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Anonymous Referee #4 

Referee 

Introduction 

The manuscript has four main components: (1) measurements of the UV-Vis spectra of several 
iodates and other salts, (2) measurements of the photochemical decay of ammonium iodate in 
low temperature ices, (3) an estimation of the absorption cross-sections of NH4IO3 in ice, and 
(4) modeling of the impact of NH4IO3 photolysis on IO levels in the Antarctic boundary layer. Of 
these four components, the first should be redone to give accurate molar absorptivities (cross 
sections), the second is generally fine (though more details are needed), the third component 
should be completely redone, and the fourth requires much more information to be useful. 
These points are discussed in more detail below. The authors were sometimes responsive to the 
comments of past reviewers, but in some important cases were not. While the manuscript has 
several problematic areas, if the points below are addressed I would recommend that it be 
accepted after these major revisions. 

Answer: 

We would like to thanks to the anonymous referee for the thorough revision of our manuscript 
(MS). We agree in most of his/her comments that have been addressed along the new version 
and the new supplementary section. We feel that this considerable renewed version of the MS 
could be accepted for publication in ACP.  

 

Referee 

Major Points. 

1. The authors need to properly measure the absorption cross sections (i.e., molar 
absorptivities) of NH4IO3 in water. This requires approximately 6 solutions of different 
concentrations; they currently have only 2 concentrations. At a given wavelength, a linear 
regression of the good Abs data from the 6 solutions (i.e., within the linear range of the 
instrument, approximately 0.01 - 1 AU) versus (concentration x pathlength) gives a slope equal 
to the molar absorptivity (in units of L mol-1 cm-1) at that wavelength; this can be converted to 
typical cross-section units (cm2 mlc-1) if desired. These values should be shown in a figure and 
tabulated in the supplemental material. 

Answer: 

Following the referee´s suggestion, the UV-Vis spectra at different concentrations of NH4IO3 
have been measured, obtaining the molar absorptivities, and the absorption cross section of 
this compound in the wavelength range of 250-400 nm. A new table S3 and figure 7 has been 
added in the MS and in the supplementary information. In addition, a new figure 2 has been 
done which included the UV spectra of all the salts at more diluted concentrations. 

 

Referee 

2. The measured rate constants for photolysis of ammonium iodate are the highlight of this 
paper. More information about the results should be given. For example, on Page 10, lines 8 – 
27, the authors describe the rate constant data but don’t show it except for Figure 6, which is 
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difficult to decipher. To accompany this figure there should be a table of the conditions and 
resulting rate constants for loss of NH4

+ from all of the experiments. This would help the reader 
evaluate the claims on this page. 

Answer: 

The suggested data have been incorporated in the table S1 in the supplementary information. 
This table shows the rate constants for loss of NH4

+ and IO3
-, together with the rate of growing 

or decay of other relevant bands. The band at 1430 cm-1 is the most suitable to follow the 
photolysis process, as it has been discussed in the MS, nevertheless, photolysis can also be 
observed by monitoring the decay of the IO3

- band (at 740 cm-1), although due to the 
overlapping of water adsorptions, this band is more difficult to be integrated and quantified. In 
any case, and when the water proportion is low, both bands show similar rate constant values 
(taken into account the intervals of error and the corrections needed to take into account the 
dependence of 1:0.75 between both bands mentioned in the main MS), as it is shown in table 
S1. In addition, the decay of the band at 2844 cm-1 (ascribed to NH4

