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Hydrogen peroxide (HOOH) in ice and snow is an important chemical tracer for the oxidative capacities of
past atmospheres. However, photolysis in ice and snow will destroy HOOH and form the hydroxyl radical
(*OH), which can react with snowpack trace species. Reaction®ldfin snow and ice will affect the
composition of both the overlying atmosphere (e.g., by the release of volatile species such as formaldehyde
to the boundary layer) and the snow and ice (e.g., by @té¢-mediated destruction of trace organics). To

help understand these impacts, we have measured the quantum yield &om the photolysis of HOOH

on ice. Our measured quantum yield®(HOOH — °*OH)) are independent of ionic strength, pH, and
wavelength, but are dependent upon temperature. This temperature dependence for both solution and ice data
is best described by the relationshipdi{HOOH — *OH)) = —(684 + 17)(1T) + (2.27 + 0.064) (where

errors represent 1 standard error). The corresponding activation er&jgipr( HOOH (5.7 kJ mot?) is

much smaller than that for nitrate photolysis, indicating that the photochemistry of HOOH is less affected by
changes in temperature. Using our measured quantum yields, we calculate that the photolytic lifetimes of
HOOH in surface snow grains under midday, summer solstice sunlight are approximately 140 h at representative
sites on the Greenland and Antarctic ice sheets. In addition, our calculations reveal that the majoiity of
radicals formed on polar snow grains are from HOOH photolysis, while nitrate photolysis is only a minor
contributor. Similarly, HOOH appears to be much more important than nitrate as a photochemical source of
*OH on cirrus ice clouds, where reactions of the photochemically formed hydroxyl radical could lead to the
release of oxygenated volatile organic compounds to the upper troposphere.

1. Introduction impact on concentrations of HOOHMQH, and HQ* in the
boundary layer, which in turn affects local atmospheric photo-
chemistry. In addition to this thermal control on the-ssnow
partitioning of HOOH, there is some preliminary evidence that
photochemical reactions on snow grains might also slowly form
HOOH in polar snowpacks.

Snowpack hydrogen peroxide is also potentially important
as a source of the highly reactive hydroxyl radical. It has already
been shown that the photolysis of nitrate, a common trace
species in snow and ice, is a source of snowp&K and

Atmospheric hydrogen peroxide (HOOH) is both an important
oxidant as well as a significant reservoir for the short-lived
hydroxyl ¢OH) and hydroperoxyl (H®) radicals! This is
especially significant, since®OH levels largely determine the
oxidizing capacity of the troposphere and thus the lifetimes of
many atmospheric trace specfeBecause of its high solubility,
HOOH is a common trace constituent of snow and ice that
serves as a relatively stable tracer of the oxidative capacity of
past atmospherés' Ice core records described by Sigg et al. - ;
have shown that HOOH concentrations in snow at Summit, NO,.>* This photoproducedOH could affect snowpack and

Greenland have increased about 50% over approximately theboundary layer chemlstry by rgactmg with organic matter in
. the snow to form volatile organic compounds, such as formal-
last 200 year8.These records, as well as other studies, have .
o dehyde, which could be sources of K@ the snowpack and
also shown that hydrogen peroxide in snow has a very strong

; , . . . overlying atmospher&!2 Oxidation by*OH could also convert
seasonality, with summer concentrations approximately 10 times _ - ack halides into reactive aaseous halogens. which could
higher than those in winter, making HOOH a useful tracer for P 9 gens,

. . alter ozone and hydrocarbon chemistry in both the snowpack
dating snow layers and ice cores. h hetd Simi .

Results from McConnell et &lindicate that HOOH concen- and the atmosphe S_.lmllarly, the photoformation oDH from
trations in surface snow depend mainly on temperature and HOOH could affect ice core records of not only HOOH but
atmospheric concentrations [c))f HOOH \)//vhile snoal rain size also trace species that react WiH such as methane.
also hgs some effect. Their lon -terrr,l snowpack s?mulations While the photolysis of hydrogen peroxide is a known source
indicate that the firn éxchan engOOH Withpthe atmosphere of *OH in solution;*"*# its photochemistry on ice has not yet
for a decade or more after deg osition. The-ainow exchanpe been quantitatively explored. In aqueous solution, ultraviolet

P ’ B 9 radiation splits hydrogen peroxide irmoH with a quantum yield
of HOOH has been further explored by Hutterli and co-workers, :
near unity
who have found that the snowpack can be a strong temperature-
dependent source or sink for HOGHheir work has revealed ,
that this diurnal emission and deposition of HOOH has a large HOOH + hv — 2'OH )

