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Optical Constants of HNOs/H,O and H>SO4/HNO3/H,0 at Low Temperatures in the
Infrared Region
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The complex index of refraction of liquid HNgH,O and HSO,/HNO4/H,0 has been obtained at different
temperatures and acid concentrations. FT-IR specular reflectance spectra were obtained for 30, 54, and 64 wt
% aqueous HN@and for four different HSO/HNOs/H,O mixtures in the temperature region from 293 to

183 K. The complex index of refraction was obtained from the reflectance spectra with the Krdtnengy
transformation. The optical constants of the binary and ternary mixtures vary with the acid concentration and
the temperature. The results demonstrate that vibrational bands originating from the sulfate species are more
sensitive to changes in temperature than the bands originating from vibrations in the nitrate species; only
minor changes in the nitrate vibrational bands are observed as the temperature decreases below 248 K.

1. Introduction reported a quantitative test of the available optical constants of
) ) ) H>SOW/H,O and HNQ/H-,O mixtures relevant to the strato-

It is well established that polar stratospheric clouds (PSCs) spheric aerosols. They designed an experiment in the large
are linked to ozone depletion and the development of the S0- 3ergs0| chamber AIDA in Karlsruhe, Germany, in which they
called “ozone hole™.? PSCs mainly consist of liquid or solid  (ecorded extinction spectra of supercooled aerosols,80H
nitric acid, sulfuric acid, and water and are commonly classified H,0 at three different conditions and HNE.,0 at two different
in subgroups on the basis of their composition and phase asconditions. They tested the different optical constant data sets
described by, for example, Seinfeld and Paddigndlo and  y comparing measured aerosol data with those retrieved from
co-workers! and Tolbert and ToohType Ib PSCs are spherical e analysis of the extinction spectra. FosS@y/H.0, they
liquid ternary solution droplets of sulfuric acid, nitric acid, and o nq very good agreement using the data of Niedziela &t al.
water: HBSO/HNOyJH-0 (SNW). Itis assumed that they are  for gl the three experimental conditions. The data presented
formed from stratospheric sulfuric acid aerosols which take up by Lund Myhre et ak only cover one of the conditions they
Increasing amounts oijD.and HNQ from the gas phase as  examined: the agreement, however, was excellent. The largest
response to a decrease in temperatirés the temperature ifferences with the experiment were observed using the optical
drops, additional KO and HNQ condense onto the aerosol,  ¢onstants reported by Biermann et dlwhich also deviate
thus sulfuric acid constitutes only a minor mole fraction at substantially from those of Lund Myhre etZland Niedziela
temperatures below 190 K et al?! For HNOy/H,0, the results of the aerosol experiments

Satellite and sonde measurements employing optical scatteringwere in fair agreement with the data of Norman e&but not
techniques have commonly been used in observations ofas good as that for the J80/H,O system. Also the HN@
stratospheric aerosdts!® Mid-infrared remote-sensing instru-  H,O optical constants of Biermann et @lwere in lesser
ments are used to derive the chemical composition, aerosolagreement with the chamber experiments.

phase, and size distribution of stratospheric as well as tropo-  oply two studies report optical constants in the infrared region
spheric aerosols. The interpretation of the measured spectrgg; the ternary HSOJ/HNOy/H,O systeri®2 In addition to
requires laborious retrieval algorithms commonly involving Mie optical constants, Biermann et lalso presented a linear
theory in which the complex index of refraction is an essential mixing scheme to predict the optical constants of ternary
parametet!~*® The complex index of refraction is defined by  mixtures from the binary data sets 06$0y/H,0 and HNQ/
N(¥) = n() + ik(@); n(») and k(r) are the wavenumber .0 and they compared their model results with experimental
dependent refractive and absorption indices or optical constantsgptical constants of 5 ternary mixtures at different temperatures.
respectively. Together, they accurately define the full optical ynfortunately, their experimental optical constants for the
behavior of the material under |nvest_|gat|on. o ternary mixtures were only presented in graphical form. Norman
Several data sets of the complex index of refraction in the et al2?reported optical constants of six different ternary mixtures
infrared region at temperatures relevant to the stratosphere existt 220 K: the mixtures hag45 wt % H0 and varying amounts
for both the HSQy/H;0 and HNQ/H,O systems?2” However, of HSO; and HNQ. There are significant discrepancies
significant discrepancies exist between them. Wagner &t al. petween the experimental data of Norman ef®and the
predictions from the model by Biermann et&ln summary,
* E-mail: c.j.nielsen@kjemi.uio.no. there is still a lack of data for the HN¥H,O system and
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TABLE 1. List of Measured HNO 3/H,0O and H,SO/HNO4/
H,O Spectra

