Atmos. Chem. Phys., 10, 109118922 2010 iy —* -

www.atmos-chem-phys.net/10/10917/2010/ Atmospherlc
doi:10.5194/acp-10-10917-2010 Chemls_try
© Author(s) 2010. CC Attribution 3.0 License. and Phys|cs

Different photolysis kinetics at the surface of frozen freshwater vs.
frozen salt solutions

T. F. Kahan!”, N.-O. A. Kwamena, and D. J. Donaldsort?

IDepartment of Chemistry, University of Toronto, 80 Saint George Street, Toronto, M5S 3H6 Ontario, Canada
2Department of Physical and Environmental Sciences, University of Toronto at Scarborough, Canada
*currently at: Department of Chemistry, University of California Irvine, Irvine, California, 92697, USA

Received: 21 April 2010 — Published in Atmos. Chem. Phys. Discuss.: 7 May 2010
Revised: 10 November 2010 — Accepted: 15 November 2010 — Published: 22 November 2010

Abstract. Reactions at air-ice interfaces can proceed at verythrough field, laboratory, and theoretical studies (ibid). How-
different rates than those in aqueous solution, due to thever, there is not yet a fundamental understanding of the role
unique disordered region at the ice surface known as thef snow and ice as reaction media; thus, accurately predict-
quasi-liquid layer (QLL) . The physical and chemical nature ing the chemical fate of species in snow and ice remains an
of the surfacial region of ice is greatly affected by solutes elusive goal.

such as sodium halide salts. In this WOI‘k, we studied the Ice is a heterogeneous and Comp'ex reaction medium.

effects of sodium chloride and sodium bromide on the pho-\eins, pockets, and grain boundaries within the crystal lattice
tolysis kinetics of harmine, an aromatic organic compound,contain liquid water. Experiments designed to measure reac-
in aqueous solution and at the surface of frozen salt solutiongon kinetics associated with ice typically determine reagent
above the eutectic temperature. In common with other aroyp(g product concentrations in the melt, following some re-
matic organic compounds we have studied, harmine photolzction time in ice (we will signify these as freeze-react-melt,
ysis is much faster on ice surfaces than in aqueous solutionyy FRM, experiments). The results of such measurements
but the presence of NaCl or NaBr — which does not affectyhich likely primarily reflect reactivity in the liquid inclu-
photolysis kinetics in solution — reduces the photolysis ratesjons, due to the larger volume fraction that these represent)
on ice. The rate decreases monotonically with increasinthave been reported to be similar to those in aqueous solution
salt concentration; at the concentrations found in seawatef,Chu and Anastasio 2003, 2005, 2007; Grannas et al., 2007b;
harmine photolysis at the surface of frozen salt solutions pro-jacobi et al., 2006: Kahan et al., 2010a, b: Ram and Anas-
ceeds at the same rate as in aqueous solution. These resulfsio 2009). In addition to liquid inclusions within the ice
suggest that the brine excluded to the surfaces of frozen safyatrix, near the air-ice interface, a disordered region known
solutions is a true aqueous solution, and so it may be possiyg the quasi-liquid layer (QLL) exists whose physical and
ble to use aqueous-phase kinetics to predict photolysis rateghemical properties are distinct from both bulk ice and liquid
at sea ice surfaces. This is in marked contrast to the resulfgter (Kahan et al., 2007; Wei et al., 2001). Some recent
at the surface of frozen freshwater samples, where reactiopyporatory studies (Dubowski and Hoffmann 2000; Grannas
kinetics are often not well-described by aqueous-phase progt al., 2007a: Kahan and Donaldson 2007, 2008, 2010: Ka-
cesses. han et al., 2010a, b; Matykiewiczova et al., 2007) suggest
that reaction kinetics in the QLL can differ dramatically from
those in aqueous solution. We have recently (Kahan et al.,
1 Introduction 2010a, b) compared FRM reaction kinetics with those ob-
tained at air-ice interfaces, and observed very different reac-
Chemical reactions in snow and ice can affect pollutant fatetion kinetics in the two cases. Direct photolysis of the poly-
and atmospheric composition (Domine and Shepson 20026yclic aromatic hydrocarbon (PAH) anthracene measured in
Grannas et al., 2007b) in urban and remote centres. Varian FRM experiment yields the same rate as in aqueous so-