* To whom correspondence should be addressed. Phone: (530) 754- 1S quantum yield is similar both for tropospherically relevant
6095. Fax: (530) 752-1552. E-mail: canastasio@ucdavis.edu. ilumination wavelengths above 290 #nhas well as for higher-
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energy 253.7 nm radiatic®§-18 In addition to this work in frozen. Sample solutions contained known concentrations of
aqueous solution, Jacobi and co-workers recently studied theHOOH and benzoate in Milli-Q water (typically 1¢0 HOOH
photochemical decomposition of HOOH on ice grains produced and 200uM BA) and were adjusted to the desired pH using
in the laboratory using radiation from a 1000 W mercury ldthp.  sulfuric acid (pH < 5) or borate (pH= 6). All listed
They found that HOOH was relatively rapidly destroyed during concentrations (e.g., BA and HOOH) and pH values in this paper
illumination and suggested that this reaction could be an are for the sample solutions prior to freezing unless specified
important sink for hydrogen peroxide as well as a source of otherwise.
hydroxyl radical on polar snow grains. Ice samples were illuminated for known times using 313 nm
Our goal in this current work was to quantitatively determine (or 334 nm) light from a 1000 W Hg/Xe monochromatic
the quantum yields ofOH from HOOH photolysis onice. These ~ systen?® Samples were held in a custom-designed (Paige
values are needed to understand the impacts of HOOH pho-Instruments), Peltier-cooled, temperature-controlled, Teflon-
tolysis as a source of snowpatBH (and as a sink for HOOH)  coated copper chamber with a quartz window to transmit light
in the snowpack, in deeper ice, and on atmospheric ice particles.onto the sample. Because of the relatively small photon fluxes
We have determined quantum yields f@H (i.e., §(HOOH in our system, the low concentrations of hydrogen peroxide used,
— *OH)) on illuminated ice pellets as a function of pH, ionic and the short path lengths employedl(mm for the sample
strength, and wavelength. In addition, we have measured thesolution ice), illumination should have caused only negligible
temperature dependence #(HOOH — °*OH) for both ice heating of the ice sampf8.At the end of illumination, the

pellets and aqueous solutions. complete ice sample (frozen sample solution and pure water
ice base) was melted in the dark at room temperature in about
2. Experimental Methods 5—10 min, and then the melted mixture was analyzed @i
. ) . . and HOOH as described above.
2.1. Materials. Hydrogen peroxide, acetonitrile (Optima), 2.4. Calculation of *OH Quantum Yield. Initial rates of

sodium borate (certified ACS), sulfuric and perchloric acids
(Optima), and potassium hydrogen phthalate were from Fisher.
Benzoic acid (99%), sodium benzoate (99%), and horseradish
peroxidase were from Aldrich, whilp-hydroxybenzoic acid
(98%) andp-hydroxyphenylacetic acid were from TCI America.

All chemicals were used as received. Purified water (“Milli- " : :
N > i~ composition and temperature) except for no illuminatisaf)
Q) was obtained from a Milli-Q Plus systera (8.2 M cm). and (2) in an illuminated blank control with identical conditions

2.2.*OH and HQOH Meagurements. Hydrpxyl radicals as the sample except that no HOOH was add@hd). The
were measured using a chemical probe technique where photoggyected formation rate g-HBA in the illuminated sample
formed*OH reacts with benzoate/benzoic acid (together referred was then calculated usinBy pea, = R;;HBM ~ Roark —

:gegzurgﬁe Ogrozﬁzfs()afr?atfci)r:clslljr(rj]ni)lr:(;/lctj)%)(t;b;cr)]rzrgatséagle' Raianki. These blank corrections were small: On average,
. ) . +1 and represented & 4% and 24 2%,
HBA).10.20.21Stock solutions of BA contained 1.4 mM benzoic Eespg():tiszal‘;/k of ;Béa"\t; Iuep foR; Cororecte q ratesoof
) —HBA, 1

acid and 12.6 mM sodium benzoate. The BA concentrations . .
. : o . p-HBA formation were converted to rates WH formation,
used in all sample solutions in this study were high enough to R(HOOH — *OH),, by usin
scavenge all photoforme®H (i.e., [BAl:[HOOH] = 1). We % DY 9
la;tlso tried a number of experiments with benzene (instead of R(HOOH— ‘OH), = R, teas! Yo tea )
enzoate) as a chemical probe fubH. However, these
experiments were unsuccessful, because a significant fractionwhere Y, g4 is the molar yield ofp-HBA from the *OH +
of the added benzene evaporated from the ice pellet either duringBA reaction. We determined values¥f_ga Using ice pellets
sample preparation or subsequent sample handling. made from pH 5.0 solutions containing 1M BA, 4 uM
Concentrations op-HBA were measured using an HPLC/ HOOH, and NaSQ, to adjust the total ionic strength to between
UV system described earliétusing calibration standards made 198 and 628:M. During 313 nm illumination of the pellets at
in Milli-Q and run during each experiment. HOOH was 263 K, we simultaneously measured the formation rate of
measured using an HPLC technique with postcolumn deriva- p-HBA (R,-nga;) and loss rate of BA Rgas) and then
tization and fluorescence detecti&Analyses were performed  determined yields of-HBA using Yp-nea = Ro—neai/Rea ;-
with a Shimadzu LC-10 AT VP pump and RF-551 fluorescence The average£o) value ofYy_pga from these four experiments
detector (excitation at 320 nm; emission at 400 nm) using an was 0.083+ 0.011, which is consistent with the value (0.081
eluent of 0.1 mM HSO, and 1 mM NaEDTA in Milli-Q at a + 0.014) we determined previously by a somewhat different
flow rate of 0.60 mL min?. Analyses were performed with a  method!® Since this yield is independent of temperature between
5001-CS guard column and PEEK P#02260 x 046 analyti- 243 and 268 K (ref 10), we use¥,-ygn = 0.083 for the
cal column (MetaChem). Concentrations of HOOH were temperature-dependence and ionic-strength-dependence experi-
determined on the basis of calibration standards made in Milli-Q ments with frozen pH 5.0 sample solutions. For the pH-
and run during the same day of the experiment. dependence experiments, we used the relationghigsa =
2.3. Ice Sample Preparation and lllumination. The tech- —0.0011(pH} + 0.0154(pH)+ 0.0318 R? = 0.978; ref 10).
niques used for ice pellet preparation and illumination are As we reported previoushf,we also found here that values of
described fully in Chu and Anasta$i@nd are summarized here.  Y,-nga decrease with decreasing ionic strength, in this case,
Samples were prepared in a refrigerated chamber by first for ice made from sample solutions with< 198uM. To avoid
pipetting 300uL of Milli-Q water into the well created by a  the uncertainty introduced by this variation ¥y-nga, our
Teflon template placed on a quartz slide backing. After this sample solutions in this work all had ionic strengths of at least
pure water ice “base” was frozen, the chamber was kept at the198 uM.
experiment temperature (23268 K), and 10QuL of sample We used 2-nitrobenzaldehyde (2NB) as a chemical actinom-
solution was pipetted onto the ice base and allowed to sit until eter to measure the surface-area-normalized photon Ifjux (