H,SO/HNO4/H,0
wt % mol % temp (K)
0/30/70 0/11/89 223, 233, 243, 253, 273, 293
0/54/46 0/25/75 243, 248, 253, 273, 293
0/64/36 0/34/66 238, 243, 253, 273, 293
4/46/50 1/21/78 223, 253, 273, 293
21/23/56 6/10/84 203, 213, 223, 253, 273, 293
25/17/58 7/7/86 183, 193, 203, 213, 223, 253, 273, 293
28/14/58 8/6/86 183, 193, 203, 213, 223, 253, 273, 293

present the absorption indeXy), and the refractive indexy7),

in the region from 6500 to 400 crh. Table 1 summarizes the
temperatures at which the binary and ternary mixtures were
investigated. The optical constants are available as Supporting
Information.

2. Experimental Section

2.1. Reflectance Measurementshe experimental method
and calculation procedure applied in the infrared region has
previously been described in deffiland only the main
principles are reported here. Specular reflectance spectra at ne
normal incident were obtained with a Perkin-Elmer System 2000
FTIR spectrometer in the region of 670800 cntl. The
spectrometer is equipped with a room-temperature DTGS

detector and the spectra were obtained at a nominal resolution

of 4 cnm! by averaging 64 scans. Far-infrared spectra {700
20 cntl) were obtained with a Bruker IFS HR120 instrument
equipped with DTGS and He-cooled bolometer detectors. A
simple modification of the optical beam path in a standard
specular reflection unit allows the surface of the sample support
to be oriented horizontally which makes liquid surface studies
feasible. The equipment was designed for infinitely thick
samples to avoid reflections from the back of the sample: in

this case, 14 mm was more than adequate. The sample holde5

(volume 13.5 crhand surface area of 9.5 épwas temperature
regulated by a stream of cold nitrogen. The temperature was
controlled to within£0.5 K, measured inside the samples during
the recording of the spectra. The entire optical setup was
enclosedn a 1 L environmental chamber, which was purged
with around 10 mL of M/min (99.996% N, H,O < 5 ppm,
AGA) to keep the relative humidity constant and low and
thereby prevent water vapor from condensing on the sample.
Far-IR reflectance spectra were recorded at room temperature

The experimental specular reflectance sped®@), were
obtained as a ratio of two single-beam spedi®), and lo(7),
wherel () is the intensity of the radiant flux reflected from the
sample surface anty(?) is the intensity of the radiant flux
reflected from a gold plated mirror which exhibits constant
reflectivity close to unity over the IR region under investigation.
The complex index of refraction was derived by the use of the
Kramers-Kronig analysis of the specular reflectance spectra,
R(v), spanning the 650060 cnT? region and obtained at near
normal incidence. In the case of perpendicular incidence of light,
the boundary conditions give Fresnel’s relationship

N(v) — 1
N() + 1

2

Rw) = ‘ (1)

N(v) is the complex index of refraction. The change of phase
between the incident and reflected beaify), may be obtained
by employing the KramersKronig transformation

al
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in which the integral is a Cauchy principal value integral and
which enables one to calculate botfy) andk(v) from R(v)

n(v) = 1-RY) @)
1+ R(v) — 2y R(v) cosgp(v))
) ~2RE) sinG() @

1+ RW) — 2JR) cosg))

