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Reflectance and complex refractive indices in the infrared

for aqueous solutions of nitric acid

Marvin R. Querry and I. L. Tyler

Department of Physics, University of Missouri-Kansas City, Kansas City, Missouri 64110

(Received 26 July 1979; accepted 31 October 1979)

Near-normal incidence reflectance spectra relative to water were measured throughout the 310 to 5000
cm ™" spectral region for 0.5, 1, 2, 4, 8, and 15.7 M aqueous solutions of nitric acid. Spectral values of the
complex refractive index N(v) =n(v) + ik(v) of the nitric-acid solutions were computed by use of
Kramers-Kronig techniques, Values of N(v) are presented in graphical and tabular form. The spectra
were further analyzed to determine the central frequencies, half-widths, and strengths of infrared bands
due to intra- and intermolecular vibrational modes of liquid water and intramolecular vibrational modes

of NOj, H;0", and HNO;.

I. INTRODUCTION

In this paper we present measurements of relative
infrared reflectance spectra, computed values of spec-
tral complex refractive index N(v)=n(v) +ik(v), central
wave number positions v, of infrared vibrational bands,
and measured strengths S, for selected bands observed
in 0.5, 1, 2, 4, 8, and 15. 7 M aqueous solutions of ni-
tric acid. The band strength S, is defined as

1
Sb=p—o_[“dk(v)dv , (1)

where p, is the molecular density (molecules/ecm?), v is
wave number, and the integral is evaluated over the full
spectral width of the band. There have been many prev-
ious investigations of the infrared and Raman spectra of
nitric acid. None of the previous investigations, how-
ever, were of the reflectance spectra, and none pre-
sented spectral values of N(v) for liquid nitric acid.

Investigations, prior to 1960, of the infrared and Ra-
man spectra of nitric acid were previously reviewed
and summarized by Stern ef al.! Some structural fea-
tures of the HNO; molecule were not well known at that
time, and the molecule was therefore treated by some
investigators as an O'NO, planar system belonging to
the C,, point group. Thus there were several discrepan-
cies in assignment of the fundamental vibrational bands
of HNO,.

In 1965 McGraw ef al.? reported a normal coordinate
analysis of a planar nitric acid molecule belonging to the
C, point group and possessing the structure shown in
Fig. 1. Such a molecule has nine fundamental vibra-
tional modes. Seven modes are in-plane A’ species and
two modes are out-of-plane A’’ species. All modes are
active in the infrared and Raman spectra. McGraw et
al. compared the infrared absorption spectrum of nitric-
acid vapor with results from the normal coordinate
analysis. They made assignments of the nine fundamen-
tal bands and of several overtone and combination bands.
Their assignments of the fundamental bands for nitric-
acid vapor are valid yet today and are presented in the
first, second, and fourth columns of Table I.

The assignment of infrared and Raman vibrational
bands for aqueous solutions of nitric acid is more diffi-
cult for at least three reasons. One, the HNO, mono-
mer per se probably does not exist in the hydrogen-
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nitric acid are presented in Table II. The concentra-
tions of products of the dissociation were determined
by use of Eq. (2) and the dissociation curve shown in

Fig. 2.

Aqueous solutions of intermediate nitric-acid concen-
tration (8—20 M), however, have Raman®® and infra-
redS'8 spectra closely similar to that of the vapor. In
the spectra of the liquids there are also other vibra-
tional bands observed which correspond to the dissoci-
ation products and to the liquid water. Previous as-
signments by McGraw ef al.'? of fundamental vibrational
bands based on Raman spectra of anhydrous nitric acid
(~24 M) and aqueous solutions containing 95% (22.5 M)
and 60% (13 M) nitric acid are shown in the first, third,
and fourth columns of Table I.

Il. EXPERIMENTAL METHODS AND RESULTS

Experimental methods for acquisition of the near-
normal incidence relative infrared reflectance spectra
of the nitric-acid solutions were similar to those de-
scribed in a previous paper.’ The relative reflectance
spectra thus obtained are presented in Figs. 3and 4. Rela-
tive spactral reflectance R(v) is defined as R(v) = R(v),/R(v),,
where R(v), is the spectral reflectance of the nitric-acid
solution and R(v), is the spectral reflectance of deionized
and filtered water. Standard deviations based on three

A

FIG. 1. A diagram of the planar structure of nitric acid from
Ref. 2: 7,=0.121 nm, 7,=0.112 nm, 7;=0.1405 nm, 7,
=0.0961 nm, «=130°13", B;=115° 55", B,=113" 52", v=
=102°13’. One referee of this paper alertly suggested that.
71, 73, and 7, are surely not in the same plane, and that the
proton probably bisects the NO, group.
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TABLE I. Previous band assighments for nitric-acid vapor and
and liguid.