p-HBA formation during illumination Rz, ;) Were deter-
mined from plots of p-HBA] versus illumination time using a
linear regression fit. For each illuminated set of ice samples,
rates ofp-HBA formation were also measured in two controls:
(1) in a dark control under identical conditions (sample
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I) in the sample chamber during illumination. The loss of 2NB 40.0
was measured in ice pellets of the same size and composition
as the hydrogen peroxide-containing samples, except sk 4
2NB was also added. Under the low light-absorbing conditions
of our actinometry, the measured rate constant for 2NB loss
(i2ngy) is related to the photon flux through

Jongs = 2'303/1|€2NB,A(D2NB,/1 3

— 274K
——- 298K

300 |
200 |

10.0
where €xng,P2ng,) IS the product of the molar absorptivity

and quantum efficiency for 2NB (640 M cm! at 313 nm
and 300 M cm™t at 334 nm, both at 293 K; ref 23, is the 0.0 : : : - :
volume-normalized photon flux (melphotons L1 s71), and| 240 260 280 300 320 340 360
is the effective path length of the sample (cm). Actinometry Wavelength (nm)
performed on ice pellets with and without the chemical Figure 1. Base-10 molar absorptivities of aqueous hydrogen peroxide
components used for th®H measurements (HOOH, BA, and at 274 K (solid line) and 298 K (dashed line). Valuesegfon, as a
H.SQy) showed that the presence of these chemicals had nofunction of temperature and wavelength are tabulated in the Supporting
effect on measured values pfg;. We also found thajons Information (Table S1).
was independent of temperature in the range-2288 K,
indicating that room-temperature values for the product
(e2np,P2ns,) can be used at lower temperatut@s.

Under our low light-absorbing conditions, the initial rate of
*OH formation during illumination of HOOH with radiation of
wavelengthl is

Molar Absorptivity, €,04 (M"em™)

ice pellets made from low ionic strength solutions, the thin QLL
will result in higher concentrations of HOOH; if the concentra-
tion is greater than the iegair partitioning equilibrium value,
then a portion of the HOOH will evaporate.

Rearranging eq 3 to solve for and substituting that into eq
4 produces the expression used to calculate the quantum yield
of *OH
R(HOOH—"OH), =

2.303, | €y00, P(HOOH— "OH),[HOOH], (4) €anp,1 Pong  RHOOH—"0OH ),

j2NB,&€HOOH].[HOOH]O

®(HOOH— "OH), = (5)

whereenoon, is the molar absorptivity of hydrogen peroxide

(0.37 M1 cm™® at 313 nm and 274 K; see Table S1 of Note that we express the quantum yield here as the number of
Supporting Information) and(HOOH — *OH), is the quantum moles of *OH produced per mole of photons absorbed by
yield of *OH from hydrogen peroxide photolysis. [HOQH$ HOOH, and thus, the maximum value is 2 because of the
the initial molar concentration of hydrogen peroxide, determined reaction stoichiometry (eq 1). Thus, the quantum efficiency for
as the HOOH concentration measured after illumination plus HOOH destruction (i.e., the number of moles of HOOH lost
the small amount lost during the illumination, that is, [HOQH]  per mole of photons absorbed) is one-half the valu@®@OOH

= [HOOH]meas + Y2R(HOOH — *OH), x t, wheret is the — *OH);.

illumination time. We found that it was important to measure  2.5. Molar Absorptivities of Hydrogen Peroxide as a
HOOH concentrations in the ice pellets, rather than assume theFunction of Temperature. Absorbance spectra of four aqueous
values were the same as those initially delivered in the solution HOOH solutions (6.526 mM) and a Milli-Q blank were
(100 uM), because the pellets often gained or lost a small measured in a Shimadzu UV-2501PC spectrophotometer using
amount £10%) of HOOH during experiments. This change in a stirred 1.0 cm quartz cell and Milli-Q as reference. The sample
HOOH depended both upon the ionic strength of the sample cell holder was cooled (274298 K) using chilled water from
solution as well as the ice pellet temperature. For ice made froma recirculating water bath. The molar absorptivity at each
a sample solution with = 180 uM, the ratio of measured  wavelength (246400 nm) was determined as the slope of the
[HOOH] to added [HOOH] increased from 1.04 to 1.10 with linear regression fit to the data of absorbance versus [HOOH].
decreasing temperature between 268 and 239 K, but the Our resulting molar absorptivities for aqueous HOOH at 298
correlation was weakR? = 0.20). We also tested HOOH ina K (Figure 1) are very similar to those reported previously.
series of pellets at 263 K made from sample solutions with ionic Comparing the 298 K measurements with those made at 274 K
strengths from 4xM to 6180uM. Here, the ratio of measured  (Figure 1) shows thatnoon, changes very little as a function
[HOOH] to added [HOOH] increased from 0.96 to 1.10 over of temperature across the range examined here. In particular,
this range of increasing ionic strengtR?(= 0.53). We also the molar absorptivity of hydrogen peroxide at 313 nm exhibits
tested ice made from pure water (with no added HOOH) and no significant dependence on temperature, with an average value
found that, after melting, the samples contained only relatively of 0.3864 0.016 M~ cm~1 between 274 and 298 K. The best
small amounts of HOOH <0.5 uM). This indicates that the fit values of the molar absorptivities at five temperatures in this
uptake of HOOH on our ice pellets is not due to contamination range are listed in the Supporting Information (Table S1).
during sample preparation. Instead, our results suggest that thenterestingly, although the HOOH molar absorptivities have little
sample pellets are exchanging HOOH with the ambient atmo- temperature dependence, a plot of this relationship (i.e., the slope
sphere. The greater uptake of HOOH at lower temperatures isof eqoons VS T) as a function of wavelength reveals some
consistent with the temperature dependence ofadepartition- intriguing structure at wavelengths below 300 nm (Figure S1
ing,2* while the ionic strength dependence likely represents the of the Supporting Information).