The algorithm used in the present work is integrated in the
Perkin-Elmer FT-IR spectrometer softw&felhe computations
are based on the following assumptions: (i) the samples must
be homogeneous, (ii) the specular reflectance beam must be
measured at an angle of less thari ff@m the perpendicular,
and (iii) the sample must be thick enough to ensure that no
light is reflected from the backside to prevent internal reflection
effects. When studying aqueous solutions, these assumptions
are easily fulfilled for the infrared spectral region. The algorithm
also assumes that the spectral cutoff falls in a moderately flat
unstructured region. This requirement comes from the evaluation
of the integral (eq 2) and the implicit requirementR{f..). In
the low-wavenumber region, the condition of spectral flatness
is not strictly fulfilled and neglecting this condition can lead to
large errors in the derived refractive and absorption incies.
To avoid this type of error, it is necessary to include the specular
reflectance spectrum of the far-infrared region prior to the
Kramers-Kronig transformation. The main advantage of using
the Kramers-Kronig transformation from reflectivityR(v), to
the phase-shifip(v), compared to using absorption data, is that
it does not require exact knowledge about the optical path length
in the absorbing medium. Least-squares refinement calculations
re also avoided.

On the basis of our previous examination of water as well as
aqueous KSOy reflectance spectr®,we estimate the relative
uncertainty in our results to be within 2% for the refractive
indices and 3% for the absorption indices: the uncertainties are
mainly determined by the accuracy of the experimental specular

reflectance spectra.

2.2. Raman SpectraRaman spectra were obtained with a
DILOR RTI30 spectrometer using the 514.5 nm line of an argon
ion laser (Spectra Physics model 2000) witli 8Rcitation. The
nominal resolution was around 3.5 cthin all spectra. The
samples were studied in capillary tubes of ca. 2 mm inner
diameter surrounded by a Dewar and cooled by gaseous nitrogen
evaporated from a reservéirMolal Raman scattering intensities
of selected HN@ and NQ~ bands were obtained with a
HORIBA LabRam instrument.

2.3. Sample Preparation.The binary mixtures of HNg
H>0 were prepared from a 70 wt % HN®I,0 solution of p.a.
quality (Fluka) and distilled water. The ternary mixtures were
prepared from the same 70 wt % solution of HN&O,
concentrated k80O, of p.a. quality (96-98% in HO, Fluka),
and distilled water. The concentrations in the individual binary
and ternary solutions, determined by titration, are accurate within
0.2%. Figure 1 is a ternary diagram showing the compositions
of the samples studied. The ternary mixtures were selected to
match aerosol chamber experiments in which the uptake of water
and nitric acid on a given sulfuric acid aerosol had been
monitoreds?
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Figure 3. Variation in the absorption index of 30 and 54 wt % HMNO
H.O mixtures caused by the change in the temperature.
1.4
the HNGy/H,0O system at temperatures from 293 to ca. 213 K
| and concentrations ranging from 10 to 54 wt %. The composi-
/ ‘ tions and temperatures of our mixtures, however, do not exactly

121 v ] correspond to those investigated by Biermann et®adnd a
o5l " " " " ] direct comparison of results is not possible.

In Figure 4, we compare our optical constants for 54 and 64
0.4 (- wt % aqueous HN@ at 243 K with those obtained for

it supercooled aerosols at 220 K by Norman et®alhere are
b some discrepancies which probably have at least three origins.
7 (1) There is a temperature difference between our samples and
their samples which may explain some of the deviation, although
the present results suggest this to be of minor importance. (2)
There is a difference in the low-wavenumber cutoff in the
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0.0 Fme e _— . . . Kramers-Kronig transformation which results in different
6000 5000 4000 3000 2000 1000 truncation errors in the two studies. Norman efdlave spliced
Wavenumber /cm’ their low-temperature iteratively refinedi(ending at 750 cmt
Figure 2. Refractive and absorption index at room temperature of with a room-temperature k) from 780 to 400 cm? from the
binary mixtures of 30, 54, and 64 wt % HN®IO. study by Querry and Tyle® while we have spliced our low-

temperature reflectance spectra ending at 400temith room-
temperature reflectance spectra from 400 to 60%cr(8) The
3.1. Optical Constants of HNQ/H,O. Figure 2 illustrates subtractive KramersKronig transformation used by Norman
the variation in the refractive and absorption indices of the binary et al23 requires an anchor point for #)(at some wavenumber,
HNO3/H,O system at 293 K as a function of acid concentration. and they used interpolated values from the Querry and Tyler
The absorption and refractive index spectra change considerablyroom-temperature data s&iorrected for changes in the density
with the weight percent of the acid because of the different associated with cooling to 220 K. An error in the anchor points