+ stretching adsorptions) 
follows also a similar rate than those previously mentioned, which finally yields a similar rate 
constant value. As in the case of the 740 cm-1 band, water adsorptions disturb the integration 
of the 2844 cm-1 band, which is the main reason for the absence of values for several samples 
in the table. Furthermore, a growing band at approx. 2227 cm-1 is observed during the 
irradiation process, which is ascribed to the formation of a product (it could belong to 
molecules presenting N-O bonds). This band shows also a similar rate of intensity variation (see 
table). However, this affirmation should be taken with caution, due to, in most of the samples, 
the growing rate of this band cannot be fitted with a first order kinetic, and so a more 
complicated process could be responsible of the formation of this product. Finally, the band at 
1300 cm-1 shows a considerable higher rate of variation, around three times faster, than the 
previous bands. This band belongs to a product of the photolysis reaction (again it could be 
ascribed to molecules presenting N-O bonds), but the different rate observed could be 
explained by several contributions from different products to this bands or considering a 
contribution from a single molecule which could be formed in a ratio 3:1 with respect to IO3

- or 
NH4

+ ions. 

 

Referee 

3. (a) As pointed out by Reviewer #3, the current method for estimating the absorption cross 
section by frozen NH4IO3 is a very poor choice. There are at least three reasons that this method 
should not be used: (1) it requires assuming a quantum yield, for which there is no data, (2) the 
spectrum of NH4IO3 appears to be poorly fit by a single Gaussian, as there seem to be 2 or 3 
overlapping peaks in the long-wavelength end of the spectrum, and (3) the assumption that 
"...approx. 95 % of the value of the integrated cross section would be in the range from 300 to 
500 nm..." is a completely arbitrary red-shifting of the spectrum. Several papers have found 
that the absorbance spectrum of a species in ice is very similar to the solution result (e.g., NO3

- 
and 4-nitrophenol in the work of Dubowski and Hoffman) or is red-shifted somewhat (e.g,. the 
benzene work of Kahan and Donaldson). It would be a better estimate of the NH4IO3 spectrum 
on ice to take well-measured solution molar absorptivities (i.e., point #1 above) and red-shift 
them by the 30 nm seen for benzene on ice. (b) Once the authors have this spectrum they could 
use it to estimate the quantum yield for loss of NH4

+/IO3
-; as part of this they should examine 

how sensitive the result is to the extent of red-shifting of the solution absorbance spectrum. 

Answer: 
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Following referee´s suggestion, the absorption cross section has been estimated using the 
molar absorptivities obtained by the UV-Vis spectra of the solutions. Then, we have estimated 
the constant quantum yield value of the photolysis process (in the interval 250 to 400 nm) to 
fit the J value experimentally obtained. 

In addition, and according to referee´s suggestion, the cross section obtained has been red-
shifted a certain amount of nm, and a study of the sensitivity of the quantum yield value to the 
red-shifting of the cross section has been done. A new table and two figures have been added 
showing the results of this sensitivity study (see Table 3 and Figures 7 and 8).  

Table 3. Quantum Yield estimation for the photolysis process studied as variation of the red-

shift of the cross section obtained for the ammonium iodate solution. 

 

nm red-shifted Integrated Cross Section Quantum Yield 
Integrated  
(Cross Section x Q. Yield) 

0 1.322 x 10-17 0.00563 7.441 x 10-20 
10 3.111 x 10-17 0.00324 1.009 x 10-19 
20 6.900 x 10-17 0.00162 1.116 x 10-19 
30 1.364 x 10-16 0.000777 1.059 x 10-19 
40 2.594 x 10-16 0.000382 9,903 x 10-20 
50 4.677 x 10-16 0.000193 9,039 x 10-20 
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Figure 7. Black circles: Absorption cross section of the ammonium iodate solution (bar errors in 

red). Blue circles: the absorption cross section red-shifted 20 nm. 

 

 

0,00E+000

1,00E-016

2,00E-016

3,00E-016

4,00E-016

5,00E-016

0 10 20 30 40 50

0,000

0,002

0,004

0,006

0,008

0,010

0,012

7,00E-020

8,00E-020

9,00E-020

1,00E-019

1,10E-019

 

In
te

g
ra

te
d

 (Q
 Y

ie
ld
x
C

ro
s
s
 S

e
c
tio

n
 )

In
te

g
ra

te
d

 c
ro

s
s
 s

e
c
tio

n
 (c

m
2 n

m
)

C
o

n
s
ta

n
t 
Q

u
a

n
tu

m
 Y

ie
ld

 (
m

o
le

c
 p

h
o

to
n

-1
)

Wavelength red-shifted (nm)

 

Figure 8. Integrated cross section (open red circles) and quantum yield values (solid black 

circles) and the product of these (solid green triangles) of the photolysis process of frozen 

solution of ammonium iodate vs the red-shifted of the cross section of the liquid solution. 

