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Photodissociation of nitric acid and hydrogen peroxide via high-lyingH®vertone absorptions in the visible

may act as a source of OH radicals in the atmosphere. We have used cavity ring down spectroscopy to

measure the absorption cross sections for the thivd{d4and fourth (%on) overtone transitions in these
molecules. The integrated cross sections are (2B515) x 1072t and (2.57+ 0.24) x 10722 cn? molecule™

cm for 4von and 5o in nitric acid, respectively, and (4.58 0.39) x 102! and (5.67+ 0.52) x 10722

cn? molecule* cm™! for 4von and 5on in hydrogen peroxide. For both molecules, our report is the first
direct intensity measurement fordy, the lowest dissociative overtone transition. We compare our values

for the lower overtones to those from previous studies, where available. Our measured cross sections suggest

that the contribution of direct overtone excitation to the atmospheric photodissociation of #d®4O; is
small but not completely negligible.

Introduction intensities of higher, dissociative overtones. However, because

) ) the dissociative fourth overtoney§y) is weak (peak intensities
Odd hydrogen species (HG- OH and HQ) are presentin ot <1023 cn2 molecule?), and because there is significant

the stratosphere and troposphere primarily as a result Oflozon%terference near the 618 nmr&, transition due to absorption
photolysis and the subsequent reaction off)(with water: by NO, that is inevitably present in nitric acid samples, these
Smaller contributions arise from various sources such as acetong,|;thors were unable to measure this cross section directly. While
degradayoﬁ3 and bromine n|trat6e hydrolysis follqwed by our work was in progress, we also became aware of the study
photolysis of the HOBr product® Recent comparisons of v 7hang et all4who have measured second and third overtone
calculated and observed H@bundances in the lower strato-  .n«s sections for HN§and HO,, as well as HGNO,, using
sphere have shown that there is a burst ofxl0sunrise.® long-path absorption. We are unaware of any other direct
The bromine chemistry mentioned above is responsible for part measurements of the overtone intensities #©Hand HNG
but not all of the observed H®ehavior? Thus, the observations 4t ead to dissociation and that are, therefore, needed for
|m_ply an unknown source of I—LQadlcaIs. One'cqmponent of  calculation of atmospheric photolysis rates.
this source may be the photolysis of OH containing compounds Cavity ring down spectroscopy (CRDS) is a recently devel-

oy S verone Sale 1 ope echniue o measunng eak mlecuiar sbsorghan
other bonds in the molecul® This mechanism is known as is ideally suited to determination of absolute overtone intensities;
. indeed, Lehmann and co-workers have demonstrated observa-

direct overtone photolysis, DOP, and candidate molecules .. . - .
. o . . tions of strongly forbidden transitions up to eight quanta ef-C
include nitric acid (HNG), hydrogen peroxide (40,), and stretch in HCNL® Although CRDS is relatively novel, it has

pemitric acid_ (.HQNOZ)' Thus, gtmc_)spheric photodiss_oci_ation seen increasing use in the last several y&at%Briefly, the

?i:eog_aogﬁfgnggpwoﬁf%ﬂsesbg; trfocgig\g?r:gggnﬁrﬂggg‘ of technique measures the Ioss_ rate c_:f light out of an optical c_avity
. ) formed by two highly reflective mirrors. In the empty cavity,

~ Donaldson et al? presented a calculation of the enhancement e finite transmission of light through the mirrors determines

in the atmospheric photodissociation rates @0k} HNOs, and  the |oss rate. The presence of an absorbing gas inside of the

HO,NO; due to DOP. These authors estimated the absorption 4yity introduces an additional loss, and the difference in the

cross sections for the very weak overtone transitions that could i si-order loss rate coefficient of the empty cavity relative to

lead to dissociation: five or more quanta of-@ stretch (3on) that of the cavity plus absorber provides a sensitive measure of

in both HONG and HO, and three or more quanta in HO  he apsorbance (the product of the absorber's number density
NO.. In making absorption cross section estimates, these authors; 4 absorption cross section).

used the rule of thumb given by Crifhthat the intensity of
successive overtones is smaller by a factor of 10. Recently,
Donaldson et al! measured overtone intensities in nitric acid
up to 4oy and presented an ab initio calculation of the

