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Frequency-dependent optical constants have been determined from the Fourier transform infrared spectra of
laboratory-generated liquid sulfuric acid/water aerosols over a range of temperatures and compositions that
are relevant to the upper troposphere and lower stratosphere of Earth. The compositions of the particles were
determined in situ using a tunable diode laser to monitor equilibrium water vapor pressures. The infrared
complex refractive indices of sulfuric acid are shown to be strongly dependent on temperature and composition,
because of changes in the equilibrium between sulfate and bisulfate ions. Results from this study also have
implications in understanding the temperature dependence of intermolecular interactions within ionic solutions.
The database presented here is the most extensive yet available for the liquid solutions of sulfuric acid.

Introduction very different approaches, the results of the two studies are in
rather good agreement, although there are some differences that
have yet to be fully understood.

t Perhaps the most challenging aspect of these temperature-
dependent studies is accurate determination of the liquid
composition. In conventional thin film studies there is no direct
determination of the film composition, only that obtained from
careful characterization of the deposition proé&28 or analysis

of the film using temperature programmed desorption meth-
0ds?322|n a previous lettets we reported a few sulfuric acid
so_ptical constant data sets that were determined with the aid of
a new apparatus. This apparatus makes use of in situ diode laser
monitoring of the water partial pressure in equilibrium with the
supercooled liquid aerosols to determine their composition. In
the present article we give more of the experimental details that
are needed to make this approach quantitative (within 1 wt %).
SThis is by far the most accurate method yet reported for
determining the composition of liquid aerosol samples used in
optical constant measurements. We make use of this method to
obtain the most extensive database for liquid sulfuric acid/water
yet reported.

Liquid sulfuric acid/water aerosols have a significant influence
on a range of atmospheric processes, both in the lower strato-
sphere and in the troposphere. These patrticles play an importan
role in the formation of polar stratospheric clouds (PSCs),
providing surfaces on which reservoir chlorine is converted into
active chlorine species which are known to catalytically destroy
ozone! Sulfate aerosols also serve as cloud condensation nuclei,
scatter incoming solar radiation, and absorb outgoing terrestrial
infrared radiatiorf. Quantifying the role of sulfuric acid aerosols
in atmospheric processes requires, among other things, asses
ments of particle number density and composition. These values
are obtained using remote sensing technigtiagich depend
on the availability of accurate complex refractive indices under
relevant atmospheric conditioAs.

Previous studies of the frequency-dependent optical constant
of sulfuric acid have been carried out on bulk solutions over a
limited range of temperatures and compositidrisOf these,
the data sets of Palmer and Williams (P\&l)e the most widely
used in atmospheric studigst! even though the measurements
were all performed at room temperature. The PW results do
show that the refractive indices of sulfuric acid depend strongly Experimental Section
upon the composition, normally quoted in sulfuric acid weight
percent (wt %). More recent infrared studies of supercooled
liquids at low temperature, both in our laborat®nand in
otherd3-15indicate that the infrared optical properties of sulfuric
acid are indeed strongly temperature dependent. In a recent lette
from our laborator{f and in a paper by Tisdale and co-
workers!” the temperature dependence of the optical constants
has been quantified over a limited range of temperatures and
compositions. These two studies are quite different in their
approach, however, as the latter was carried out on thin films
and the former on laboratory-generated aerosols. Despite th

The present experiments were carried out in a new laminar
flow aerosol cell, shown schematically in Figure 1. The design
is based on an earlier cell used in our labord®#$and consists
of several sections of gold-plated, 7.62 cm diameter copper
{ubing, thermally separated by thin stainless steel spacers. The
temperatures of the various sections are actively and indepen-
dently controlled to withint1 K, by applying sufficient resistive
heating to each zone to balance the cooling supplied by chilled
nitrogen gas. The temperatures were measured using an array
of platinum resistance thermometer elements (RTDs) positioned
€at various locations along the cell. These were interfaced to a