 

Referee 

4. (a) There is so little information given for the model simulations that they are impossible to 
critically assess. Enough details of the model inputs, along with figures of key model outputs, 
should be given in the supplement so that the reader can assess this component. (b) Rather 
than use the "experimentally-derived" (and almost certainly wrong) absorption cross section 
values and an assumed quantum yield of unity to estimate a rate constant for reactive halogen 
formation, the authors should simply use their average experimentally measured rate constant, 
adjusted to polar sunlight conditions as best they can. (c) The assumption that every photon 
leads to release of a gaseous, reactive iodine species is almost certainly wrong. Even every loss 
of IO3- probably does not equate to formation of reactive, gaseous iodine since the iodination 
of ammonium is likely to be a major mechanism for the reactivity. At the very least, a sensitivity 
study of this parameter should be done in the modeling results.  

 

We conducted very simple model simulations using a well-established atmospheric THAMO 
model (Saiz-Lopez et al., ACP, 2008) which has been used in several previous studies. The only 
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addition, with respect to previous model exercises, is the heterogeneous photolysis of iodate 
given an environmentally relevant iodate concentration in ice of 19 nM (Atkinson et al., ACP, 
2012). The assumption here is that each iodate ion will provide and I atom to the gas phase 
following the iodate photolysis. The photolysis efficiency is computed based on the absorption 
cross section and quantum yields provided in this study, along with the radiative flux at the 
surface calculated following Thompson et al., 1984 and Saiz-Lopez et al, 2008. Following the 
referee´s suggestion we have conducted sensitivity runs constrained with the values range of 
estimated cross sections and quantum yields. Based on that range and the heterogeneous 
photolysis process, calculated as mention above, we obtain a range of IO values between 0.2-
1.5 ppt. Within the experimental and model uncertainty, this shows that the photolysis of 
frozen iodate has the potential to provide active iodine to the polar atmosphere. Of course, 
further experimental, field and modelling studies will be needed to quantitatively assess the 
efficiency and the precise environmental impact of frozen iodate ions photolysis. This study 
suggests there is potential for this to be the case, and the particular modelling section is a very 
simple exercise to provide a possible range of resulting atmospheric active iodine. 

Referee 

5. Page 6, line 27 – page 7, line 11. (a) It is not clear how the authors estimated that 42% of the 
lamp power is emitted between 300 - 900 nm. This should be described in detail, along with the 
corresponding calculations, in the supplement. They should also indicate why it matters that 
42% of lamp power is between 300 - 900 nm.  

Answer: 

The details of this calculation have been included in the section 2 of the supplement. In this 
new version, and according to the recommendation of the referee, we have limited the 
interval of interest from 250 to 400 nm, and in this case, only a 6 % of the lamp power is 
emitted. 

 

Referee 

The wavelengths above 400 nm likely play no role in photochemistry since frozen IO3- probably 
does not absorb in this range.  

Answer: 

We agree with the referee that radiation above 400 nm most probably do not play any role in 
the photolysis of IO3

-. The calculation of the action spectrum supports also this affirmation. The 
corresponding changes in the calculation of the radiative flux have been included in the new 
version. 

 

Referee 

(b) Similarly more details about the calculations of the incident photons are needed.  