We present the first experimental measurements of the
absolute absorption cross sections for thg-&ransition in both
nitric acid and hydrogen peroxide, as well as overtone intensities
for the 4oy transitions in both of these species. The CRDS
measurements provide somewhat better signal-to-noise than

To whom correspondence should be addressed. previous measurements af¢ transitions and better resolution
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Figure 1. Experimental apparatus.

and 5oy in HNOs and for 404 in H,O, at two different plier. We split off a small fraction of the 532 nm Nd:YAG
temperatures, 296 and 25253 K, the latter of which is more  second harmonic beam with a quartz plate prior to the dye laser.

relevant in the mid to upper troposphere. The 532 nm beam, aligned on the cavity axis, was transmitted
' . by the cavity mirrors and was very useful for cavity alignment.
Experimental Section The computer was interfaced to the digital scope such that

Figure 1 is a schematic of the cavity ring down apparatus. the captured waveform was analyzed to obtain the ring down
The light source was a Nd:YAG laser pumped dye laser with a time. The averaged waveform was transformed to a log-
pulse duration of 68 ns (manufacturers specification) and a (intensity) vs time profile and fit to a line using a linear least
bandwidth of approximately 0.660.08 cnt! depending onthe ~ squares algorithm. The resulting slope was the inverse of the
wavelength. We measured the bandwidth by scanning individual time constant for the single-exponential decay of light intensity
rotational lines in the overtone spectrum of water and in the (b from the cavity. Since the digital scope had 8-bit resolution,
15+« X 35-) spectrum of @. These bands also served as a averaging multiple profiles reduced the digital noise, although
convenient calibration for the dye laser wavelength. We We could not obtain useful decays beyond a factor~&0
attenuated the dye laser output energy to approximatety 10 decrease from the maximum intensity. The computer also
20 mJ/pulse by either blocking the preamplifier stage and/or controlled a stepping motor that tuned the dye laser grating and
placing a neutral density filter at the output. The output beam thus its wavelength. To acquire a spectrum, the computer
propagated through an aperture, a series of turning prisms, ancstepped the grating between acquisition of ring down profiles
a 5:1 telescope with either a 50 or 1061 pinhole at the focus ~ and produced a plot of the ring down time constant as a function
to spatially filter the beam. The telescope and filter served to Of the dye laser wavelength. Acquisition of the spectrum of an
more closely match the input beam to the Tghodes of the absorber with known, discrete rotational lines, such as that of
optical cavity, which had a calculated diameter of slightly less Oz or water overtones, allowed calibration of the dye laser
than 1 mm at the cavity mirrors. The beam impinged directly wavelength.
along the cavity axis on one of the end mirrors, which The high-reflectivity cavity mirrors tha 1 mradius of
transmitted a small fraction ((43) x 1079 of the incoming curvature and a separation of approximately 95 cm. The
light. maximum observed empty cavity ring down times were 240

The light leaking out the opposite end of the cavity propagated at 760 nm and 12@s at 633 nm, the two wavelengths of peak
through two turning prisms, a negative lens, and a sharp cutoff, reflectivity for each set of mirrors. In practice, the empty cavity
color glass filter that eliminated shorter wavelength scattered ring down times were generally somewhat shorter, due both to
room light, before striking a red-sensitive photomultiplier tube the variation in decay time with wavelength and presumably
(PMT). A digital oscilloscope captured, digitized, and averaged also to imperfectly clean mirrors. Each mirror mount consisted
the PMT output, and the temporal intensity profile was of an adjustable flange connected to a fixed flange by a flexible
transferred to a lab computer. A black aluminum box with a bellow, similar to the apparatus of Atkinson ef&Commercial
variable aperture for the input beam covered all of the signal kinematic mirror mounts holding the adjustable flanges and
collection optics and minimized stray light at the photomulti- mirrors allowed for cavity mirror alignment while still maintain-
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Figure 2. (a) Series of exponential decays with the laser tuned to the peak of the BN Q branch transition at 755.01 nm. (b) Plot of
measured ring down time vs HN@oncentration (points) and a fit to eq 1 (solid line). Note that the points in (b) do not correspond to the ring
down traces shown in (a).