influence of the thickness of the quasi-liquid layer (QLL). At 2.6. Measurements of®(HOOH — °*OH); in Aqueous

high ionic strength, the resulting QLL will be thicker and the Solution. Aqueous solutions contained 1M HOOH and 200
concentration of HOOH in the QLL relatively low, making it xM BA and were adjusted to pH 5.0 using sulfuric acid. Samples
more likely for gas-phase HOOH to dissolve into the QLL. For were illuminated with 313 nm light in stirred, airtight, 1 cm
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Figure 2. Quantum yields forOH in ice pellets (263 K; 313 nm Estimated pH of QLL (HOOH/NO;)
illumination) as a fpnction o_f ionic strength in the sample solution. Figure 3. Quantum yields ofOH from HOOH photolysis (open
Each sample solution contained 1M HOOH, 200uM BA, was triangles) in ice pellets (263 K, 313 nm illumination) as a function of
adjusted to pl_—l 5.0 W|t_h lg_504, and contained various amounts of pH in the sample solution (100M HOOH and 200uM BA). For
NaSO, to adjust the ionic strength. Error bars represerit o, comparison, the quantum yields*6fH from nitrate photolysis are also
calculated on the basis of propagated uncertaintieRpimiea,i, 12, plotted: open circles represent data from Chu and Anastasibile
Yp-tea, €roons, [HOOH], and thep-HBA calibration curve. The  the two closed circles were determined in this present work. Error bars
horizontal line is the average value (0.£20.017). representt1 o, calculated as described in Figure 2. The pH values

listed in parentheses are the estimated values in the quasi-liquid layer
quartz cells and small aliquots were removed at measured timeof the ice pellets. The solid line through the HOOH data is the average
intervals and ana|yzed f@LHBA Rates ofOH formation were value (0.70:1:.0.031), Wh"e the dashed line through the nitrate data is
determined using the same procedure described for the ice pellet@n exponential regression fit.
(eq 2), except that the value ¥p-nsa in agueous solution is 0.00
(0.19+ 0.01)19The quantum yield 0fOH was calculated using
eq 5, whergjang, was the value measured in agueous 2NB
(4 uM) on the same day as the hydrogen peroxide photolysis
experiment.

-0.20

3. Results and Discussion -0.40 |

3.1. Quantum Yield of *OH in Ice as a Function of lonic
Strength. Quantum yields ofOH (®(HOOH — *OH)) from
hydrogen peroxide photolysis on ice were first measured at 263
K in frozen sample solutions at pH 5.0 that contained A0D SOLUTION «cE
HOOH, 200uM BA, and variable amounts of N8O, to adjust -0.80 ; ; ; ;
the ionic strength1j. As shown in Figure 2, the plot ob- 3.4 36 38 40 42
(HOOH — *OH) versusl has a slopeX£1 standard error) that 1000/T (K™
is not significantly different from zero ((5.%& 26) x 1077; p Figure 4. Temperature dependencE £ 239318 K) of ®(HOOH
< 0.84), indicating that the ionic strength of the sample solution — *OH) in agueous and frozen sample solutions containing @0
has no effect onOH quantum yields within the range of ionic  HOOH, 200uM BA, and adjusted to pH 5.0. The circles are measured
strengths tested (1986198 uM). The average value of datafrom the present study in both aqueous solution and ice pellets,
®(HOOH — *OH) in these experiments was 0.72 0.017, with errors ofj;lo. The.solld line is a Ilnear.regressmrj fit to our
which is over 200 times higher than the corresponding value combined solu_tlon_and ice data_ (eq 6). The inverted triangles (with

! ) . dotted regression line) are solution data from Zellner ét al.
obtained from nitrate photolysis at the same pH and temperature

(34 + 0.6) x 102 ref 10). in Figure 3, these new measurements are essentially identical

T 3.2 lQuan':]um Liedld of 'SH on IcilgsoaH Fur]cotil_c;n of '.OH' to those previously reported. When combined, these results for
0 explore the pH dependence & . ) on Ice, HOOH and NQ~ indicate that the pH dependence f@H
we measured values in frozen sample solutions containing 100formation during nitrate photolysis is real (e.g., it is not an

uM HOOH and 200uM BA and with pH values from 2.0 to . . . . .

7.0. As shown in Figure 3, theOH quantum yield was artifact .of Oéjl’ BA technique), although its cause is still
; ; ; unexplained:

essentially constant in these samples, with a slope for the )

regression line ofb(HOOH — *OH) versus pH of 0.006t 3.3. Temperature Dependence ofOH Quantum Yields.