Answer: 

Details of the calculations have been included in the supplementary section to clarify this 
point. 
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Referee 

Were wavelengths below 300 nm ignored? If so, this should be changed: the authors should 
show the product of (the IO3- cross section) x (the % transmittance of the glass) x (the lamp 
output). This action spectrum for light absorption will show which wavelengths are likely most 
important. Based on the steep curve of the solution IO3- results, and the shallow cut-off of the 
glass, I suspect wavelengths below 300 nm are important. The lamp output, calculated action 
spectrum and calculations should be shown in the supplement. 

Answer: 

We have done this action spectrum which has resulted very useful to estimate the wavelength 
interval most relevant for our purpose. This spectrum is discussed in the MS and is added also 
in the supplementary section. 

 

Referee 

(c) I agree with one of the reviewers that the Thermopile likely does a poor job of revealing the 
photon flux in the ice sample. Part of the problem is that it measures a wide wavelength range, 
but the more serious problem is that it cannot account for internal reflections in the ice sample. 
For example, if the Si substrate is highly reflecting, the photon flux in the ice sample will be 
approximately twice (or more) as high as the incident photon flux measured by the Thermopile. 
Unfortunately, I don't think actinometry will work under the cold, high vacuum, conditions of 
this experiment. But the authors should acknowledge the potential large bias of the thermopile 
in the manuscript. 

Answer: 

We have highlighted this point in the new version. In addition, we agree with the referee and 
reflections of the visible light should occur, so probably it is better to consider a double photon 
flux (from incident and reflected light). This consideration has been included in the calculations 
of the new version of the MS. 

 

Referee 

6. Page 8, lines 6 – 17. (a) The linear slopes in Figure 4 don't necessarily mean a 1:1 relationship 
between NH4

+ loss and IO3
- loss. The authors should look more carefully at this data to 

understand the ratio of loss. One way to do this is to plot ln((NH4
+)t/(NH4

+)0) vs. ln ((IO3
-)t/(IO3

-

)0) for each experiment, where (x)t and (x)0 are concentrations of x (ammonium or iodate) at 
times t and zero, respectively. The slope of this plot will give the stoichiometry between NH4

+ 
loss and IO3

- loss; from the current plot it is difficult to assess the stoichiometry. (b) Equation E2 
assumes a 1:1 stoichiometry, so it should be modified if the stoichiometry is different. (c) The 
manuscript should show a Figure 4 equivalent figure for samples containing water in the 
supplement. (d) Some of the accompanying dark data should be shown on Figure 4. 

Answer: 
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We really appreciate the appropriate referee´s comment. The plot ln(Int(IO3
-)t/Int(IO3

-)0 vs 
ln(Int(NH4

+)t/Int(NH4
+)0 has been done for all samples. This discussion has been included in the 

new version, and a new table and a new figure has been added.  

This is the new text which includes this discussion: 

“The dependence of the decay of these two bands have been analysed in detail. In Figure 4, we 

show the plot of ln(Int(IO3
-)t/Int(IO3

-)0 vs ln(Int(NH4
+)t/Int(NH4

+)0 for the samples. The data of 

the different linear fittings are collected in Table 2. Note that this correlation is more difficult 

to examine in the case of IO3
-/H2O ratio higher than 1, since both i) the overlap of water and 

IO3
- bands, ii) and the different changes that integrated absorption coefficients of NH4

+ and IO3
- 

infrared bands could undergo in the presence of water, due to the intermolecular hydrogen 

bond formed in the hydration process. Therefore, when this analysis was carried out for ice 

mixtures with higher water proportions, it shows or values that could not be adjusted to a line 

or the slopes obtained by the best linear fitting were far from typical values, revealing the 

problems highlighted above. Nevertheless, and taking into account these considerations, the 

linear fittings present a R2 value usually higher than 0.99. According to the table 2, we can 

observe that the analysis for samples irradiated at low temperatures (from 100 to 200 K) yield 

slopes values really similar among them, showing a mean value of 0.72 ± 0.05, or a mean slope 

value of 0.758 when all the points are included in the linear fitting (see Fig. 4). However, for 

samples irradiated at temperatures above 200 K (at 253 or 298 K), this analysis yields higher 

slope values, with a mean slope of 1.01 ± 0.07 (or 0.973 when the points for all the 

experiments are included in the same linear fitting, see Fig. 4), which could be considered in 

fact as 1. These different results could be explained by the formation of a volatile IxOy product 

during the photolysis of IO3
-, that could be retained in the matrix at temperatures below 200 K. 