ous aspects of snowpack chemistry have been investigateftion, but measurements made at ice surfaces show much
faster kinetics (Kahan et al., 2010b). In other work we have

determined that hydroxyl radicals react quickly with aro-
Correspondence tD. J. Donaldson matic compounds both in aqueous solution and in ice sam-
BY (idonalds@chem.utoronto.ca) ples measured using the FRM technique, but at ice surfaces
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no reaction is observed (Kahan et al., 2010a). These results 104
suggest that liquid inclusions in ice (such as those at grain o8 (0.0L M /]
boundaries) present similar reaction environments to liquid 081 NaCl) E

f Water (0 M
Nacl)

water, but that the QLL presents a unique reaction environ-
ment.

It is likely that many atmospheric reactions occur in the
QLL, since reagents can both be excluded to the air-ice in-

0.4 4

Normalized Intensity

terface during freezing, and be deposited there from the gas 0z

phase. As discussed above, reactivity in the QLL can be quite .

different from that either in aqueous solution or liquid inclu- 00 A ‘ ‘ :

sions in bulk ice; therefore, measurements must selectively e Sh?:’(im,l) e

probe the air-ice interface in order to describe physical prop- 4————— Increasing H-bonding

erties of the QLL, and to properly report reaction kinetics

that occur there. Fig. 1. Intensity-normalized glancing-angle Raman spectra of the

One would Certain|y expect that the physica| propertiessurface of freshwater ice, of a frozen 0.01 mUIlLNaCI solution,
of ice surfaces could affect chemical reactions which occurdnd of the surface of liquid freshwater. The lower relative intensity
there. However, few studies have investigated these propeﬁt lower wavenumbers for the frozen salt solution and the liquid
ties under environmentally relevant conditions; most inves—f'r'aSh\Na1ter Is indicative of reduced hydrogen bonding there.
tigations of QLL properties have used single-crystalline ice

In pristine c_ond_ltlons in the absence OT solutes._ I_n the €Mution. Therefore, we might expect quite different kinetics
vironment, ice is generally polycrystalline, and it is rarely at the surfaces of frozen salt solutions depending on which

pristine. Common solutes such as halide salts can S'gn'f'éxplanation is correct. If halide ions simply disrupt the QLL

cantly alter the molecular structure at air-ice interfaces, andstructure, reactions on sea ice surfaces could occur at sim-
thus PO ssibly affect reaction klnet!cs_there. ilar rates as on frozen freshwater surfaces. However, if a
[?urmg freezing of a solution, lonic compqunds such aS concentrated liquid brine exists at therfaceof frozen salt
hallde_salts are excluded from the ice matrix. Bel_ow thesolutions, as well as within the liquid inclusions present in
e_\utectu_: temperatur_e Of a salt-water mixture, a solid S’Olu'the iced matrix, one might expect the reaction kinetics to be
tion of ice and salt is formed. Above the eutectic tempera-

¢ halid Ui its in the f i ¢ rat dzimilar to those in agueous solution. In fact, recent mea-
ure, halide exclusion resufts in the formation of concentrated o yyants of the heterogeneous ozonation kinetics at the sur-

brines in veins and pockets within bulk ice, as well as at theface of frozen NaBr and Nal solutions (Wren et al., 2010)

ai_r-ice interface (Carignanq etal.,, 2007; Cho e_t _al., _2002;show kinetics which are consistent with the reaction occur-
Eicken 1992). The exclusion of salts to the air-ice inter-