0.004 p < 0.93). The average valuet{ standard error) for As the first step in determining the temperature dependence of
®(HOOH — °*OH) in these samples was 0.78 0.031, HOOH photolysis, we measured values®fHOOH — *OH)
consistent with the value from the ionic strength experiments in agueous solutions (10@M HOOH, 200uM BA, pH 5.0)
described above. This absence of a pH effectbdflOOH — between 278 and 318 K. As shown in Figure 4, oOH
*OH) is different from the previously reported case for nitrate, quantum yields in solution are very similar to those previously
where quantum yields ofOH from NO;~ photolysis on ice reported by Zellner and co-worke¥sand follow the regression
increased from 2.% 1073 at pH 2.0 to 3.6x 103 at pH 7.0 In(®(HOOH — *OH)) = —(679+ 53)(1M) + (2.25+ 0.016)
(Figure 3; ref 10). As a check on this pH dependence for nitrate, (where errors represent 1 standard error ang 12). The

we remeasured(NOs~ — *OH) in two sets of ice pellets made  corresponding activation energis(= 5.6 + 0.44 kJ mot?)

from a pH 2.0 sample solution. As shown by the filled circles and change in entropyAG= 18.74 0.13 J mot! K1) for our

In(®(HOOH—OH))

-0.60
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TABLE 1: Values of E, and AS (£1 standard error) for the
formation of *OH from hydrogen peroxide photolysis in ice
and aqueous solutioA

While the temperature data described above indicate that the
photolysis of HOOH occurs in a quasi-liquid layer in our
experiments, it should be noted that the distribution of hydrogen

Ea AS peroxide in our ice pellets might be different than that in natural
(kJ mol™) (J mol* K™ snow. Because we freeze the aqueous hydrogen peroxide
Solution Values solution relatively slowly (over the course of several minutes),
this study 5.6-0.44 18.7+0.13 essentially all of the solutes in the ice pellet probably reside in
Zeliner et ak 6.0+ 0.40 19.9£1.3 quasi-liquid layers at grain boundaries and the-aie interface.
Ice Values In natural snow, it has been suggested that most snow grain
this study 5.8+ 0.34 19.5+0.83 HOOH resides in the bulk ice as a result of co-condensation
Combined Solution and Ice Data with water vapor during snow formatiéf although appreciable
this study 5.7 0.14 18.9+ 0.53 amounts £20%) are also present in the QRL.Although

aThe activation energyf,) and the change in entropyAf) were HOOH in bulk ice will still undergo photolysis to produce free
calculated on the basis of the linear regression fits to the data of "OH, the quantum vyield for this process is likely lower than
In(@(HOOH — *OH)) vs 1T E, = —slopex R x 1072 (kJ mof™) that reported here (eq 6) because of reduced diffusion and
andAS = y-interceptx R (J mol * K™), whereRis the gas constant  enhancedOH recombination in the ice matrix. These potential
(8314 J mol” K™). > Values calculated on the basis of the pH3t  iffarences in distribution are not an issue in the case of frozen
data of Zellner et al® . . . - .

) N . . nitrate, since N@" is present in the QLL both in natural sn&w

solution data are essentially identical to those previously reported as well as in our previous experiments

(Table 1). I devend g o 34 Wavelength Dependencate also measured(HOOH
To complete our temperature dependence study, we also_. .51y quring illumination with 334 nm radiation at 263 K to

Tezzsgu_rzegsquantum yi((jalfds fuDH inIaS(Trigs of(ijce .pellletsTtg test whether the quantum vyield is wavelength dependent.
I K) prepared from sample o utions identical to those geoc4ise of the lower molar absorptivity of hydrogen peroxide
described above. As shown in Figure 4, our valuesd) of at 334 nm (0.083 M! cm™%; Table S1), we used ice pellets

®(HOOH — "OH) on ice decreased monotonically With 546 from sample solutions containing a relatively high

decreasing temperature, ranging from O.ﬂﬂ'll at 2.68 K to hydrogen peroxide concentration (1.0 mM) along with 1.0 mM
0.55+ 0.093 at 239 K. The corresponding regression line for BA and with a pH of 5.0. The resulting valuetls) of

the ice pellet data is Id§(HOOH — *OH)) = —(702 £ 41)- ®(HOOH — *OH), Ch

— 334 at 263 K was 0.69t 0.0082, which is
(1m + (2'34i.0'1.0) (where_ errors represent 1 stgndard error statistically indistinguishable from the average value (G2
andn=27), which is allmost identical to the regression equation 0.017) obtained with 313 nm illumination of the frozen pH 5.0
for our aqueous solution data described above. Similarly, the g5 b6 solutions at 263 K. This suggests that the quantum yield
activation energy and entropy change calculated from the ice of *OH from HOOH photolysis is independent of illumination

data are statistically indistinguishable from the corresponding wavelength throughout at least the UV-A and UV-B portions
values from our aqueous solution data and from those of Zellnerof the HOOH absorbance tail (i.e., for at ledst 280 nm:;
and co-workers (Table 1). The fact that our ice pellet and Figure 1). ’ '
aqueous solution data have the same temperature dependence
suggests that the photolysis of hydrogen peroxide on ice betweery, gnyironmental Implications.