ing a vacuum seal. A small flow of purge gas introduced into carrier/purge gas for all experiments, and the total cell pressure
the volume between the adjustable and fixed flanges ensuredvaried between 20 and 100 Torr. Because thesdand 5oy
that potentially condensable or corrosive gases inside the maintransitions in both HN@ and HO, are relatively broad and
cavity volume did not come into contact with the mirrors. A rotationally congested, there was no discernible effect on line
small stainless steel apertufég(or /4 in. diameter) mounted  shapes due to changes in buffer gas pressure. The mirror
between the purge volume and the main cavity increased thealignment was also not sensitive to the internal cell pressure
linear flow velocity between the volumes and minimized flow over this range. A small, adjustable flow of He gas flowed
back into the purge volume. The apertures also helped to betterthrough a bubbler containing either liquid HNQanhydrous)
define the cavity length over which the sample gas was presentor H,O, (>90%) and mixed with the main gas flow just prior
(see below). The mirror cleanliness, as measured by the emptyto entering the cell. We measured all gas flows using calibrated,
cavity ring down time, remained essentially unchanged over electronic mass flow meters.
the course of several weeks of experiments using this arrange- We measured the concentrations of HN&hd HO, vapor
ment. via absorption of the 213.86 nm Zn line in a 100 cm absorption
The main volume of the cavity consisted of a jacketed, Pyrex cell located either just upstream or just downstream from the
cell of approximately?/, in. inner diameter, with glass O-ring  ring down cell. We used absorption cross sections of (4:52
joints to seal to the fixed flanges/apertures of the purge volumes. 0.19) x 10723 2021and (3.30+ 0.22) x 10723 cn¥ 2?to calculate
Sample and carrier gases flowed from one end of this volume HNO; and HO, concentrations, respectively. Typical gas-phase
and out the other end. Silicone oil or methanol coolant from a concentrations of either absorber were-8) x 10 molecules
temperature-controlled bath circulated through the outer jacket cm=2 except for HO, at 250 K, where the vapor pressure limited
to regulate the temperature of the gas inside. The gas flow the maximum concentration to10' molecules cm?. For this
entered the cell axis through a short, jacketed region in order reason we did not scan thedy spectrum of HO, at 250 K.
to precool it. Thermocouples inserted almost to the center of When using HO,, it was convenient to place the absorption
the cell near both ends measured the gas temperature, whicltell upstream of the ring down cell. For measurement of the
varied by less thar:-1 K over the cell length. Helium was the  5voy intensity in HNQ the absorption cell was located
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Figure 3. Third O—H stretch overtone (4y) spectrum of nitric acid at two different temperatures, 296 K (solid line) and 251 K (dashed line).
The abscissa in this and all subsequent spectra is vacuum wavelength.

downstream from the ring down cell to minimize the formation
of NO, on surfaces prior to the ring down measurement.
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Nitrogen dioxide has an absorption cross section nearly 4 orders

of magnitude larger than HN@t 618 nn?3 and thus even small
contamination by N@ strongly affected the signal at this
wavelength. We synthesized HN®om the dropwise addition

of concentrated sulfuric acid to solid sodium nitrate under
vacuum and collected the evolving HN@apor in a trap at 77

K. Addition of a small amount of water to the anhydrous sample
suppressed the formation 0@k, whose presence can give rise

to a strong absorption signal from its gas-phase decomposition

product, NQ, near the Boy transition in HNQ. We concen-
trated 70% HO, by distilling it into vacuum for a period of

several days prior to use. We measured its purity to be greater

than 95% (by weight) by titration with KMn©

Results and Data Analysis

Here Atnin is the smallest observable changerjror in other
words, the uncertainty ing. Thus, the ratioAtyin/to is the
fractional uncertainty imo. For a typicalr fractional uncertainty
of 0.5% and arg of 200us, 0min is on the order of 10° cm™L.

We determined the factor df/Ls in eq 1 empirically by
measuring the absorbance of @ the Chappius bands. We
introduced a flow of @ into the apparatus and measured its
oncentration via UV absorption at either 213.86 nm (Zn lamp)
or at 253.65 nm (Hg lampP. The absorption cross sections for
the Chappius bands are well-kno#hThe L/Ls ratio was
obtained from the ratio of the literature cross sections to the
cross sections determined from eq 1 without the factdr/b§.