¢ lso be inferred f heir infl he R ring in concentrated aqueous solutions. In the present study,
ace may also be inferred from their influence on the Raman, o easure photolysis kinetics of an organic probe molecule
spectrum of water molecules present there. Figure 1 show;

: Vit aqueous solution and at the surfaces of frozen freshwater
glancing-angle Raman spectra (Kahan et al., 2007) of vari

; Lo ‘and salt solutions to determine whether the reaction environ-
ous aqueous interfaces acquired in this laboratory. The speg:

nent at the surface of frozen salt solutions is more similar to
trum ob_served from the surface of_a frqzen freshwater samg, QLL or to aqueous solution.
ple (solid blue trace) is asymmetric, with a broad shoulder
around 3100 cm!. This feature, which is not observed at the
liquid water surface (shown as the dotted green trace) arise3 Experimental
from a more extensive hydrogen bonded network present at
the ice surface, compared to liquid water (Kahan et al., 2007)The aromatic compound harmine (7-methoxy-1-methyl-9H-
The shoulder is not observed at the surface of frozen NaCl sopyrido[3,4-blindole) was chosen as a molecular probe be-
lutions, as illustrated by the red dashed trace in Fig. 1. Thiscause its fluorescence is not strongly quenched in high ionic
observation implies that the surface of frozen salt solutionsstrength environments (Clifford et al., 2007). Solutions
represent a different hydrogen bonding environment than thatontaining 10~ mol L=! harmine (Aldrich, 98%) and a
at the freshwater ice-air interface. known concentration of either NaCl or NaBr (both ACP

The decreased hydrogen bonding at the surface of frozehemicals, 99%) were prepared daily in 18m deion-

saltwater solutions has two possible explanations. First, thézed water. Samples were irradiated by the output of a 75
halide ions could disrupt the QLL by competing for hydrogen W xenon arc lamp which passed through a 295 nm longpass
bonds with the water molecules present there. An alternateutoff filter. A first-surface mirror with maximum reflectiv-
explanation is that the halide ions cause the formation of aty at 355 nm directed the lamp’s output downward onto the
true liquid brine at the ice surface. This is an important dis-sample at an angle of approximately’45
tinction because, as discussed previously, reaction kinetics in Liquid-phase samples were photolyzed in quartz cuvettes
the QLL can be very different from kinetics in agqueous so- at room temperature. Ice samples were contained in a
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reaction chamber which has been described previously (Ka- e e o, @
a

han and Donaldson, 2007). Briefly, the chamber consists of
a Teflon box with cooling tubes running beneath the copper
floor of the chamber; the floor was maintained~a53 K

for experiments on ice. Approximately 1 mL of solution was
pipetted onto a small copper plate on the chamber floor and
allowed to freeze from bottom to top. The ice samples, which
froze over the course of10 min, resembled small pancakes RN
with diameters of approximately 1.5cm and heights of 1-
2mm. The ice that was formed was transparent, with bubbles 4 ‘ ‘ BN s
visible throughout the sample.

Kinetics were determined by monitoring harmine fluores-
cence intensity during irradiation. Fluorescence was induced (b)
by the unfocussed 337 nm output of a nitrogen laser, and col-
lected by a liquid light guide (LLG). For aqueous samples 010 ]
in cuvettes, the LLG was positioned to the side of the cu-
vette, perpendicular to the laser beam. For experiments on
ice, the laser beam entered the reaction chamber through a
guartz window at a shallow angle-85° from the surface
normal), such that itimpinged upon the ice surface. The LLG
was positioned approximately 7 mm above the sample. This 002 1
geometry affords us surface sensitivity (Kahan et al., 2007),
and allows us to measure kinetics at air-ice interfaces (Ka- 0 M 2 20 10 50
han and Donaldson 2007, 2008, 2010; Kahan et al., 2010a, Time (min)

b; Wren et al., 2010).