3. Results and Discussion

concentrations of the constituents HYONO;~, and HO™. used will primarily show up as an offset on their finabpflata,
Figure 3 illustrates the variation in the absorption indices with as is apparent in Figure 4. We note that our refractive indices
temperature of 30x{no, = 0.11) and 54 wt %Xuno, = 0.25) in the near-infrared region are in agreement with the results of

aqueous HN@ There are some distinct differences between extrapolation model of Krieger et &.

the absorption indices of the two mixtures. For the 30 wt %  3.2. Optical Constants of the HSO,/HNO3/H,0O System.
solution, the spectra show that the intensities of the bands areThe spectra of the ternary mixtures are more complex. Figure
changing with temperature down to approximately 253 K. At 5 illustrates the variation in the refractive and absorption indices
lower temperatures, only very small changes are observed inat 223 K in the 6508400 cnt?! range with composition. Figure
the spectra. For the 54 wt % solution, the variations in the 6 shows the absorption index of the ternary mixture 21 wt %
spectra with temperature are even smaller: only minor changesH,SOy, 23 wt % HNG;, 56 wt % HO (21/23/56 SNW) with

in the spectra are observed as the temperature drops below 278e molecular origin of the bands indicated. The spectral
K. The results for the 64 wt % (0, = 0.34) solution are in variation with temperature is illustrated in Figure 7 which shows
line with these observations. The observed trend in the optical the absorption index of a 28/14/58 SNW mixture at temperatures
constants with temperature is in general agreement with theranging from 293 to 183 K. In these spectra, the bands
results of Biermann et al? who reported optical constants of  originating from the vibrations in the sulfate species are clearly
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more sensitive to temperature change than the bands originating
from the nitrate ion. o1
3.3. lonic Speciation in the HNQ/H >0 and H,SO/HNO3/ -
H,0O Mixtures. Nitric and sulfuric acids are both strong acids

in the aqueous phase, and the binary and ternary aqueous 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600

solutions are mixtures of different ionic constituents, as well Wavenumber /cm’’

as undissociated HNand HSO; in the most concentrated  Figure 7. Absorption index of the ternary mixture of 25 wt %$0;,

solutions. For the binary systemy$0,/H,0, the dissociation 17 wt % HNG;, 58 wt % HO at the temperatures 293, 223, 203, and

of H,SO, to bisulfate is known to be very close to one for 183 K.

concentrations below approximately 80 wt %. The dissociation

of bisulfate, HSQ, was recently studied in the temperature study of nitric acid was published 70 years &and a complete

range from 298 K down to stratospheric temperatures by Ramanspectral assignment appeared 10 years Ftér.concurrent

spectroscopy® The results are in agreement with a new Raman study by Redlich and Giegleisen included a determina-

thermodynamic model presented by Knopf et®al. tion of the thermodynamic dissociation constant at room
The degree of dissociation of agueous HN@as been temperaturé® and later Krawetz reported the variation in

addressed repeatedly by Raman spectroscopy. The first Ramalissociation with acid concentration at 0, 25, and “%&03°
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Figure 8. Raman spectra of 54 wt % HN(,O at seven different % H,0 at five different temperatures.
temperatures. The assignments of the bands are taken from Minogue

Ll temperatures. Together with changes in defisitgd equilibria,
0.75 i i i . i this tentatively explains the observed variation in the optical
° constants. The dominating bands in the IR spectrum of aqueous
0.70 o i HNO; are found around 1420 (NO) and 1310 cm® (HNOg),
§ 0.65 1 o ] the HNG; band being the stronger. As the temperature decreases,
§ 0.60 the density increases and the total number of molecules and
2] . ° i ions per volume unit increases. Simultaneously, more EINO
< 0.5 . ° . . dissociates. Thus, the change in the absorbance index of the
8 . o H,0O bands essentially reflects the change in density as a function
£,0.50 . : i
2 N _of temperature, wh_|le the absolute, as well as rel_at|ve, change
0.45 1 . . in the absorbance index of the HY®Os~ band pair reflects
0.40] * > ] the increase in both the density and degree of dissociation.
: : : : : For the optical constants of the ternary mixture, Figure 7
200 220 240 260 280 300 shows that the bands originating from bisulfate and sulfate
Temperature /K change more than the bands originating fromsN@nd HNQ.