We foundL/Ls = 1.34+ 0.06 over the range of different main
gas/purge volume flow rates used in these experiments. This

Figure 2a displays a series of decays (logarithmic scale) atratio agreed with the measured geometric ratio of the total cell

different absorber concentrations (Hjl@ear 755 nm) along
with single-exponential fits (&%) to the data. (Herd is the
time andr is the time constant for the ring down.) The traces

length to the length of the main cell body. Figure 2b is a plot
of ring down time vs HN@ concentration at the wavelength of
the peak observed cross section in thrgidband (755.01 nm;

are the result of 64 averages. The largest source of noise insee Figure 3). The points are the observed ring down times and
these traces came from the 8 bit signal digitization. The tracesthe solid line is a fit to eq 1, witlv as the fit parameter. The
in Figure 2 have been averaged such that this digitization noise observed time constants follow eq 1 to within 2% (uncertainty

is partially removed.

There is an inverse relationship between the sample absor-

bance,a, and the observed ring down tirdé.

a(cm %) = No(w) =

@)

HereN is the number density of absorbesp) is the frequency
dependent absorption cross sectiors the speed of light, is

the total cavity lengthls is the length over which sample is
presentz is the observed ring down time in the presence of the
absorber, andp is the ring down time in the empty cavity. The
minimum detectable absorbance depends on bethnd the
precision with whichr can be measured.

in the fit).

Figures3-6 are plots of absolute absorption cross sections
for the 4oy and 5op transitions in HNQ and HO, at two
different temperatures. To obtain these data, we first coarsely
scanned (0.5 nm/step) the spectrum of the empty cavity to record
the variation in ring down time with wavelength and then fit
this variation to a smooth function, typically a third-order
polynomial. We then introduced the absorbing sample and
monitored its concentration while finely scanning (0.6@601
nm/step) the dependence of ring down time on wavelength. We
typically averaged 1632 shots for each ring down decay. Use
of eg 1 with the known concentrations gave absolute absorption
intensities. Immediately prior to or after each scan, we scanned
either the overtone spectrum of water vapor or the absorption
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Figure 4. Third O—H stretch overtone ¢4n) spectrum of hydrogen peroxide at (a) 296 K and (b) 253 K. The band consists ofdh&ansition

and a weaker band that iz plus a quantum of the torsional vibration. The sharp structure over the weak combination band is due to interference
from water overtones. The overlay above this part of the spectrum is a stick spectrugOfof e water spectrum is transparent in the region of

the strong absorption.

spectrum of @ (as noted above) to give a wavelength calibra- spectrum of HN@. The interfering water lines are present only
tion.2” The vacuum wavelength scale in Figures&is accurate over the very weak transitions at the short wavelength side of
to within £0.01 nm, the limit of the variability in the dye laser the H0, absorption. A stick spectrum of 2@ overtone¥
wavelength upon successive scans of the same spectrum.  appears as an overlay above the data on the right side of Figure
The nitric acid spectra show only very broad features, while 4a. The intensity pattern of the water overtones in the stick
the H,0, spectra showed somewhat more rotational structure, spectrum does not exactly match the sharp lines in the data
although the majority of the absorption was due to a broad pecause of errors arising from the narrow line width oH
underlying continuum. This was particularly true for theok overtones, as discussed above. However, the frequency pattern
Eand. l'_l'he st_ré)?]ges]:c %hggp featurles in tb@lszectrulm of Hth of the sharp lines in the data verifies that they belong 160 H
thavz |n|e Wi ; S; 'd'th _.I_i_cn_‘r ’ sgverat t'Tes.’t arger than Only the weak, underlying broad structure on the right side of
€ dye laser banawidin. This IS .an important criterion since an Figure 4a comes from #D, absorption. Even when highly
absorption feature with a width approaching that of the laser o
. . . - . . concentrated liquid bD, samples ¥95%) were used, a
bandwidth gives rise to a multiexponential temporal profile. (The ~." "~ .
significant amount of water was present in the vapor, and the

departure from a single exponential decay arises if different i the third ; ¢ wat h | K
wavelengths underneath the laser bandwidth have different IossIInes In the third overtone of waler vapor have ‘arge pea
absorption cross sections compared tgOf Therefore, to

rates inside the cavity, as they do if the absorption line profile . ; . .