239 and 268 K in our experiments occurs in a quasi-liquid, or o ) )

disordered, layer rather than in the bulk ice. This is the same as  4-1.°OH Formation in Arctic and Antarctic Snow. Our

the case for the photolysis of frozen aqueous nitrate, as described@0@l here is to use our measured quantum yields to estimate
previously?10 the relative importance of N§ and HOOH as photochemical

A regression fit to all of our solution and ice data yields the Sources ofOH in polar snowpacks. The rate @H formation
relationship from the photolysis of chromophoiieon snow grains can be

expressed as
IN[®(HOOH— "OH)] = —(684+ 17)(1M) +
(2.274+0.064) (6)

(where errors represent 1 standard error mane 39), which is

very similar to the regressions for the separate ice and aqueous

data and which yields similar thermodynamic parameters (Table R(i — "OH)g = 2303f/N, x
1). Given these similarities, we recommend that the regression . o )

from the combined data (eq 6) be used to determiDEl Z[Ufmq’(' — 'OH),A] = Z[J(' — "OH), AA][] (8)
guantum yields for both aqueous solutions and ice grains. As

shown in Figure 4, this regression line is very similar to that whereR(i — *OH), is the rate during illumination with radiation
previously reported for agueous solution. For example, calcu- within a given wavelength interval (mol1 s™1 nm™1) and
lated values of®(HOOH — °*OH) from our recommended R(i — °*OH)syn is the corresponding rate under sunlight
regression (eq 6) at 298 and 239 K are 0.4% lower and 2.7% illumination (mol L™! s™1). In these equationsl; is the
higher, respectively, compared to values calculated from the spherically integrated actinic flux (photons chs 1 nm™1), A4
extrapolated regression of Zellner etaFinally, it is interesting is the wavelength interval (i.e., the width of the actinic flux
to note that the temperature dependence@ét formation from interval centered at wavelength in units of nm), Na is
HOOH photolysis E; = 5.7 & 0.14 kJ mof?) is much smaller Avogadro’s numbere;j,; is the base-10 molar absorptivity for
than that from nitrate photolysi&{ = 20 4 0.89 kJ mot?; ref chromophorei (e.g., NQ~ or HOOH, see Table S1 of
10). Thus, not only isP(HOOH — *OH) much higher than Supporting Information and ref 10; units of Mcm™), ®( —
®(NO3~ — *OH) in aqueous solution, but this difference is *OH); is the quantum yield ofOH (eq 6 and ref 10), and][is
magnified on snow and ice and increases with decreasingthe molar bulk concentration of chromophore in the snow. As
temperature. shown in the top panel of Figure 5, while both hydrogen

R(i — "OH), = 2303N, x l}¢;,,®(i — OH),[i] =
j(i—"OH),[i] (7)



Hydroxyl Radical Formation from HOOH

8.0 50et14  ~
v £
G 14.0e+14 <
‘T (2]
= )
= £
< 13.0e+14 ©
« »
= 5
S 3
s 1 2.0e+14 s
5 s
17} x
Qo =
< 11.0e+14 &
© o
° £
s 3
0.0 <
0.80 | 1 0.0080
I I
_ HooH 1 i
T 060} {0.0060 £
cTa o
5 b
0.40 | 100040 O
R e $rome 2
5 NO, s
0.20 | 1 0.0020
0.00 0.0000
14e-7 | HOOH
. 12e7f
E 10e7}
‘e 80e8}
=
S 60es8}|
i 4.0e-8 |
=
2.0e-8 | NO,
J/-—\‘\\\
00 il = n Nl =S — "
300 310 320 330 340 350 360

Wavelength (nm)

Figure 5. Action spectra forOH formation from the photolysis of
HOOH and NQ~ on ice. The top panel shows molar absorptivities of
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shown in Table 2, we have calculated the rate constafts>(
*OH)) and ratesR(i — *OH)) of *OH formation on snow grains

for four polar locations on days typical for photochemistry
experiments at a given site. At all sites, the measured or
estimated snow concentrations of HOOH are comparable to, or
larger than, the corresponding concentrations of nitrate. In
addition, calculated rate constants f@®H formation from
HOOH photolysis are 922 times greater than those from
nitrate, with the greatest differences occurring under conditions
with the coldest temperatures. Combining these factors reveals
that HOOH is much more important than hOas a source of
snow grain"OH under the conditions examined. Midday rates
of *OH formation from hydrogen peroxide photolysis are-11
140 times greater than the corresponding rates from nitrate
photolysis, that is, HOOH accounts for 999% of the*OH
photochemically formed from these two chromophores (Table
2). While the absolute rates ®DH formation from HOOH and
NOs~ at any given location will depend on snow composition,
temperature, and actinic flux, our simple overview in Table 2
indicates that hydrogen peroxide is, overall, much more
important than nitrate as a source*@fH in both Arctic and
Antarctic snowpacks. It should be noted, however, that there
could be additional photochemical (or thermal) source©bf

in snow and that our calculations need to be tested by
measurements 0DH in the field.

Table 2 also reveals the approximate photolytic lifetimes of
HOOH on polar snow grains. Given that@QH are formed from
the photolysis of every HOOH molecule (eq 1), the rate constant
for the photochemical destruction of HOOH will be one-half
of the rate constant forOH formation. Thus, midday rate
constants for HOOH destruction under the conditions listed in
Table 2 range from 0.2% 10°% s™! at Alert on the equinox to
2.0 x 108 s71 at Summit on the boreal summer solstice.
Corresponding lifetimes of HOOH with respect to direct
photolysis are 960 h at Alert and 140 h at Summit under these

aqueous hydrogen peroxide (solid line) and nitrate (dashed line) at 274conditions. In addition, our calculated lifetime for photolysis