This product typically would show IR absorptions around 740 cm-1 (corresponding to the 

stretching of I-O bond), and this fact would give a lower rate of diminishing for the 740 cm-1 

band intensity with respect to that at 1400 cm-1 (ascribed to NH4
+). At higher temperatures, 

this product would scape to the gas phase and we would obtain a 1:1 ratio in the diminishing 

of both bands.  

According to this result, it is appropriate to assume a 1:1 relationship between NH4
+ loss and 

IO3
- loss in the photolysis of these ices at atmospheric relevant temperatures.” 

Table 2. Slopes obtained in the linear regression fit on the representation of natural logarithm 

of the integrated intensities (in arbitrary units) of the 3 of IO3
- at different time of irradiation 

divided by that at t=0 vs the equivalent calculation for the 4 band of NH4
+ for all samples of 

ammonium iodate at low water proportion (see text for details). 

 

Tª Irrad Slope IO3
-/H2O ratio 

100 0,693 8 : 1 
140 0,681 1 : 1 
150 0,769 5 : 1 
150 0,667 4 : 1 
150 0,724 5 : 1 
180 0,785 3 : 1 
200 0,693 5 : 1 
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200 0,848 8 : 1 
200 0,750 6 : 1 
200 0,679 1 : 3 
200 0,660 3 : 1 
200 0,753 6 : 1 
200 0,749 6 : 1 
200 0,660 8 : 1 
200 0,822 8 : 1 
253 0,967 2 : 1 
298 1,061 15 : 1 
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Figure 4. Natural logarithm of the integrated intensities (in arbitrary units) of the 3 of IO3
- at 

different time of irradiation divided by that at t=0 versus the equivalent magnitude for 4 band 

of NH4
+ for all samples of ammonium iodate shown in Table 2. Samples irradiated at Tª ≤ 200 K 

and Tª > 200 K are shown in black and red respectively. 

 

Referee 

7. Page 9, lines 18 – 27, and other locations throughout the manuscript. I agree with Reviewer 
1 that the there is no good evidence for the previously hypothesized reactions and that they 
should have been removed from the manuscript (which they were). I have a problem with the 
new R1, which is cited as coming from Klaning et al. (1981), but I don’t see this reaction in the 
Klaning paper. If it is not in this reference, it should be removed from the manuscript. Similarly, 
R2 seems an unlikely conjecture that should be removed and the suggestion that O- reacts with 
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NH4+ seems unlikely. Oxidation of NH4
+ is very difficult; even OH has a relatively slow rate 

constant. Thus I think it is unlikely that O- or OH is oxidizing NH4
+. Rather, I suspect that the 

ammonia is getting iodinated, perhaps by I2, to form species such as NH2I and, perhaps 
eventually, NI3. Some of the information is in the McAlpine reference. I suggest that the 
possible mechanism be discussed in one short paragraph, keeping the current caveat that it’s 
largely unknown. 

Answer: 

In relation to reaction R1, the referee is right, the reference for R1 is wrong. We want to 
apologize for this mistake. Really the idea for this reaction came from these other references: 

- The flash photolysis of aqueous solutions of halate ions. . F. Barat, L. Gilles, B. Hickel and J. 
Sutton, J. Chem. Soc. D, 1969, 1485-1485. DOI: 10.1039/C29690001485 
-Pulsed Radiolysis and Flash Photolysis of Iodates in Aqueous Solutions. F. Barat, L. Gilles, B. 
Hickel and B. Lesigne. The Journal of Physical Chemistry, Vol. 76. (3), 1972, 302-307) 
-  Pulse Radiolysis of Iodate in Aqueous Solution. S. P. Mezyk and A. John Elliot. J. Chem. Soc. 
Faraday Trans. 1994, 90(6), 831-836. 