Mode (Species) Vapor Liguid  Assignment

vida’) 3550. 0 3410 HO stretch

217 0] 1708.2 1675 NO, antisymmetric stretch
v4’) 1330.7 1395 HON bend

v’ 1324.9 1303 NO, symmetric stretch

v4 ") 878.6 926 NO, deformation

vea ") 646.6 677 NO’ stretch

va”) 579.0 612 ONO' bend

vg(a ') 762.2 771 NO, rock or O'NO, umbrella
4’ 455. 8 485 HO torsion

independent measurements of R(v) were generally
£0.005 R(v) but increased to about +0.01 R(v) in spec-
tral regions where atmospheric water vapor and carbon
dioxide are strongly absorbing. The temperature of the
water and the nitric-acid solutions was about 27 °C.

The relative reflectance spectra were phase shift
analyzed by use of Kramers-Kronig techniques™® to ob-
tain spectral values of N(v) which are presented graphi-
cally in Figs. 5—-8. Uncertainties for N(v) obtained by
these methods®® are typically as follows: %0.01n(v),
+£0.02 k(v) for k(v) greater than 0.05, increase to about
+0.2 k() for 2(v)=0.01, and become much larger for
k(v) less than 0.01. A tabulation of spectral values of
N(v) for the six nitric-acid solutions discussed in this
paper is available from the American Institute of Phys-
ics, Auxiliary Publication Service.'?

IH. DISCUSSION OF SPECTRA
A. Water

Temporal clusters composed of several hydrogen-
bonded H,O molecules constitute the structure of liquid
water. An infrared spectrum of liquid water is there-
fore interpreted in terms of bands associated with in-
tramolecular vibrations of H,O molecules and intermo-
lecular lattice vibrations of the clusters. There are
three intramolecular vibrations: the v, symmetric and
vy antisymmetric O~H stretching motions, and the v,
O-H-0 bending motion. The v, band has a central fre-
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FIG. 2. A graph of the degree of dissociation & versus molar
concentration M of aqueous solutions of nitric acid. The dis~
sociation of HNO; in water follows Eq. (2) in the text. Pure
nitric acid is about 24 M concentration. If the graph were ex-
tended from 20 to 24 M concentration it would show the concen-
tration of NO3, i.e., &, going through a minimum near 24 M.
The most concentrated solution used during our investigation
was 15.7 M.

quency of 1640 cm™, a half-width of 110 cm™!, and a
band strength of (4.5 +0.8)x10"% ¢m?/molecule. The

vy and v, stretching modes and the first overtone 2v,,
which may be in Fermi resonance with v, or v;, pro-
duce broad overlapping bands. The v,, v;, and 2v, bands
are therefore grouped together in order to analyze the
infrared spectrum of liquid water. Together these
three bands form a broad composite band of central
frequency v,,,, half-width T, and band strength S,

as recorded in Table III.

The intermolecular vibrational modes are not well
known. However, one structural model proposed by
Bandekar and Curnutte!! consists of a central H,O mole-
cule hydrogen bonded with C,, point-group symmetry in
a temporal cluster of four first and 12 second nearest
neighboring H,O molecules. A normal coordinate and
Monte Carlo analysis of this structure!! neglecting the
intramolecular motion and degeneracies yielded sixprin-
cipal lattice vibrational modes with a total of 30 vibra-
tional species. The principal lattice vibrations were
~95, 165, 219, 450, 550, and 722 cm™. Spectra ob-
tained during the present investigation include only the
450, 550, and 720 cm™ modes. These three principal

TABLE II. Molar concentration of nitric acid solutions, volume density p in g/cm®, number
of water molecules per acid molecule N,,/N, prior to dissociation, degree of dissociation c,
and molar concentration of HNO3, HO3, NOj, and H,O after dissociation in the nitric acid

solutions.