computer through a custom built temperature control unit. The
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' Present address: Department of Chemistry, DePaul University, Chicago, €Ntire cell assembly was thermally isolated from the atmosphere
IL. in an acrylic vacuum chamber.
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L, HeNe Tracer temperature were taken from the HITRAN spectroscopic dataase,
while the helium broadening coefficients.e were determined in this
study at the temperatures shown. For more detailed information on the
energy levels for these transitions, the reader is referred to the HITRAN
database and the references therein.
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portions of the aerosol spectra, which at best gave results to
Figure 1. Schematic of aerosol flow cell and tunable diode laser (TDL) Within £7 wt %. In particular, this method is not very reliable
apparatus. when the spectra contain a large scattering compodient,
precisely the type we are interested in here. The present approach
Sulfuric acid aerosols were formed outside the cell using a employs a high-resolution tunable diode laser (TDL) to measure
technique developed by Lovejoy et?lin brief, a small pool the absorption spectra of individual rovibrational water vapor
of concentrated sulfuric acid was placed in the elbow of a simple transitions. The baseline of the extinction data was fit to a
glass V-shaped tube that was heated to vaporize the liquid. Thepolynomial to account for scattering by the aerosols and slowly
vapor was then swept out of the elbow and into a room varying fluctuations in laser intensity over the frequency range.
temperature cooling arm of the vaporizer with a metered stream The resulting transmission was then used in a Beer's law
of helium gas. The sudden cooling of the vapor caused it to analysis to determine the water vapor pressure. When combined
supersaturate, resulting in the nucleation and growth of con- with the temperature of the aerosol stream, the aerosol composi-
centrated sulfuric acid particles. Of particular importance to the tion can be accurately determined with the aid of the thermo-
present study, the particle size could easily be varied by dynamic model of Carslaw et #.The diode laser optical system
changing the temperature of the sulfuric acid pool or the helium used in the present experiments, shown in Figure 1, is based
buffer gas flow rate. on the design developed at Aerodyne Research, Inc. The
Once formed, the composition of the particles was easily frequency region accessible with the diode used here is centered
changed by metering a stream of humidified helium buffer gas near 1700 cml, corresponding to the, bending mode of water.
into a heated glass mixing bulb, resulting in rapid uptake of To have the dynamic range of pressures10* Torr) needed
the water by the aerosols. The “conditioned” aerosol stream wasto cover the entire temperature and composition range of interest
then directed through a heated stainless steel injector into thehere, it was necessary to use a number of different water vapor
first of the upper sections of the flow cell at flow rates ranging transitions with widely different absorption coefficients. The
from 1 to 2 standard liters per minute. A pump at the other end transitions used in the present analysis are listed in Table 1.
(in the lower section) of the flow cell was used to maintain a  Single mode scans of the diode laser were carried out over a
steady-state cell pressure of 300 Torr. The first three sections1l cnmi! range at a repetition rate of 1 kHz. The laser output
of the flow cell were necessary to allow for homogeneous passed through a monochromator to ensure that only a single
mixing of the acid/water solutions, given that the diffusion rates mode was used at all times. Signals from the MCT detector
we estimated for water into cold,80; droplet2>26 are quite were processed by a fast A/D converter and averaged over a
slow (on the order of seconds), and to ensure that the particlesperiod of one minute. The frequency tuning rate of the laser
had time to thermally equilibrate with the surrounding buffer was calibrated by fitting the center frequencies of several water
gas at the cell temperature. In the present experiments, all ofvapor transitions within a single scan. In cases where only one
the sections of the flow tube were set to the same temperature water vapor transition was available, we adde®No the cell
The infrared spectra of the conditioned sulfuric acid aerosols to increase the number of transitions available for this fit. The
were recorded over a 116 cm long path through the lower sec-entire TDL system was enclosed in a vacuum chamber pumped
tions of the flow cell using a Bomem DA3.02 FT-IR spectrom- by a liquid-nitrogen-cooled trap and was coupled to the flow
eter. Spectra were recorded from 825 to 4700 kmat a cell via an evacuated path. This evacuated path was necessary
resolution of 2 cm®. The long wavelength end of this range to prevent atmospheric water vapor from interfering with the
was limited by the cutoff frequency of the Bawindows used measurements. As shown in Figure 1, the TDL beam passes
to seal each end of the flow cell's lower portion. All of the twice through the cell to increase the path length and thus
spectra used in the following analyses represent the co-additionimprove the detection sensitivity.
of 100 scans. Many of the water vapor spectroscopic parameters for
Calibration Experiments. As noted above, the key to transitions used in this study were well documented in the
determining the composition of the aerosols used in the presentliterature?® However, quantitative analysis of the vapor pressures
study was to monitor equilibrium water vapor pressures using was complicated by the fact that the measurements were done
absorption spectroscopy. This approach gives much morein the presence of 300 Torr of helium buffer gas. The buffer
accurate results than the empirical method developed by was of course needed to suspend the particles and (as discussed

To Cryopump
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Figure 3. Temperature dependence of the pressure broadening
coefficients determined at 1649.934 th(O), 1649.418 cm! (x),
1751.423 cm! (@), and 1750.984 crt (W) in the present study. The
curves resulting from theoretical calculations (discussed in the text)
were derived using 2.5 1078 cm for the molecular collision diameter
o for helium and iterating that value to determine the best fit through
each data set. Final values fore corresponding to each frequency
are listed in the legend.
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oy as a function ofy, for each relevant temperature. The results
of these calculations are shown in Figure 3, along with the
VBB Ws0  USLe1 WSl meLes | siee 176148 experimental data points. By adjustimg for each transition,
Wavenumber (cm”) we obtained theoretical curves that best fit the data points. This
Figure 2. Pressure broadening of the 1751.423 &fine of water by simple model clearly gives a temperature dependence that is in
(a) nitrogen and (b) helium buffer gases. good agreement with the measured values for those transitions
where a range of temperatures was used.
below) to ensure that the measured vapor pressures were not To test the accuracy of our approach for determining the water
influenced by other sections of the cell. Thus the TDL data vapor pressures, we carried out a series of vapor pressure
analysis needed to account for pressure broadening associategheasurements in equilibrium with water ice, both as a freely
with the helium buffer. Figures 2a and 2b show two series of syspended flowing aerosol stream and a coating on the cell wall.
water vapor spectra at 1751.423 chnillustrating the effects  |n all cases, the cell was pressurized to 300 Torr with helium.
of pressure broadening due to nitrogen and helium, respectively.The results of these experiments are shown in Figure 4 and are
As expected, the pressure broadening in nitrogen is much greatef excellent agreement with the values reported by Marti and
than in helium. Consequently, using helium as a buffer gas Mmauersberger for bulk water i@ This clearly shows that the
provides the particle suspension that is needed, while minimizing TpL system can provide quantitative measurements of the water
the effects of pressure broadening. vapor pressures in the presence of the helium buffer gas.