The emission collected by the LLG passed through aF_ig._Z. (g)Lo_ss of harmine emission intensit_y_asgfunction of irra-
monochromator set to 430 nm, where harmine emits strongly2i2tion time in aqueous solution and at an air-ice interface shown as
then was detected by a photomultiplier tube whose outpuf’em"log plots (first-order kinetics). The solid traces are linear fits

lected digital il The fi d o the data. The inset displays the chemical structure of harmine;
was collected on a digital oscilloscope. e liuorescence e(b) the change in (harmine emission intens‘it}r)as a function of

cay was averaged over 64 laser shots; a 500 ns slice of thgggiation time at an air-ice interface (second-order kinetics). The
decay was captured and stored for analysis. Fluorescence iRglid trace is a linear fit to the data.

tensity was measured in the dark for several minutes at the
beginning of each experiment to ensure that no dark loss was
occurring. The sample was then irradiated for up to 4 hourssurface, a second-order kinetic analysis was carried out, il-
with fluorescence intensity acquired at known time intervalslustrated in Fig. 2b. Second-order kinetic analysis provides a
ranging from 1-10min. The xenon arc lamp was blockedpoor fit to the data, implying that the reaction is not bimolec-
during data acquisition. ular.
The measured photolysis rate is approximately 4 times

greater on ice than in aqueous solution. Many bimolecu-
3 Results and discussion lar reactions show enhanced rates in frozen solution, due

to solute exclusion yielding enhanced concentrations in lig-
Figure 2a shows representative semi-logarithmic results fouid regions within the ice matrix (Pincock, 1969). This
the loss of harmine, measured via its fluorescence intensityfreeze-concentration effect has recently been demonstrated
observed during irradiation in aqueous solution and at an airfor a bimolecular reaction in ice under atmospheric condi-
ice interface. In aqueous solution, the fluorescence decations (Grannas et al., 2007a). However, solute exclusion
is well-described by a single exponential fit, indicating that (harmine in the present case) can not explain the enhanced
the reaction is first-order in harmine. At the air-ice inter- reaction rate we observe at the air-ice interface: The kinet-
face, some experiments showed an initial very fast loss ofcs we observe are first-order with respect to harmine, which
harmine followed by a slower loss, which was several timesmeans that the reaction is unimolecular, and thus the rate con-
more rapid than seen in the liquid. For these results, bottstant is independent of concentration.
single and double exponentials provide good fits to the data, We have previously reported higher photolysis rates for
with the double exponential generally providing a slightly other aromatic species such as anthracene, naphthalene, and
better fit. In this work we present the first-order rate con-benzene on ice surfaces than in aqueous solution, or at the
stants based on single-exponential fits to the data. To chechir-water interface (Kahan and Donaldson 2007, 2010; Ka-
that the photolytic loss was not due a self-reaction on the icéhan et al., 2010b). In the case of anthracene (Kahan and

In aqueous solution
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Fig. 3. The solid trace shows an absorption spectrum of harmine in_

room temperature agqueous solution; the crosses indicate an excit&.9. 4. Observed rate constants for har_mine photolysis as a function
tion spectrum of harmine at an air-ice interface at 253 K. of salt concentration: In agueous solution at room temperature (hol-
low blue circles); at the surface of frozen agueous NaCl solutions

) ) ] at 253K (solid red triangles) and at the surface of frozen aqueous
Donaldson, 2007), we measured identical first order rate connaBr solutions at 253 K (solid green squares). Error bars represent