In the process of writing the paper we do not know why we exchanged the right references by 
the one of Klaning et al. (1981). 

The first time that this reaction appeared in literature, as far as we know, it is in the work of 
Barat et al., 1969. In this paper they claim that the product of IO3

- flash photolysis in the range 
of 190-260 nm is IO2 together with OH+ OH- in the presence of water, although they assigned 
to this product a band with its maximum at 480 nm although IOO and OIO have its maximum 
absorbance at 254 nm (Maier and Bothur, 1997) and  550 nm (Spietz et al., 2005), respectively. 
However, the authors they do not measure in a range of wavelength to be able to detect IOO 
(at 254 nm), and at 550 nm there was absorption, but other major product or more absorbing 
was formed in this case, since the maximum was detected a 490 nm.  

IO3
-, H2O + light  (IO3

-, H2O)*  IO2 + OH- + OH 

This reaction appears again in bibliography in (Barat et al., 1969) and after slightly modified 
(without water) in (Mezyk and Elliot, 1994): 

IO3
- + light  IO2 + O- 

In this paper they claim that this radical IO2 react very fast with H2O forming HOIO2
- that it 

would be the specie that would have it maximum at 490 nm: 

IO2 + H2O  HOIO2
- + H+ 

IO2 and OIO are two species that are photolytically exchangeable being OIO the one most 
stable (Maier and Bothur, 1997). We have to take into account that in the study of Spolaor et 
al, 2013 during the irradiation of IO3

- solutions reactive gaseous iodine species were produced 
and converted to iodine oxide particles (IOP) for detection, and it is known that OIO is one of 
the key specie involved in the mechanism of homogeneous IOP formation (O. Gálvez, J.C. 
Gómez Martín, P.C. Gómez, A. Saiz-Lopez and L. F. Pacios. Theoretical study on the formation 
of iodine oxides aggregates and monohydrates. Phys. Chem. Chem. Phys. (2013), 15, 15572.; J. 
C. Gómez Martín, O. Gálvez, M. T. Baeza-Romero, T. Ingham, J. M. C. Plane. On the mechanism 
of iodine oxide particle formation. Phys. Chem. Chem. Phys. (2013), 15, 15612.). 

Consequently, it is plausible to propose (although this can be considered as an hypothesis) that 
the first reaction in the photolysis of iodate ice is: 
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IO3
- + light  OIO + O- (R1) 

In relation to the mechanism for NH4
+ being eliminated of the ice at the same rate than iodate, 

the referee commented that the oxidation of NH4
+ by O-, OH or OH- is slow. We have explored 

his interesting suggestion of ammonium reacting getting iodinated as in McAlpine reference. 
However, again we are not absolutely sure about this mechanism since we do not have proofs 
of it. 

In conclusion, we have decided as the last referee proposed to eliminate the mechanism from 
the paper and just to write a brief paragraph with possibilities for such mechanism. 

 

Referee 

Minor Points. 

1. I agree with one of the Reviewer’s comments that the title should indicate “ammonium 
iodate” rather than “iodate salts” since only the photochemistry of NH4IO3 was studied. 

Answer: 

In the new version, we show also some previous tests for KIO3, showing the photolysis process 
also for this specie. This information has been highlighted in the MS, and more details of this 
initial test have been added in the supplementary section. Due to these previous studies, we 
think that now the title of “iodate salts” is more justified. 

 

Referee 

2. page 3, lines 12-16. This paragraph states that the IR absorption coefficient of iodate is not 
known, so that IO3- couldn’t be quantified in samples. But later in the paper the authors 
quantify IO3- with its IR absorption. This apparent discrepancy should be clarified 

Answer: 

We would like to say that, as far as we know, there are not values of the IR adsorption 
coefficient for IO3

- in the literature, and for that, it has been determined in this study. 