For the vapor pressure measurements to be quantitative, it The final issue we wish to address is related to the cell
was necessary to determine temperature-dependent pressurf@mperature that actually controls the measured vapor pressure.
broadening coefficients for all of the water lines used in this At low pressure, where the vapor diffusion time from one part
study. Experimentally, this was accomplished by collecting TDL of the cell to another is short, the vapor pressure could be
spectra of the type shown in Figure 2 and fitting the spectral completely determined by a cold spot somewhere in the cell.
line widths using Voigt profile$? which yielded the pressure  Gjven the complexity of the current cell geometry, this could
broadening coefficients (in cratm). The results of this study  present serious problems. Fortunately, the high helium buffer
are listed in Table 1, along with the air broadening parameters gas pressure is advantageous here. To illustrate thisl we
reported for each transition in the HITRAN databéén conducted several experiments where the water vapor pressure
comparing these two sets of data, it is clear that the helium yas measured in an ice-coated cell, as a function of the helium
broadening coefficients scale proportionally with the air coef- pyffer pressure. To emphasize “cross talk” between the various
ficients. In an attempt to account for the weak temperature parts of the cell, we held the upper sections of the cell either
dependence observed in these data, we calculated the collisiongolder (160 K) or warmer (270 K) than the lower observation

0.2

ally broadened widths using the expression region (214 K). The results of this study are shown in Figure
AT(1 1\]22 5. At high. h(_elium buffer pressures, thg measured water vapor

o = Zni 012 _(_ + _)] (1) pressure is in excellent agreement with that expéétatthe
: a\m m temperature of the lower section of the cell. However, at low

helium buffer pressures, we see a systematic deviation from
which is derived from elementary kinetic thed®¥yHere,a, is this value, to either higher or lower vapor pressures, depending
the Michelsor-Lorentz line width (fwhm),n; is the number upon whether the upper section of the cell is warmer or colder
density of perturbing molecules (heliumy, is the molecular than the observation region, respectively. Clearly in this pressure
collision diameterk is Boltzmann’s constanT, is the absolute regime there is diffusion of water vapor from one section of
temperature, anth andm are the masses of water and helium, the cell to another, such that the vapor pressures measured in
respectively. For each transition listed in Table 1, we calculated the lower section are affected by the temperature of the upper
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the corresponding frequency-dependent real indices. Mie scat-
tering theory was then used in combination with this refractive
Marti & Mauersberger index data set to simulate a scattering, large particle spectrum,
® Ice Aerosol Data assuming a log-normal distribution of particle sizes. The
O Wall Coating Data scattering aerosol spectrum is sensitive to both the real and
imaginary components of the refractive index. We have found
that for sufficiently strong scatterers, the scaling factor for the
imaginary refractive index can be uniquely determined by fitting
the Mie calculations to the aerosol spectrum. The parameters
iterated in this fit include this scaling factor and the median
radius and width that define the particle size distribution. As
we have done successfully in our NAD optical constant
studies®® it was necessary once during each of the present
calculations to apply a mathematical correctfahat accounts

for the small amount of scattering actually present in the initial
small particle spectrum.

The subtractive KrametsKronig transform used in our
optical constant retrieval method requires a value for the real
refractive index at a single “anchor” point in the spectral range

B4l e e of the calculation where no significant absorption features are

190 200 210 220 230 240 250 260 270 presen> Unfortunately, the real refractive indices are not
Temperature (K) available at the anchor point chosen here (3800%for all

Figure 4. Equilibrium water vapor pressures measured using the COMPpositions and temperatures. As a result, we had to estimate
tunable diode laser for both ice aerosols (solid circles) and ice coating these values by fitting the room-temperature real refractive index
on the cell walls (open circles). The solid line represents the results of data of Palmer and Willianisat 3800 cm? (for 25, 38, 75, 85,
Marti and Mauersb.erg&for bulk water ice. Note that the presentdata  and 96.4 wt % sulfuric acid), along with the real index of liquid
were all collected in 300 Torr of helium buffer gas. water (i.e., 0 wt % sulfuric acid) from Hale and Queffto a
quadratic function. This function was then used to interpolate
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the room-temperature data for the desired sulfuric acid concen-
@ 11x10° —®— Upper Section Warmer trations. The interpolated index was then corrected for the
2 . _o"”"p“:z‘:(';’: ::':’1’04, o temperature-dependent sulfuric acid density chafgesing the
£ 10X " Pue ’ Lorentz-Lorenz transform. The resulting real indices at the
5 asxio’ anchor point for all of the temperatures and compositions studied
E here are given in Table 2.
o, 9ox10° The subtractive KrametKronig transform used to calculate
3 N the real refractive indices in this work is subject to truncation
g ] errors. These errors often manifest themselves as a rapid
8 st divergence in the real index at low frequencies. Since our FT-
= 1 IR spectral data are limited to the 825 chetutoff of our Bak

7.5x10° T e - o ae transmission optics, we avoided this truncation problem by
artificially extending the data sets to a lower wavenumber. This
] ) ) ] ) ) approach was found to be effective in our previous study of
ﬁg%b‘::iﬁs Q:rt‘ig:]”ssgfgﬁge‘g tt)r;/ebtl:‘f?é;";;S'Sgrlggggrge;";’i‘;ﬂJrr:]ep‘l’rzg‘s’ﬂrses nitric acid dihydrate optical constarSince there are sulfuric
less than 100 Torr, the water vapor pressure over ice measured WithaCId_ absprptlo_n b_ands at low Wavenur_n_ber, we decided to use
the tunable diode laser is either higher or lower than expected, when the imaginary indices of Palmer and Williams between 400 and
the upper section is warmer (closed circles) or colder (open circles), 825 cnt! as an estimate of the true form of the imaginary
respectively, than the lower section. The error bars-2% represent indices, as opposed to a simple exponential decay, beyond our
the uncertainty resulting primarily from cell temperature measurement. gbservation region. We performed a spline fit of the Palmer