varies rapidly over the laser bandwid®)CRDS traces appeared ~ Mmeasure the integrated intensity of the weak band in 4@,H

to be exponential at all wavelengths in thgl4 absorption band. ~ SPectrum we subtracted the sharp features due@ftom the

(By contrast, nonexponential decays were observed for strongProad, underlying continuum due to,®. This procedure

absorptions in the water overtone op @bsorption calibration ~ introduced some uncertainty into the measured values as

spectra, where the Doppler/pressure broadened line widths aredescribed below. The main overtone absorption band.@;H

equal to or narrower than the dye laser bandwidth.) (and in HNQ) lies in a wavelength region where water does
The two important interfering absorbers wergd-overtones not absorl?” The overlap of water lines with the weak band in

in the 4oy spectrum of HO, and NQ absorption in the &on the 5oy band (Figure 6) of KO, is less severe.
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Figure 5. Fourth O-H stretch overtone (&) spectrum of nitric acid at (a) 296 K and (b) 251 K. The noise on the baseline in both plots arises
primarily from NGO, absorption, which has been subtracted.

The 504 band of HNQ has a somewhat more serious Discussion
interference from N@ absorption since N@is unavoidably

present in nitric acid samples. Introduction of the nitric acid Rotational Structure. The rotational contours of the nitric

. . acid overtones, as noted above, are broad, showing no discern-
sample directly from the bubbler to the ring down cell along . .

L . . . ible structure other than smoothly varying envelopes of the P
W|.th. increasing the linear flow velocity through the cell and R branches and a sharper Q branch. Sinha2&saggest
minimized the observed absorption due to NWe achieved  (hat this smooth spectrum is due primarily to rotational
maximum HNQ (5von)/NO; absorption signals of approxi-  congestion. The lack of rotational resolution does not allow
mately 10:1, corresponding to a fractional Néntamination  comparison of vibrationally excited-state lifetimes between the
of (1-2) x 107%in HNOs. This level of NQ impurity in HNOs 4dvon band, which lies well below the threshold for dissociation
is consistent with our previous observatiéhsVe subtracted to OH + NO,, and the Boy band, which contains transitions
the NG absorption from the HN@signal by averaging the  to rovibrational states lying just above threshold. There is an
baseline on either side of thes& band and subtracting this ~ 0bvious change in thewy and Son rotational contours with
average value from the spectrum. This procedure did not temperature (Figures 3 and 5). As one might expect, the P and
accurately subtract out the structure in the NDsorption, as R branch envelopes narrow me.asurably at lower temperatures
can be seen by the noisy baseline on the HN&nd, particularly due to Fjepopulat|on of higher Iylng. rotaﬂonal states. The band
on the low-temperature spectrum in Figure 5b. Since the NO narrowing at lower temperature' Is not I|!<ely to have any

: . . significant effect on the atmospheric absorption rate via thg 5
absorption was quite weak, however, the structure was not easil

. . . Ystate unless the solar flux varies significantly over the narrow
discernible and would have been difficult to subtract accurately. wavelength range of the band due to, for example, Fraunhaufer

Since there is less than a factor of 2 variation in the;Nss lines in the solar spectrum or overhead absorption by other
section over this spectral rangiethe subtraction procedure  gpecies such as oxygen or water. Fraunhaufer lines are quite
should lead to no more thanizb% error in the measured cross  dense in the region near 618 nm and are likely to affect the

sections at room temperature (Figure 5a) arntB% at low absorption in the high or low-temperature rotational profiles
temperature (Figure 5b). about equally. Theiy transition lies in a region of the water
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Figure 6. Fourth O-H stretch overtone (&) spectrum of hydrogen peroxide at room temperature. The band consists of a strong and a weak
absorption as in Figure 4. Water overtones contribute less strongly to the signal near the weak absorption than they do in Figure 4.