Solution HNO; HO} NOj; H,0
(M) P N, /N, a (M) (M) (M) (M)
0.5 1.015 109.3 0.99 0. 005 0.495 0.495 54.16
1.0 1.032 53.8 0.97 0.03 0.97 0.97 52.85
2.0 1.065 26.1 0.95 0.10 1.90 1.90 50,27
4.0 1.130 12.2 0.85 0.59 3.41 3.41 45.34
8.0 1. 249 5.2 0.61 3.12 4.88 4,88 36.48
15.7 1.413 1.5 0.165 13.11 2.59 2.59 20.97
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FIG. 3. Near-normal incidence relative specular reflectance
R(v) =R(v),/R (¥}, in the spectral region 310—2,500 cm™ for 0.5,
1, 2, 4, 8, and 15.7 M aqueous solutions of nitric acid.

modes provide broad overlapping bands that are col-
lectively referred to as the librational band v;. Param-
eters for the v, band are noted in Table III.

B. Nitric-acid solutions

The molar concentrations of molecular constituients
HNO,, H;0", NOj, and H,O for the nitric-acid solutions
are listed in Table II. In the spectra for the 0.5, 1, 2,
and 4 M solutions we primarily observed, in Figs. 3-8,
spectral features due to liquid water. In Figs. 3 and 4
liquid water by definition has a relative reflectance
R(v)=1.0 throughout the spectral range. The bands are
easily seen in the spectra shown in Figs. 7 and 8.
There were also secondary spectral features due to the
strongest intramolecular vibrational modes of NO; and
H,0".

The NO;j ion is planar with Dy, point-group symmetry,

4.0
R 2.0
ool ||
2500 3000 3500 4000 4500 5000

WAVE NUMBER (cm-))

FIG. 4. Near-normal incidence relative specular reflectance
R()=R(»)/R(v),, in the spectral region 2500—5000 cm™! for 0.5,
1, 2, 4, 8, and 15.7 M agueous solution of nitric acid.
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FIG. 5. Index of refraction n{(v) in the spectral region 310-2500

em™ for 0. 5, 1, 2, 4, 8, and 15.7 M aqueous solutions of nitric
acid: n(v) is the real part of N(v).

and thus possesses three infrared active vibrational
modes v,(A4,), v4(E), and v,(E) at about 820, 1350, and
730 cm™!, respectively. The strongest vibrational mode
is v4(E), which is doubly degenerate. The v4(E) mode is
quite evident in the spectra for the 0.5, 1, 2, and 4 M
solutions. Although the v4(E) mode is doubly degenerate,
it appears in the present spectra as a doublet, Coordi-
nation of NO; with H,O molecules is probably responsi-
ble for removing the degeneracy. Parameters v,,,, I,
and S, measured for the v4(E) mode of NO;j in the 0.5
and 1 M solutions are listed in Table IIl. The v,(4,)
and v,(E) modes of NO; are quite weak. They were not
observable in previous infrared reflectance spectra’? of
0.5 M solutions of NaNO;. The »,(4,) and v,(E) modes,
however, were observed during the present investiga-
tion in the spectra for the 8 and 15.7 M solutions, e.g.,
see Fig. 8 for very weak bands at 820 and 730 cm™!.

1.1
2500 3000 3500 4000 4500 5000

WAVE NUMBER

FIG. 6. Index of refraction n(v) in the spectral region 2500—
5000 cm™! for 0. 5, 1, 2, 4, 8, and 15.7 M aqueous solutions
of nitric acid: n(v) is the real part of N(v).

em-1)
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FIG. 7. Estinction coefficient k(v) in the spectral region 310
to 2500 cm™! for 0. 5, 1, 2, 4, 8, and 15.7 M aqueous solution
of nitric acid: &(») is the imaginary part of N(v).

The H3O* ion is pyramidal with C,, point-group sym-
metry, and thus possesses four infrared active intramo-
lecular vibrational modes v,(4,), v,(4,), v4(E), and
v4(E). The v,(A,) and v4(E) bands are very broad and
extend from about 2650 to 3380 cm™., They were not ob-
served specifically in the present spectra for the nitric
acid solutions because the v,, v;, and 2v, modes for H,O
occur in the same spectral region. The v,(A4,) band of
H,0" occurs at a central frequency v_,, =1210+40 cm"~
in the spectrum for the 8 M solution, and is best ob-
served as a low-frequency shoulder on the v,(A’) band
of HNO, which is discussed in the following paragraph.
The presence of the v,(A,) band is also notable in the
spectra for all the other solutions, e.g., see Fig. 8.
The doubly degenerate v,(E) band of H;O" occurs as a
shoulder on the high frequency side of the v, band of
H,0. Parameters v I', and S, for the v,(4,) and

1

max’
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FIG. 8. Extinction coefficient k(v) in the spectral region 2500~

5000 cm™ for 0.5, 1, 2, 4, 8, and 15.7 M aqueous solutions of
nitric acid: k(v) is the imaginary part of N(v).

v4(E) bands of HyO" are listed in Table III.