. and Williams data set that was closest to the composition at
section. At cell pressures above 100 Torr, however, the Vapor hand. scaled it appropriately, and included in the Kramers

diffusion between the vari_ous parts of the cell is sufficiently Kronig calculation along with our observed imaginary index
slow so that they are effectively isolated from one another. Thus yata We found that this extension procedure indeed significantly

under the conditions used in the optical constant measurementsyeqyced the amount of divergence in the real index above 825
the lower section is isolated and the vapor pressures arem-1.

indicative of the equilibrium with the local aerosol stream.
Optical Constant Calculations.Complex refractive indices
were retrieved directly from infrared aerosol extinction spectra
using a procedure reported in detail previol/SI§3 Briefly, a We report here a total of 31 sets of optical constants for liquid
nonscattering, small particle spectrum was used to estimate,sulfuric acid/water between 200 and 300 K and-82Z wt %.
within a scaling factor, the frequency-dependent, imaginary Figure 6 summarizes the data, each point representing a
component of the complex refractive indices. Although this complete frequency-dependent set of complex refractive indices.
estimate is strictly valid only for bulk materials and not finite- The regions of the Gable et @ phase diagram that are devoid
sized particled? it serves as a convenient approximation to of points were inaccessible for various reasons. In the lower
initiate the retrieval calculation. The imaginary indices were right-hand corner the vapor pressure of water was too low to
used in a subtractive Kramer&ronig transforni* to calculate be detected using our current TDL arrangement, although further

Helium Pressure (Torr)

Results and Discussion
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TABLE 2: “Anchor Point” Real Refractive Index Values technique. The optical constants for several of these relevant
Employed in Subtractive Kramers—Kronig Calculations? points are listed in Table 3.

T(K) wt % H.SO, n at 3800 cm* We tested the present method against the previously published
300 85 1.341 work on sulfuric acid by studying a number of sulfuric acid
300 75 1.320 compositions at room temperature, chosen to match the refrac-
300 72 1.320 tive indices of Palmer and WillianfsThese results have been
328 2732 i ggz presented in our preliminary rep&rbut warrant a brief review
280 70 1315 here. Figure 7 shows a comparison between the PW results for
280 63 1.305 75 wt %, room temperature sulfuric acid and those obtained
280 50 1.286 from the present experiments. The agreement between the data
260 87 1.382 sets is fairly good, although there are some differences (up to
528 ;g igi 20%) at longer wavelengths, especially between 800 and 1600
260 55 1297 cm~L. This region is dominated by absorption bands associated
260 47 1.286 with sulfate species in the solution, including sulfate ions,
260 42 1.268 bisulfate ions, and molecular sulfuric aéidt is important to
240 80 1.342 note that the PW data sets were determined by measuring near
240 69 1.319 normal reflectance from bulk sulfuric acid solutions and that
gjg gg iggg the imaginary refractive indices were then obtained using a
240 42 1.281 Kramers-Kronig transform. Palmer and Williams report an
230 75 1.331 average error of=3%, with the error increasing systematically
220 72 1.327 at longer wavelengths, precisely where the discrepancies with
220 66 1.318 the present data set are the greatest.

220 55 1.303 . . . . .
220 50 1.296 Further evidence that the differences in this frequency region
220 43 1.286 are associated with errors in the PW data set comes from
220 38 1.277 comparing the results with those of Remsberg et athich

210 61 1.313 cover the sulfate region. The latter data set was obtained using
%ig gg ig% attenuated total reflection (ATR), a method which is more
200 50 1.299 precise at Iongt_ar_wavelengths than_ the_technlque employed by
200 45 1.292 Palmer and Williams® As shown in Figure 8, the data of

Remsberg et dlare in better agreement with the present results.

From this, we conclude that the present data sets at room
temperature are somewhat better than those of Palmer and
Williams over the entire frequency range. Indeed, the differences

a2 These values were determined by the interpolation/extrapolation
method described in the text.

e *° * between the PW and the present data sets are significant when
fitting the aerosol spectra reported here. As a further check of
280 - d i e o hd our data, optical constants were retrieved from spectra corre-
sponding to a range of particle sizes. In all cases, the real and
. imaginary indices were in agreement with one another to within

+3%. It is important to point out that in regions where the
infrared transmission of the aerosol is high (i.e., at large
wavenumber), we estimate that the uncertainty in the imaginary
index, determined primarily by spectrometer noise+&005
index units.

Given the temperature control we have over the cell, it is
now straightforward to extend these measurements to lower
90 temperatures. Figure 9 shows a comparison of the data for 75

Weight % H,SO, wt % sulfuric acid at temperatures of 300, 280, and 260 K. At
these high concentrations we find that the results are rather
Figure 6. A summary of the 31 optical constant data sets obtained in insensitive to temperature, with the exception of minor differ-
this study, plotted in the phase diagram of Gable é¢ @he dotted ences in some of the band intensities in the imaginary index
curve, taken from Steele and_ Hanffllkepresents aerogol compositions data in Figure 9b. In these cases, the vibrational modes of the
tly(?lf i&g;:he stratosphere, given a water vapor partial pressureof 5 g ifate jon (HS@") and watet dominate the infrared extinc-
tion spectrum. Since the concentrations of these species are
multipassing of the laser could be used to overcome this relatively insensitive to temperature for 75 wt®he optical
difficulty. In the upper left-hand corner of Figure 6, the FT-IR  constants are correspondingly insensitive. This explains why
spectra are heavily congested with water vapor absorption lines.comparisons made by Tisdale et-ain a recent publication of
We note here that in cases where water vapor transitions appeafhin film sulfuric acid optical constants at approximately 215
in the raw FT-IR spectra, they were subtracted out before the K with the earlier room-temperature results were quite reason-
data were used to extract optical constants. Nevertheless, wherable.
these vapor features become very intense, the subtraction is not The situation is quite different for more dilute solutions. For
perfect, and the resulting data sets show some spurious featureexample, consider the case of 50 wt % sulfuric acid shown in
Fortunately, the regions of the phase diagram that are mostFigure 10 for 280, 240, 220, and 200 K. The intensities and
relevant to the atmosphere (note the stratospheric line of Steeleband shapes in the imaginary index data shown in Figure 10b
and Hamilf? in Figure 6) were all accessible using the present change significantly with temperature. In particular, ta@and