K as well as the modeled midday, actinic flux on the summer solstice
at Neumayer, Antarctica (70.75, 8.3°W; dotted line; ref 52). The
middle panel shows quantum yields ¥WH from the photolysis of
HOOH (squares; this work) and nitrate (circles; ref 10) in ice pellets
at 263 K. Symbols show data for pellets illuminated with 313 and 334

nm radiation, while the lines represent the recommended quantum yields

at 263 K for each chromophore at> 290 nm. The bottom panel
shows the wavelength dependence of the rate constantsOfdr
formation from photolysis of HOOH (solid line) and nitrate (dashed
line). The area under each curve is the total rate constamOfdr
formation from that chromophorg({ — *OH)) at Neumayer under the
conditions described above.

of HOOH on surface snow at Neumayer on the austral summer
solstice is 150 h, which is approximately 4 times longer than
that estimated by Jacobi et al. from their experiments of
snowbound HOOH illuminated with an optically filtered larp.
It should be noted that all of these lifetimes are for midday
sunlight conditions and that snow grain HOOH lifetimes in the
field will be several times longer as a result of the diurnal
changes in actinic flux (except for the South Pole where the
diurnal changes in actinic flux are extremely small).

These relatively short photolytic lifetimes of HOOH are in
contrast with field measurements, which have shown that

peroxide and nitrate absorb tropospheric UV-A and UV-B hydrogen peroxide concentrations can be preserved both in the
radiation, the molar absorptivities for NOare 7.1— 2.5 times near-surface snowpack as well as in deeper ice t&Hsese
higher than those of HOOH between 300 and 340 nm, although field observations reveal that the net loss of HOOH from snow
the HOOH absorption tail extends to longer wavelengths. The grains is much smaller than predicted from our photolysis
situation is reversed, however, with the quantum yields (middle calculations. One possibility for this behavior is that the majority
panel of Figure 5):®(HOOH— *OH) is 212 times greater than  of snow grain HOOH is sequestered in bulk ice where photolysis
®(NOz~ — *OH) at 263 K, for example. The resulting action is likely to be less efficient (section 3.3). However, since
spectrum for the rate constants'@H formation (bottom panel  photoproducts can migrate out of a water ice cage at temper-
of Figure 5) shows that, for a given concentration, HOOH is a atures as low as 140 ¥,even HOOH in the bulk ice of polar
much more effective source 6®H than is nitrate, by a factor ~ snowpacks should undergo photodestruction. An alternate
of ~9 for the temperature and actinic flux conditions of Figure possibility to explain the preservation of HOOH in polar snow
5. and ice is that there is a source of snowpack HOOH of
While Figure 5 indicates that the rate constant foH approximately the same magnitude as the photolytic sink.
formation from HOOH is about an order of magnitude greater Deposition of atmospheric HOOH appears to be too small to
than that forOH from NO;~ photolysis, comparing the rates account for this source, given that the amount of HOOH in the
of *OH formation from these two chromophores requires that boundary layer is much smaller than in the near-surface
their snowpack concentrations also be taken into account. Assnowpack and that net deposition fluxes are also relatively small,
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TABLE 2: Calculated Rates of Formation of *OH from the Photolysis of Snowpack Hydrogen Peroxide and Nitrate at Sites in
the Arctic and Antarctic.

typical surface snowpack rate constant foXOH rate of*OH formation, fraction
concentration of formation,j(i — *OH)sun R(i — *OH)sun of OH from
chromophoré (uM)© (106 s 1)d (10°2M s HOOH
locatior date HOOH NG~ HOOH NG~ HOOH NG~
Alert, Mar. 21 6 4.2 0.57 0.059 35 0.25 0.93
Nunavut
Summit, Jun. 21 18 4 4.0 0.26 72 1.0 0.99
Greenland
South Pole Dec. 21 10 1.6 19 0.088 19 0.14 0.99
Neumayer, Dec. 21 4.8 1.4 3.7 0.42 18 0.59 0.97
Antarctic

aLatitudes and longitudes of sampling sites: Alert (82\§ 62.3°W), Summit (72.6°N, 38.5°W), South Pole (90S), and Neumayer (70.7
°S, 8.3°W). b Calculations are for midday (solar noon) on the specified date. Temperatures used for calculations at Alert, Summit, South Pole, and
Neumayer were 268, 263, 253, and 268 K, respectivélialues are from Anastasio and Jor8éestimated HOOH) and Toom-Sauntry and Bdfrie
for Alert, Hutterli et al” and Dibb et al’” for Summit, and Wolff et at® for South Pole. At Neumayer, we used an average of the typiealfim
value of Jacob and Klockdi#(6.0 «M) and that of RiedéP (3.5uM) for HOOH and the average values of Mulvaney et'dll.9 xM) and Wolff
et al?® (0.8 uM) for NO3z~. 4 The actinic fluxes used in our calculations are from the NCAR TUV nfddsding a wavelength-independent albedo
of 0.93 for the snow surfaé&and ozone columns of 36609 Dobson unit§* Altitudes used for Alert, Summit, South Pole, and Neumayer were
63, 3200, 2800, and 45 m, respectively.

