv < 2000 cnt! and hwhm= 75 cnt? for peaks at
> 2000 cntl, the latter being smaller than that for NAM, @ SziRZ-Di'a_Z. C. :-;Zgiorgné;/.éggtella, V.; Artacho, E.; Herimalez-

H H aguna, A.Am. vineral. , .

beca.'use the hydrer.n bonds are Weal.(e.r in t.hls system. Thé_ (2) Ferradez, D.; Botella, V.; Herrero, V. J.; Escribano, R.Phys.
detailed spectral assignment of the nitric acid spectrum is chem. B2003 107, 10608.
presented in ref 12. The-€H stretching region presents some (3) See a full list of publications at the SIESTA webpage, http:/
small discrepancies, which may arise from different reasons, WWVEIAL)JaL“-iS/degaf[t)amPemosgc'egC'iAS/fﬁmatglf_'aﬁ/Sd'eStafk Archer 1. D

H : rcner, I. D.; Pruneda, J. M. Unpublished work. Archer, |. D.
,SUCh f’;ls shortcomlngg Qf t,he GGA fungtlonal or th_e lack of Ph.D. Thesis, University of Cambridge, 2004. Sanchez-Portal, D.; Souza,
inclusion of anharmonicity in the theoretical calculations. The |; Martin, R. M., LCAO Calculation of Dynamical Charges and Ferro-
agreement for the rest of the spectrum is quite good, in both electricity. InAIP Conference Proceeding€ohen, R. E., Ed.; American
frequencies and intensities. The analysis of the spectrum in termg/nstitute of Physics: Melville, New York, 2000, 535, 13120 (Funda-

. L7 . mental Physics of Ferroelectrics 2000).

of the theoretical results can provide information to unravel the =5y vcGraw, G. E.; Bemitt, D. L.; Hisatsune, I. @. Chem. Phys.
experimental discrepancies between spectra b and c, if it is1965 42, 237.
assumed that they are due to small microscopic differences  (6) Smith, R. H.; Leu, M.-T.; Keyser, L. K. Chem. Phys1991, 95,
bety\{een the samples. The_ Iowgst frequency band;-780 (7') Ritzhaupt, G.: Deviin, J. F1. Phys. Chem1991, 95, 90,
cm, .Corre.5p0nd.5 to bending vibrations Qf the NQ@roup. (8) Koehler, B. G.; Middlebrook, A. M.; Tolbert, M. AJ. Geophys.
The higher intensity in spectrum b can be interpreted in terms Res.1992 97, 8065.
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