Temperature (K)
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TABLE 3: Selected Optical Constant Values for Sulfuric Acid at Different Temperatures and Compositions Relevant to the

Stratosphere
240 K, 80 wt % 220 K, 72 wt % 210K, 61 wt % 200 K, 50 wt %
cm?t k n k n k n k n
4700.82 0.004 1.389 0.002 1.380 0.002 1.388 0.001 1.375
4600.52 0.004 1.388 0.001 1.376 0.002 1.383 0.001 1.371
4500.21 0.003 1.385 0.001 1.372 0.002 1.378 0.000 1.366
4399.91 0.002 1.380 0.000 1.368 0.002 1.373 0.001 1.361
4299.60 0.005 1.378 0.002 1.363 0.001 1.367 0.001 1.356
4199.30 0.004 1.373 0.002 1.359 0.001 1.360 0.001 1.349
4100.92 0.005 1.367 0.002 1.354 0.002 1.350 0.001 1.342
4000.62 0.004 1.361 0.002 1.347 0.003 1.342 0.001 1.332
3900.31 0.006 1.354 0.002 1.339 0.004 1.330 0.001 1.318
3800.01 0.005 1.342 0.002 1.327 0.004 1.313 0.001 1.299
3699.70 0.006 1.325 0.001 1.309 0.005 1.285 0.002 1.267
3599.40 0.018 1.301 0.016 1.270 0.035 1.230 0.034 1.202
3560.82 0.027 1.294 0.034 1.260 0.062 1.218 0.069 1.183
3520.31 0.037 1.288 0.055 1.255 0.093 1.214 0.112 1.176
3479.80 0.046 1.283 0.074 1.256 0.123 1.217 0.156 1.184
3439.30 0.056 1.279 0.091 1.263 0.152 1.230 0.195 1.206
3400.72 0.066 1.276 0.104 1.270 0.174 1.248 0.225 1.234
3360.21 0.076 1.274 0.114 1.280 0.188 1.271 0.243 1.272
3319.70 0.087 1.271 0.118 1.289 0.193 1.291 0.248 1.305
3279.19 0.099 1.269 0.124 1.294 0.196 1.308 0.248 1.335
3240.62 0.111 1.267 0.129 1.298 0.196 1.322 0.246 1.361
3200.11 0.126 1.267 0.135 1.304 0.195 1.334 0.234 1.387
3159.60 0.142 1.270 0.140 1.309 0.192 1.344 0.220 1.408
3119.09 0.158 1.275 0.145 1.313 0.190 1.350 0.202 1.420
3080.51 0.172 1.282 0.150 1.318 0.189 1.355 0.187 1.426
3040.01 0.187 1.292 0.156 1.324 0.189 1.361 0.173 1.429
2999.50 0.200 1.305 0.164 1.333 0.186 1.366 0.161 1.430
2960.92 0.209 1.318 0.166 1.341 0.187 1.365 0.150 1.426
2920.41 0.218 1.334 0.171 1.345 0.195 1.369 0.149 1.423
2879.90 0.223 1.351 0.172 1.358 0.199 1.378 0.144 1.423
2839.40 0.225 1.369 0.175 1.368 0.201 1.389 0.144 1.423
2800.82 0.222 1.384 0.171 1.380 0.198 1.401 0.139 1.424
2760.31 0.216 1.396 0.167 1.388 0.192 1.409 0.135 1.424
2719.80 0.211 1.406 0.160 1.394 0.185 1.413 0.131 1.425
2679.29 0.205 1.413 0.155 1.396 0.179 1.415 0.127 1.423
2640.72 0.201 1.418 0.153 1.396 0.175 1.415 0.123 1.422
2600.21 0.199 1.423 0.150 1.397 0.172 1.416 0.120 1.419
2559.70 0.197 1.430 0.148 1.399 0.168 1.417 0.116 1.415
2519.19 0.193 1.437 0.146 1.402 0.165 1.416 0.114 1.410
2480.61 0.189 1.443 0.144 1.403 0.163 1.415 0.114 1.405
2440.11 0.182 1.450 0.139 1.405 0.160 1.413 0.115 1.400
2399.60 0.172 1.454 0.133 1.404 0.159 1.409 0.119 1.395
2359.09 0.161 1.451 0.132 1.400 0.160 1.404 0.125 1.392
2320.51 0.157 1.443 0.132 1.397 0.163 1.402 0.128 1.391
2280.00 0.161 1.436 0.134 1.391 0.166 1.400 0.132 1.390
2239.50 0.170 1.437 0.137 1.392 0.168 1.402 0.134 1.391
2220.21 0.173 1.442 0.138 1.394 0.168 1.402 0.135 1.391
2200.92 0.174 1.448 0.138 1.396 0.168 1.402 0.135 1.391
2179.70 0.172 1.455 0.136 1.397 0.166 1.403 0.135 1.389
2139.19 0.161 1.464 0.130 1.395 0.162 1.399 0.135 1.387
2100.61 0.148 1.464 0.126 1.392 0.160 1.392 0.136 1.383
2060.11 0.137 1.458 0.122 1.382 0.160 1.381 0.137 1.376
2019.60 0.129 1.448 0.123 1.371 0.164 1.368 0.141 1.368
1979.09 0.126 1.436 0.126 1.356 0.172 1.353 0.149 1.357
1940.51 0.128 1.423 0.137 1.344 0.187 1.338 0.160 1.346
1900.00 0.134 1.411 0.152 1.329 0.211 1.325 0.181 1.337
1869.14 0.142 1.403 0.169 1.321 0.234 1.320 0.200 1.335
1840.21 0.152 1.398 0.189 1.318 0.261 1.321 0.221 1.338
1809.34 0.164 1.396 0.214 1.319 0.290 1.330 0.243 1.347
1780.41 0.177 1.397 0.240 1.330 0.319 1.349 0.265 1.364
1749.55 0.191 1.404 0.262 1.352 0.342 1.382 0.280 1.392
1720.61 0.202 1.420 0.278 1.385 0.353 1.425 0.283 1.423
1710.97 0.203 1.426 0.279 1.399 0.351 1.443 0.280 1.434
1699.39 0.203 1.434 0.277 1.417 0.344 1.462 0.274 1.444
1670.46 0.196 1.457 0.251 1.452 0.310 1.499 0.259 1.462
1639.60 0.166 1.474 0.210 1.468 0.262 1.512 0.238 1.483
1610.66 0.133 1.466 0.173 1.459 0.219 1.502 0.203 1.487
1579.80 0.109 1.443 0.144 1.433 0.189 1.467 0.177 1.466
1550.87 0.097 1.416 0.137 1.402 0.181 1.435 0.169 1.445
1520.00 0.090 1.385 0.137 1.372 0.184 1.403 0.169 1.425
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TABLE 3: (Continued)