at least at Summit2° Instead, we hypothesize that the “missing” The photolysis of ice-bound HOOH is rapid enough that it
source of snowpack HOOH is production within the firn as a might significantly affect gas-phase composition and chemistry.
result of vigorous H@chemistry resulting from abundant levels For example, photoformetbH on the ice could react with
of precursors such as HCHO and other aldehy8e4.While organic matter on the particles to possibly form oxygenated
firn air reactions such as the disproportionation of 0 form volatile organic compounds (OVOCs) which then evaporate to
HOOKH are likely to be significant, the HOmediated formation the gas phase. Thi®H-mediated release could potentially be
of HOOH in the quasi-liquid-layers of snow grains is probably a significant source of gaseous oxygenated organics such as
also very important, on the basis of the analogous production formaldehyde, acetaldehyde, acetone, and methanol, which have
of HOOH in liquid water cloud drop# been found in the upper troposphere at surprisingly high
4.2. HOOH Photolysis on Cirrus Ice Clouds.Given its high concentrationd!~4® Analogous*OH-mediated reactions have
solubility in ice, especially at lower temperatufésye expect been proposed for sunlit polar snowpacks, which emit a wide
that significant amounts of hydrogen peroxide are present onrange of OVOCs including aldehydes, ketones, and carboxylic
ice particles in the atmosphere and that this species might playacids?®314445We can estimate an upper-bound rate of this
an important role in the chemistry of ice clouds. To explore process in cirrus clouds by assuming that evéry formed on
this issue, we first examine the relative importance of hydrogen the ice particles reacts with an organic molecule to form an
peroxide and nitrate as sources*@H on upper tropospheric  OVOC that then volatilizes to the gas phase. Under this
cirrus ice clouds under typical conditions (10 km altitude, 238 assumption, the rate of release of OVOCs from cirrus ice
K, ice water contentl() = 0.1 g nT3, 35°N, midday, summer particles is equal to rate ®®H formation on the ice particles,
solstice). On the basis of an aiice partitioning coefficient for which is 1 x 10* molecules cm®—air s™! if we include both
HOOH at 238 K of 2.4x 10° mol L~1—ice atnT? (refs 6, 24, the photolysis of ice-bound HOOH (70% of total rate) and the
33), and using an equation analogous to the Henry’s law-gas gas-to-particle partitioning 0fOH (30% of rate).
aqueous partitioning, we calculate that~1% of HOOH is To estimate whether thtf©OH-mediated release from the ice
present on the cirrus ice particles, while Thibert et al. calculate particles is significant, we consider four representative oxygen-
that 12% of HNQ under these conditions will be on the cirrus ated organics: formaldehyde, acetaldehyde, acetone, and metha-
ice particles’> On the basis of typical gas-phase mixing ratios nol. As shown in Table 3, if we consider reaction wibH
of HOOH and HNQ of 500 pptv and 150 pptv, respectiveRs’ and direct photolysis as sinks, estimated lifetimes for these
and using the molar absorptivities and quantum yields illustrated compounds in the gas phase range fromx610° s for
in Figure 5, we estimate that th@H formation rate from HOOH formaldehyde to 2« 1P s for methanol. On the basis of typical
photolysis on ice particles is X 10'° molecules cmé—ice st gas-phase mixing ratios of these species, the corresponding rates
(equivalent to 7x 10°* molecules cm®—air s™1), which is~30 of destruction range from & 10°® molecules crm3—air s* for
times higher than that from nitrate photolysis. Furthermore, the methanol to 5x 10° molecules cm3—air s™* for formaldehyde
rate of *OH formation from HOOH photolysis is also greater (Table 3). To determine whethe®H-mediated release from
than the flux of*OH moving from the gas phase to the ice ice particles could be a significant source of any of these
surface, which we calculate to bex310° molecules cm3—air OVOCs, we assume that the gaseous oxygenated organics are
s™1 based on continuum regime mass transpat gas-phase in approximately steady state and, therefore, that their rates of
*OH (1 x 10° molecules cm?3; ref 38) to an ice particle with a  formation are roughly equal to the calculated rates of destruction
diameter of 25um (ref 39). Thus, as in polar snowpacks, it shown in Table 3. Comparing these values with our upper-bound
appears that HOOH photolysis dominates over nitrate photolysis estimate forOH-mediated OVOC release from the ice particles
as an*OH source on cirrus ice particles. It should be noted, (1 x 10* molecules cmé—air s71) indicates that this mechanism
however, that this formation ofOH on the ice particles is an insignificant source of short-lived species such as
represents<1% of the rate ofOH formation from HOOH formaldehyde Ry = 5 x 10° molecules cm3—air s71) but that
photolysis in the gas phase because of theia# partitioning it could be significant for species with intermediate or relatively
of HOOH and the fact that photolysis of gaseous HOOH is long lifetimes (e.g., methanol witRy = 3 x 10° molecules
somewhat more efficiertf. cm3—air s71). While there are a number of important uncer-
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TABLE 3: Estimated Rates of Loss of Gaseous Oxygenated
Organics in the Upper Troposphere (10 km, 238 K, 0.35
atm, 35 °N, midday, summer solstice)

pseudo-first-order

rate constant  photolysis
for loss rate rate of loss,
due to"OH, constant, lifetime* Ry
compound  konic[*OH ]2 jc Tc (mlc cn3—
(C) (s (s (s) air s )¢
HCHO 9x 1076 2x10% 6x10 5x 1
CH;CHO 2x 10°° 2x10°% 2x10 3 x 10
CH;COCHs 1x 103 3x 106 3x 1 1x 10
CH;OH 5x 1073 0 2x 108 3x10°

a Calculated using values of the second-order rate constant between

compound C andOH (kown:c) adjusted to 238 K (ref 40) and an
estimated gas-phas®H concentration of & 10° molecules cri-air
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tainties in our calculations (e.g., the yield of a particular OVOC

from every*OH formed on the ice surface), they do point out

that HOOH photolysis on ice particles could affect the gas-
phase composition of the upper troposphere. Similarly, the
photoformation of condensed-phaé&# likely has even greater

effects on the composition (and perhaps properties) of the ice

particles themselves.
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