TABLE 1: Integrated Absorption Cross Sections (cn¥

spectrum that is largely transparent, and it also lies just slightly

to shorter wavelength than the<2 0 (b 134" — X 3%4")
transition in Q.27 Since the Boy band origin, 16 160 cni
(618.8 nm)y?° lies 580 cm! (1.66 kcal mot?) below the
dissociation threshold to OH- NO,,3° the DOP mechanism

relies on states with sufficient internal energy to dissociate. Thus, measurement, ref 11

DOP is less efficient at lower temperatures. This effect is

apparent in the photodissociation experiments of Crim and co-

workers?822who showed that rotational lines at the wings of
the nitric acid %oy absorption give rise to single-photon

dissociation while those in the center do not. Thus, the transitions
that are not present in Figure 5b compared to Figure 5a are

precisely those that contribute most significantly to the DOP
mechanism.

The rotational structure in the 8, overtones is significantly

more structured. There is less rotational congestion than in the

molecule’ cm™) for Nitric Acid Overtones

HNO; temp, K Hon Svon
this work 296  (2.25k0.15)x 1072t (2,574 0.24)x 1072
251  (2.23£0.15)x 102 (2.414 0.35)x 1022

estimate, ref 10 1.3% 10722
(2.370.24) x 1072
2.1% 1072

(281.0)x 1072

calculation, ref 11 2.60x 10722

measurement, ref 14

TABLE 2: Integrated Absorption Cross Sections (cn?
molecule™ cm™) for Hydrogen Peroxide Overtones

H 202 4VOH 51/0 H

strong O-H stretch band
weak O-H stretch+ torsion
T = 253 K, O—H stretch
estimate, ref 10
measurement, ref 14

(4.58 0.39)x 1021
(0.39+ 0.10)x 102
(4.1Ck 0.65)x 10°2

(5.67+ 0.52) x 1022
(0.62+ 0.08) x 10-22

1.3% 10722
(451.6)x 10721

nitric acid overtones, probably because of the larger rotational are more intense in the low-temperature spectrum. The integrated
constants for hydrogen peroxide and the wider overall width of intensity for 4oy reported below comes from the room-
the spectra. Although there are clear features with measurabletemperature spectrum in Figure 4a, but the spectrum in 4b is
line widths that extend above the continuum absorption, thesestill useful to illustrate the effect of temperature on the rotational

are Q branches for different K stat€$3Qx) in this near-prolate
symmetric top rather than individual rotational lines'datiand
Crim3! have given an excellent discussion of the origin of the
rotational and vibrational structure in,8, overtones. For the
purpose of this paper, the important point is that th€OH

profile.

Integrated Absorption Cross Sections. Tablesl and 2
present integrated overtone absorption cross sections, and
uncertainties and compare them to previously measured, cal-
culated, and estimated values. We carried out the integration

overtones have a strong main absorption with a weaker bandnumerically using the trapezoid method, which was adequate

to shorter wavelength that results from mixing between thé1O

for the closely spaced points in our data. Contributions to the

stretch and the torsional vibration. The dissociation threshold estimated uncertainties in the tables include the following:

to produce two OH radicals lies 1150 c#(3.29 kcal mot?)3°
above the band origin (16 240 cf 615.8 nn#?) for the S0y
transition, so DOP may occur only from fairly high-lying
rotational states. The wealk&y + torsion band lies closer to
the dissociation threshold and so is likely to produce OH with
a larger quantum yielé Thus, the temperature dependence of
the OH quantum yield from DOP will be more pronounced in
H,0, than in HNQ.1° Figure 4b illustrates the narrowing of
the overall absorption bandwidth for thedl transition. The

uncertainty in the concentration measurement, arising from the
cross sections (see above), the flow meter calibrations, and the
Zn lamp intensity fluctuations. There is negligible uncertainty
in the fitting of individual ring down decay traces; however,
slow drift in the empty cavity ring down time due to thermally
induced alignment drift can, under worst case conditions, amount
to a maximum of 2% and 4% uncertainty in the measured cross
sections for the oy and 5op transitions, respectively. As noted
above, there is a small uncertainty associated with the measure-

Q-branch transitions lying closer to the center of the main band ment of the ratioL/Ls. For nitric acid there is an additional
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uncertainty arising from subtraction of the N@bsorption at municating their results prior to publication. We thank Greg

5von. The integrated absorption cross sections for the weak 4  Frost and John Daniel for several useful discussions.
+ torsion band in HO; includes an estimate of the uncertainty
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