240 K, 80 wt % 220K, 72 wt % 210K, 61 wt % 200 K, 50 wt %
cm?t k n k n k n k n
1489.14 0.091 1.352 0.142 1.348 0.193 1.377 0.173 1.409
1460.21 0.093 1.319 0.150 1.322 0.203 1.355 0.180 1.396
1429.34 0.099 1.275 0.166 1.297 0.215 1.331 0.187 1.383
1400.41 0.119 1.221 0.176 1.269 0.232 1.301 0.193 1.366
1369.55 0.157 1.162 0.203 1.225 0.260 1.276 0.211 1.352
1340.61 0.222 1.095 0.251 1.195 0.290 1.252 0.218 1.346
1309.75 0.345 1.069 0.309 1.183 0.325 1.236 0.229 1.325
1280.81 0.426 1.090 0.342 1.170 0.345 1.196 0.246 1.296
1249.95 0.521 1.070 0.421 1.108 0.432 1.111 0.283 1.255
1219.09 0.690 1.113 0.592 1.121 0.604 1.108 0.359 1.227
1211.37 0.728 1.141 0.629 1.146 0.641 1.123 0.377 1.226
1199.80 0.779 1.191 0.676 1.187 0.693 1.150 0.406 1.222
1188.23 0.818 1.249 0.710 1.231 0.745 1.178 0.441 1.220
1176.65 0.848 1.309 0.749 1.274 0.804 1.219 0.482 1.224
1172.79 0.856 1.328 0.765 1.293 0.822 1.240 0.498 1.226
1168.94 0.864 1.347 0.775 1.313 0.836 1.261 0.512 1.230
1163.15 0.878 1.378 0.794 1.347 0.858 1.295 0.534 1.238
1159.29 0.886 1.398 0.798 1.372 0.867 1.323 0.547 1.243
1155.43 0.897 1.421 0.808 1.397 0.870 1.350 0.564 1.250
1151.58 0.906 1.448 0.807 1.427 0.869 1.373 0.578 1.257
1147.72 0.914 1.478 0.808 1.451 0.868 1.392 0.595 1.267
1143.86 0.919 1.514 0.805 1.481 0.867 1.412 0.609 1.279
1140.00 0.913 1.550 0.795 1.510 0.862 1.431 0.622 1.291
1136.14 0.904 1.583 0.778 1.533 0.855 1.444 0.632 1.303
1132.29 0.891 1.615 0.760 1.550 0.852 1.455 0.647 1.315
1120.71 0.826 1.686 0.717 1.589 0.849 1.476 0.680 1.358
1109.14 0.754 1.717 0.672 1.599 0.859 1.502 0.709 1.410
1097.57 0.687 1.705 0.655 1.589 0.875 1.539 0.727 1.470
1089.85 0.664 1.675 0.643 1.591 0.864 1.565 0.732 1.510
1085.99 0.661 1.656 0.639 1.580 0.866 1.566 0.730 1.533
1082.13 0.667 1.635 0.639 1.572 0.869 1.569 0.727 1.550
1078.28 0.682 1.615 0.646 1.556 0.876 1.569 0.726 1.566
1070.56 0.742 1.597 0.687 1.542 0.913 1.571 0.728 1.605
1058.99 0.849 1.655 0.763 1.571 0.988 1.635 0.707 1.661
1055.13 0.874 1.695 0.779 1.597 1.011 1.670 0.700 1.676
1051.27 0.891 1.740 0.800 1.625 1.026 1.712 0.695 1.692
1043.56 0.897 1.841 0.826 1.702 1.035 1.805 0.686 1.732
1035.84 0.869 1.940 0.814 1.785 1.022 1.904 0.660 1.773
1028.12 0.807 2.030 0.778 1.860 0.971 2.003 0.624 1.808
1024.27 0.765 2.065 0.748 1.893 0.930 2.041 0.605 1.822
1020.41 0.718 2.093 0.719 1.918 0.890 2.069 0.584 1.834
1008.83 0.569 2.118 0.616 1.956 0.760 2.127 0.514 1.853
1004.98 0.525 2.110 0.588 1.960 0.713 2.131 0.491 1.853
1001.12 0.485 2.097 0.554 1.959 0.669 2.127 0.468 1.848
989.55 0.398 2.036 0.487 1.933 0.579 2.076 0.430 1.803
977.97 0.362 1.980 0.453 1.915 0.550 2.069 0.425 1.815
970.26 0.342 1.948 0.418 1.903 0.504 2.057 0.410 1.823
966.40 0.336 1.933 0.402 1.892 0.487 2.048 0.386 1.822
958.68 0.319 1.904 0.381 1.873 0.452 2.026 0.365 1.814
950.97 0.307 1.866 0.368 1.850 0.425 1.992 0.347 1.802
943.25 0.307 1.817 0.359 1.823 0.410 1.962 0.332 1.788
935.53 0.335 1.762 0.359 1.793 0.409 1.927 0.323 1.774
927.82 0.400 1.723 0.378 1.760 0.421 1.898 0.319 1.759
923.96 0.444 1.719 0.389 1.745 0.430 1.888 0.320 1.753
916.25 0.532 1.755 0.442 1.741 0.463 1.879 0.319 1.745
912.39 0.568 1.792 0.467 1.748 0.481 1.885 0.319 1.742
904.67 0.605 1.898 0.514 1.789 0.508 1.913 0.320 1.739
900.81 0.599 1.956 0.528 1.828 0.513 1.939 0.321 1.740
896.96 0.578 2.011 0.522 1.863 0.508 1.963 0.319 1.740
893.10 0.543 2.060 0.517 1.895 0.498 1.984 0.318 1.741
885.38 0.444 2.114 0.477 1.957 0.460 2.021 0.309 1.742
881.52 0.396 2.120 0.447 1.977 0.437 2.031 0.308 1.741
873.81 0.316 2.102 0.381 1.996 0.382 2.030 0.302 1.737
869.95 0.291 2.090 0.354 1.992 0.368 2.020 0.300 1.736
862.24 0.245 2.068 0.305 1.984 0.340 2.015 0.295 1.742
858.38 0.224 2.056 0.283 1.975 0.321 2.009 0.286 1.742
850.66 0.189 2.028 0.247 1.950 0.291 1.983 0.270 1.731
846.80 0.174 2.012 0.235 1.936 0.283 1.967 0.266 1.724
839.09 0.151 1.978 0.218 1.911 0.276 1.943 0.265 1.711
827.51 0.138 1.935 0.200 1.882 0.268 1.921 0.263 1.701