stants at the air-ice interface whether anthracene was frozehe uncertainty about the mean for at least three trials.
from solution (in which case freeze-concentration effects
could influence the kinetics) or whether it was deposited
from the gas phase. The kinetics were also insensitive to th@hotolysis rates of anthracene above an irradiance thresh-
amount of anthracene deposited on the surface, further argweld of about 10 photoncnt?s™1. The lamp power
ing against enhanced concentrations on ice being responsiblgsed in the present experiments corresponds to photon fluxes
for the faster photolysis kinetics there. of ~3x 10 photoncnt?s~1. Given the similar absorption
There are several possibilities other than reagent concerstrengths for harmine and anthracene in the actinic spectral
tration which could explain the different reaction rates mea-region, it seems unlikely that the faster harmine photolysis
sured in agqueous solution and at air-ice interfaces. We havéinetics on ice are due to differences in light intensity there.
discussed these at length previously (Kahan and Donaldson The discussion above outlines why we are confident that
2007, 2010; Kahan et al., 2010b). Aromatic compoundsthe enhanced photolysis rates on ice are due to differences in
tend to self-associate at air-ice interfaces, even at low surfacthe physical nature of the QLL at the air-ice interface com-
coverages (Ardura et al., 2009; Kahan and Donaldson 2007pared to that of liquid water. The situation becomes different
2008, 2010). Even in the absence of self-reaction, such asat the surface of frozen salt solutions. Figure 4 shows the rate
sociation can lead to red-shifts in the absorption spectra. Foconstants obtained from the slopes of plots like those shown
species which absorb primarily at wavelengths below 295 nnin Fig. 2 for harmine photolysis in agueous solution and at
in aqueous solution, even a slight red-shift can significantlyair-ice interfaces under a range of salt concentrations. As
enhance the photolysis kinetics, as we reported for the case afisplayed by the hollow symbols, the presence of salt does
benzene on ice (Kahan and Donaldson 2010). In the presemtot affect harmine photolysis kinetics in aqueous solution
case, there appears to be no such red shift, however. Figip to 1 mol Lt NaCl, which roughly corresponds to seawa-
ure 3 compares the absorption spectrum of harmine in aqueer concentrations. At air-ice interfaces7at 253 K, how-
ous solution with the excitation spectrum measured at the airever, increasing the salt concentration of the solution prior to
ice interface. There is significant spectral overlap, with thefreezing decreases the photolysis rate, indicated by the red
majority of light absorption occurring at wavelengths above triangles, until NaCl concentrations excee®.2 mol L1,
295 nm in both media. Therefore, a red-shift in harmine ab-at which point the observed rate at the ice surface becomes
sorbance on ice does not explain the enhanced reaction ratédentical to that in agueous solution. Experiments were also
we observe there. performed on frozen solutions of NaBr at 253 K having ini-
Another factor that can affect photochemical reaction ratedial [NaBr] of 0.05 and 0.1 mol L%, as indicated by the green
is photon flux. It is quite likely that scattering by the ice squares in Fig. 4. The photolysis rate is more suppressed in
gives rise to a different light intensity at the ice surface thanthe presence of NaBr than NaCl for a similar solution salt
that occurring in aqueous solution. We have recently inves-concentration.
tigated the effect of varying light intensity on the photol-  The equilibrium phase diagrams for the NaCl-water (Ak-
ysis kinetics of strongly absorbing aromatic compounds ininfiev et al., 2001), and NaBr-water (Tang et al., 2003) sys-
agueous solution and at ice surfaces (Kahan and Donaldsaiems are useful tools for interpreting these results. The
2010; Kahan et al., 2010b). Surprisingly, both in solution temperature of these experiments, 253 K, lies just above
and on ice surfaces we found a saturation in the first ordethe eutectic temperature of NaCl, meaning that the overall
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Table 1. Predicted photochemical behaviour of aromatic compounds in and at the surface of liquid and frozen aqueous media, relative to
those in bulk liquid water

Medium Bulk Surface

Liquid water n/a Same as bulk liquid water (Kahan and Donaldson 2007)

Liquid brine Same as liquid water (this work) Not studied

(up to L mol L1 Nacl)

Frozen freshwater Same as liquid water (Kahan et al.,Up to 10xfaster than liquid water (Kahan and Donald-

(ice) 2010a; Kahan et al., 2010b; Ram andson 2007, 2010; Kahan et al., 2010b), this work)*
Anastasio 2009)

3xfaster than liquid water (Dubowski
and Hoffmann 2000)