The structure of the HNO; molecule was discussed in
Sec. I. Intramolecular vibrational bands associated
with HNO,; were particularly evident in the spectra for
the 8 and 15.7 M solutions. Of the nine intramolecular
bands only the v,(A’) and vgo(A'’) bands were not clearly
identified. Both of these bands occur in spectral regions
where liquid water 2lso has bands. The vq(A’) band at
central frequency v,,, =634 +2 cm™ was the weakest band
of HNOQ, that was observed. The v4(A’) band, however,
was not resolved to the extent that its band strength ¢
could be measured. Parameters v ,,, I', and S, for the
six other bands were measured and appear in Table III.

The band strengths S, were determined from graphs
such as those in Fig. 8 by manual decomposition of over -
lapping bands when necessary, by subtracting the con-
tinuum absorption, and by use of a manual planimeter.
The strength of the v,(F) band of H;O* was determined
by planimetering only the high-frequency half of the band
and multiplying the result by a factor of 2. The strength
of the v,(A’) band of HNO, was determined by planimeter-

TABLE III. Measurable parameters for intramolecular bands of selected nitric-acid solutions:
Vmax 1S the central frequency, T is the half-width, £(v)y,, is the value of k(v) at vy, , and S, is the

band strength.

Solution (M) Molecule Band viem™) I{em™) EWpa S, (em®/molecule)
15.7 HNO, 14" 1672 +4 47+8 0.292 1.70+0.14x 107!
15.7 HNO, v3(47) 1429 +2 9816 0.294 2.0+0.1x107%
15.7 HNO, v, 4} 1304+ 2 505 0.546 4.7+0.1x107
15.7 HNO, (A" 949 + 2 494 0.361 1.60.1x107H
15.7 HNO, veld’) 6912 26 +6 0.256 0.22+0.03x 107!
15.7 HNO; 14 634=2 0.293
15.7 HNO, veld ') 7782 15+2 0.259 0.14+0.04x 107!
15.7 HNO, 2v, 263320 0. 082
15.7 HNO;, 20, 2935 20 e 0.071 v
15.7 NO; va(Ay) 8203 35+10  0.198
15.7 NO; v, (E) 730 +7 e
0.5 NO; vy(E) 1350 £2 13910  0.065 16,7+2.0x 107!
1.0 NO; vy(E) 13502 157£10  0.099 18.1+2.0x 10"
8.0 H;0* vy(4;) 1210 £40
8.0 H;0* v,(E) 174215 180£20 0,148 4.0+0.5%x 1074
0.0 H,0 v, ¥3,2v,  3395x 390 + 0.297 3.7+0.1x107%
0.0 H,0 vy 1640 + 110+ 0.137  0.45+0.08x 107!
0.0 H,0 v 580+ 500 + 0.443  7.221.5x107H
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ing the combined areal contribution of the v,(4’) band of
HNO,, the v, band of H,O, and the v,(FE) band of H;O".
The band strengths due to v, of H,0O and v,(E) of H,0* at
their appropriate molecular density were then subtracted
from the measurement of the combined band strength.
The resultant band strength for v,(A) of HNO; was S,
=(1.70£0.14)x 102 ¢cm?/molecule.

This investigation did not seek answers to the tougher
questions about nitric acid in solutions, such as what is
the structure of the hydrogen bonding, and are there
HNO; dimers or higher polymers in the solutions. In
this regard, our data show a broad band from about
2000 to 3800 cm™!, and in the region 2000 to 3500 cm™!,
k(v) hardly varies. This extreme broading in the OH
stretching region, for the more concentrated solutions,
may possibly mean there are a variety of different OH
vibrating systems. Such broading of the OH bands may
possibly be related to dimerization or polymerization.
However, perturbations on the OH oscillators by the
ionic constituients can also cause broading and shifting
of the OH vibrational modes, and the presence of H;0*
assures that broad OH bands will be observed in the
2000-3500 cm™ region.
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