of the sulfate ion (S¢¥) at 1105 cm! becomes significantly decrease in intensity of bands attributed to the bisulfate ion.
more intense as the temperature decreases, with a correspondinghere is also an obvious red shift of the-8 stretching band
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g 04 - since their studies were only performed at one temperature, they
£ were unable to differentiate between temperature and composi-
E - . N .
2 tion effects, and they did not correlate these differences with
E o034 the ionic equilibrium shift?
4 We can now make direct comparisons between the results
024 reported here and those published by Tisdale éf alhich were
retrieved from sulfuric acid thin films with compositions
1 between 45 and 80 wt % at approximately 215 K. For the more
0.1 y concentrated solutions (72 and 66 wt % from the present study

1 v T v 1 M
800 1000 1200 1400 1600 compared to the Tisdale et d170.2 and 65.3 wt % data), the
agreement is within the experimental error. However, the
agreement is not as good for the more dilute solutions (55, 50,
Figure 8. Comparison of room temperature, 75 wt % optical constants gnd 45 wt %), as shown in Figure 11. Although the agreement

derived from aerosol spectra in this work (solid) and from bulk solutions i :
by Palmer and Willianfs(dotted) and Remsberg et’afcircles). The is excellent above 1300 crhy there are significant differences

Remsberg et al. data, which tends to agree better with the current results,at. longer wavelengths, where .Strong absprpthn bands asspmated
within the error bars reported for each data set, were determined overWith HSO,~ and SQ?~ dominate the imaginary refractive
this limited range using a spectroscopic technigue that is generally moreindices. Such discrepancies could have a significant impact on
accurate than that of Palmer and Williams (see text). how accurately aerosol characteristics are determined from
spectroscopic remote sensing data.
at 3um. All of these data are consistent with the Carslaw et  In considering the source of these differences, we begin with
al.2® model for the concentration of the ions, which shows that the possibility that the aerosol and/or thin film experiments may
the equilibrium shifts toward the sulfate ion as the temperature have errors in their composition determinations. In the Tisdale
is lowered. The red shift in the-6H band can then be explained et all” study, the film compositions were determined using a
as being a result of the stronger hydrogen bonding between themethod based on integrating the areas under bands near 3300
water and the sulfate ion, compared to those associated withcm™! corresponding to molecular230, and water in the thin
the bisulfate species. Even more dramatic changes are seen dtlm spectra of calibrated samples. To further test the reliability
38 wt % where there are approximately eight water molecules of this method, we have used it to analyze our own nonscattering
per ion, optimizing the hydrogen bonding network and making aerosol spectra recorded at 220 K. In Figure 12, we show a
these effects the most prominent. Tisdale éf also noted that number of the resulting area ratios plotted as a function of the
the differences between the room temperature and the coldercomposition determined by measuring water vapor pressures
optical constants were larger for more dilute solutions. However, with the TDL, compared to the Tisdale et'dkalibration curve.