Frozen brine Not studied 4faster than liquid water in the absence of salt, but
(<0.2mol L1 NaCl in solution) decreases with increasing [NaCl] (this work)
Frozen brine Not studied Same as liquid water up to 1 motL(this work)

(>0.2 mol L1 NaCl in solution)

* The rate enhancements for benzene and naphthalene are due at least in part to red-shifts in the absorption spectra. It is possible that other aromatic species display greater ra
enhancements on ice than the factor of 10 reported here.

sample at equilibrium should consist of a mixture of solid ice case gas phase HCI) (Thibert and Domine 1997). Given the
and NaCl solution, having a concentration-e4.5 mol L1, further uncertainties in whether the same brine concentra-
The overall amount of this brine is dependent on the over-ion exists at the interface as in liquid inclusions within the
all amount of NaCl present; however, how this is dis- ice matrix, over reliance on thermodynamic phase diagrams
tributed among the air-ice interface, liquid inclusions and seems unwarranted.

grain boundaries is not predicted. The results of Cho et al. The results of this study expand our understanding of en-
(Cho et al., 2002) indicate that brine exists in all of thesevironmental ice surfaces as reaction substrates. The ob-
locations. Nevertheless, comparison of the NaCl and NaBiserved harmine photolysis kinetics suggest that the liquid
phase diagrams suggests that under our experimental condirine formed at the surface of frozen seawater has physical
tions, the NaBr system should contain a greater volume ofproperties more similar to liquid water than to the QLL at
brine at 253 K than does frozen NaCl having the same overair-ice interfaces. Halide concentrations in remote inland po-
all salt concentration. lar regions are orders of magnitude lower than those in sea-
water (Grannas et al., 2007b), and should not form liquid
surface photolysis rate on initial salt concentration to arisePiN€s: In urban snows, however, chloride concentrations of

-1 .
from increasing amounts of liquid brine being excluded to ~0-02molL™" have been reported (Tatarniuk et al., 2009),

the air-ice interface as the salt concentration increases. Thtguef prlmarlly'to road salt. At this concentration, reactlop K-
the observed kinetics at low initial [NaX] represent a combi- N€tics may differ from those at the surface of the relatively
nation of “true” QLL kinetics (fast), with those appropriate Pristin€ ice found for example in polar regions.

for the aqueous surface (slow); as the overall [NaX] increases  1© conclude, we present a summary (shown in Table 1)
the fraction of the air-ice interface which is well described as©f the Photochemical transformation behaviour observed for

a true brine increases, giving rise to a decrease in the ob2rOMatic compounds in and on ice in this study and oth-
served rate. Eventually (at [NaG#|0.2 mol 1) the surface &S (Dubowski and Hoffmann 2000; Kahan and Do_naldson
is completely coated in brine, so that the kinetics are well2007, 2010; Kahan et al., 2010b; Ram and Anastasio 2009).
described by those seen on the liquid surface. !t is clear that in order to accurately predict the fate of species
o . o . in snowpacks, we must understand both the composition of
This interpretation, based on equilibrium phase behaviourihe jce and the partitioning of the reagents (i.e. sequestered

should be used with caution, however, and is unlikely to giveyithin the bulk versus present at the air-ice interface).
quantitative predictions. One study of NMR spectra of frozen

brine solutions (Cho et al., 2002) suggested that salt coné\cknowledgementsThe authors thank NSERC and CFCAS for
centrations in frozen brines above the eutectic temperatur8nding. T. F. K. thanks NSERC for a CGS doctoral scholarship.
are well-described by thermodynamic phase diagrams eve igiu::::r?srs thank F. Doménand P. B. Shepson for helpful
with more rapid cooling than was used in our experiments. '

However, Thibert and Domine show that environmental ice g jiteq by: J. B. Burkholder

and snow is not equilibrated with potential solutes (in their

With this in mind, we interpret the dependence of the ice
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