Figure 9. Degree of dissociation of 54 wt % HNB1,0 at seven ~ We have recorded the Raman spectrum of 14/46/40 wt % (0.2:
different temperatures®) compared with the data of Minogue etal. ~ 1:3 mol ratio) BSO/HNO4/H,0 at 5 different temperatures,

(O) and the data of Krawet® (). shown in Figure 10. The bands originating from vibrations in
SO, , as well as those in N§, are increasing continuously in
Recently, Minogue et &P studied the dissociation in 5&{yo, the whole temperature range. However, a minor increase in the

= 0.25), 26 Kuno, = 0.09), and 15 wt %Xuno, = 0.05) HNG bands originating from vibrations in NO, as well as smaller
solutions in the temperature range between 300 and 248 K bydecrease in the HNQbands, is detected, compared with the
Raman spectroscopy. They reported a linear relationship binary mixture as the temperature is changing. This indicates
between the degree of dissociation and temperature in the 248 that the dissociation equilibria of HNCGand HSO, interfere,

300 K region. This is apparently in contrast to the observed which is in agreement with the results of Minogtfevho also
leveling in our optical constants at lower temperatures. We investigated the spectral changes in ternary mixtures,804
therefore decided to replicate the Raman temperature study ofHNOz/H,O at different mixing ratios and temperatures semi-
the 54 wt % HNQ. The spectra are given in Figure 8, while quantitatively by Raman spectroscopy. Their conclusion was
Figure 9 shows the derived degrees of dissociation based onthat the complete ionization of the nitric acid subsystem occurs
scattering coefficients measured relative to that of k@) before the complete ionization of H3Q regardless of the
band of CIQ™, as previously described in our study of HSO concentration ratios employed. They explained this by the
dissociatiort® The scattering coefficient of the;(@) mode stronger acidity of nitric acid with respect to bisulfate.

around 1047 cmt in NO3~ was determined, relative to the- So far, only the mixing scheme developed by Biermann et
(ar) mode in CIQ~, to be 0.65+ 0.01, while the scattering  al.!® permits the calculation of optical constants of the ternary
intensity of the HNQ band around 955 cnt was determined  system covering a broad range of compositions and tempera-
to be 0.13+ 0.01. Figure 9 also includes the results of Minogue tures. However, as discussed by Wagner eéfahe results from

et al*®and Krawetz3° While our Raman study shows the same a Mie scattering calculation using the mixing scheme of
trend in the degree of dissociation with temperature as that of Biermann et al? differ significantly from the experimental
Minogue et al®? our results are much lower and in better spectra. This is also reported by Norman ef%and agrees
agreement with the early study of KrawéfzOne explanation with our observations when we employ their model and use
of this discrepancy may be the fact that the symmetric;NO our binary data sets. Rather than the quality of the binary data
stretch in HNQ lies as a shoulder on the more intensesNO  used in the parametrization, we agree with the suggestion of
band. Minogue et & recorded their Raman spectra with a Norman et af® that the reason for the deviations are mainly
resolution of 16 cm?!, which shows the two bands as one. the result of the simplified mixing rule. Their model assumes
Careful band deconvolution of spectra with high resolution is no interaction between the two equilibria present in the system
essential to retrieve the degree of dissociation. Our spectralwhich is clearly not the case. The deviations are a consequence
analysis showed that the line shapes of the Raman spectreof molecular interactions between the ionic species present in
changed when the temperature decreased indicating a modificathe ternary mixtures modifying the bisulfate dissociation, as
tion of the molecular interactions in the solution at low reported by Minogue et dP. and illustrated in Figure 10.
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Summary and Conclusion

This study presents optical constants in the infrared spectral

region of three binary HN@H,O and four ternary EBQY/

HNO4s/H,0 mixtures at a wide range of temperatures. The main
absorption and refraction features of the systems are determine
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