Wavenumber (cm™)
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Figure 13. Comparison of 50 wt % imaginary refractive indices at
approximately 215 K by Tisdale et &l.(solid) to those at various
temperatures from this work. The interpolated data sets were re-
trieved using the method described in the text. All of the data sets
shown agree well at high frequencies, but in the lower frequency sul-
fate region (inset), the Tisdale et &(») values are much lower than
ours at 215 K. At 222 K, the highest temperature reported for the 50
wt % films by Tisdale et al*’ the agreement is slightly better. The
~215 K thin film imaginary indices most closely match the present
results at 240 K.

range up to 19 K near 215 K. Therefore, another possibility for
the differences is that an error is introduced into their results as
a result of the ion equilibrium shift with temperature discussed
above. In Figure 13, we compare the 50.0 wt %215 K

The agreement is clearly excellent at this temperature, suggestingmaginary indices of Tisdale et &,to the present 50 wt %

that the two methods for determining composition are consistentindices for a range of temperatures. Once again, there is
with one another. We have also tested the temperature depenexcellent agreement (within experimental error) above 1300
dence of this area method using nonscattering aerosol spectram-! among the data sets. As shown in the insert, however,

collected from 200 to 280 K, and found that it is reliable over

the~215 K thin film data agrees better with the present indices

this range. It is therefore apparent that composition determina-at higher temperatures. Thus, the variation in the film temper-

tion is not a problem.
It is interesting to note that the Tisdale etlaldata is an

atures in the Tisdale et &l.study might partially account for
the differences based on a corresponding change in the equi-

average over a number of data sets recorded over a temperaturkbrium of bisulfate and sulfate ions. This is consistent with the
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0.8 Summary
1 . 220K, 50 wt% ] t . .
0.7 Fit using present 220 K, 80 wiX data In the present study we have obtained the most extensive
+ - Fitusing 16 K, 50.0 with data of Tisdale et al database of optical constants for the binary sulfuric acid/water

6] system yet reported, spanning essentially the entire range of

atmospherically relevant temperatures and compositions. The
current study also provides spectroscopic results that should
contribute to our understanding of the nature of the intermo-
lecular interactions in these ionic solutions. By varying the
solution temperatures, we have shifted the ionic equilibria and
examined the effects this has on the-amater solvent network
through observing changes in the-@ vibrational band. Of
particular interest is the 38 wt % solutid®h,which has
U — approximately eight water molecules per ion, such that es-
800 1000 1500 2000 2500 3000 3500 4000 4500 5000 sentially every water molecule is in a first solvation shell. Not
Wavenumber {cm™) too surprisingly, the 3300 cmd O—H vibrational band is
observed to shift strongly to the red and to intensify as the ionic
Figure 14:. Mie_ simulations .t0 an experi_men_tal aerosol spectrum equi“brium shifts from the S|ng|y Charged bisulfate ion (HSD
(some points skipped for clarity) recorded in this work. Both the pres- 14 the doubly charged sulfate ion ($G). We would expect

ent refractive indices and those of Tisdale et’alonverged to log- : - : .
normal size distribution parameters ofes = 0.35 um and o = this change to result in a strengthening of thetorater solvent

0.45, though the present results better simulate the entire extinction ydrogen bonding, resulting in the red shift and increased band

profile. intensity. Comparisons of these observations with theoretical
calculations might therefore provide interesting new insights

observation that in the three 50 wt % thin film absorbance into the nature of the interactions within these solutions.

spectra published by Tisdale et Hlthe relative band intensities
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spectrum. Nevertheless, even with this taken into account, we
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We have used the present results and the Tisdaletétata in ) 2) La(_:is, A. A.; Mishchenko, |\/|.' I._CIimate F_orcing, CIima_te Sensitiv-

Mie scattering simulations of the particle extinction spectra g%'hgpig ggﬁig‘?ﬁfig?gﬁ;zF’g‘rgﬁg'g}"gimgfe%ﬁgrlzgﬁpr_Cgf’,eHoe?nfg_mo'

collected in our flow cell apparatus. Since the two data sets areenperg, J., Eds.; John Wiley & Sons: New York, 1995.

essentially the same above 1300 ¢mwhere the scattering é3)3 Rinsla?d, CS. P, YFleJe&Gf K;ﬁé’"%%”’zﬁ"i R.; Zander, R.; Abrams,

Com.”bum.)n is significant a.nd the Sp(.:“Ct.ra ar(.e Very S(—::ﬂSIt_Ive to ™ (4'1) .G?elljiﬁgc;rr,nR. (F)Ee.;(:Lan?bért,rz.; Roters’, C. D Taylor, F. W.; Deshler,

particle size, they result in very similar size distributions. T 3’ Geophys. Re€995 100, 16507.

Nevertheless, as shown in Figure 14, the thin film Hatails (5) Querry, M. R.; Waring, R. C.; Holland, W. E.; Earls, L. M.;

to faithfully reproduce the extinction profile near 1100 ¢m Herrman, M. D.; Nijm, W. P.; Hale, G. MJ. Opt. Soc. Am1974 64, 39.
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