We have tried to clarify this point in the new version. 

 

Referee 

3. page 4, line 20 – page 5, line 29. (a) The description of sample preparation is confusing. The 
necessary information is present in this section, but it needs to be better organized. (b) page 5, 
line 4: It’s not clear which process is being cited here: water sublimation or preservation in 
original diluted salt proportion? (c) page 5, line 16. What temperature and time was used to 
transform amorphous ice to cubic ice? (d) page 5, lines 23 – 29. What times and temperatures 
were used for annealing in these various steps. 

Answer: 
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We have tried to clarify the method for samples preparation, including also details about the 
temperature of the annealing processes. About the time needed, usually this process occur in 

a few minutes (for thickness around 0.1 to 1 m that are our case), that usually is less than the 
time needed to stabilize the temperature, rotate the substrate in the vacuum chamber and 
take the spectrum, so, due to the procedure employed in the lab, when we anneal the sample 
to 140-150 K, we always record a spectrum of completely transformed to cubic ice sample. 

 

Referee 

4. page 6, line 19. The calculation of the integrated absorption coefficient for IO3- should be 
shown in the supplement. Is it based only on one sample or multiple samples for both NH4+ 
and IO3-? The authors should give an uncertainty on this value, by propagating uncertainties in 
experimental data and in the literature value for NH4+ band. 

Answer: 

We have now included this calculation in the supplement. In our previous MS version, it was 
based on several samples, although for this new version, we have included all studied samples, 
excluding those with higher water proportion due to the integration of 700 cm-1 band cannot 
be properly done. Uncertainties have been also included, and the result is equivalent of that 
showed in the previous version. 

 

Referee 

5. page 6, lines 21 – 24. It's not clear what this sentence means (i.e., only the highest frequency 
photons were considered) since in the rest of the paragraph the authors discuss the very large 
300 - 900 nm range. 

Answer: 

According to previous suggestions by the referee, we have considered only the wavelength 
interval from 250 to 400 nm. This discussion has been added in the MS, where action spectrum 
and relevant details of this issue has been added. 
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Abstract 18 

Reactive halogens play a key role in the oxidation capacity of the polar troposphere. 19 

However, sources and mechanisms, particularly those involving active iodine, are still poorly 20 

understood. In this paper, the photolysis of an atmospherically relevant frozen iodate salt has 21 

been experimentally studied using infrared (IR) spectroscopy. The samples were generated at 22 

low temperatures in the presence of different amounts of water. The IR spectra have 23 

confirmed that under near-UV/Vis radiation iodate is efficiently photolyzed. The integrated 24 

IR absorption coefficient of the iodate anion on the band at 750 cm
-1

 has been measured to be 25 

A== 9.8 ± 0.5 x 10
-17

cm molec
-1

. The photolysis rate of the ammonium iodate salt was 26 

measured by monitoring the decay of ammonium IR or iodate band (1430 and 750 cm
-1

 27 

respectively) in the presence of a solar simulator. The absorption cross section of the liquid 28 
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 2 

solutions of ammonium iodate at wavelengths relevant for the troposphere (250 to 400 nm) 1 

has been obtained, and used to estimate the photolytic quantum yield for the frozen salt. 2 

Finally, using an atmospheric model, constrained with the experimental data, we suggest that 3 

the photolysis of iodate in frozen salt can potentially provide a pathway for the release of 4 

active iodine to the polar atmosphere. 5 

 6 

1 Introduction 7 

Atmospheric iodine compounds are present in the marine and polar boundary layers (Saiz-8 

Lopez et al., 2012), where they play a relevant role in catalytic ozone destruction (Saiz-Lopez 9 

et al., 2007b) (Read et al., 2008) and they could also be involved in new particle formation in 10 

the polar environment (Allan et al., 2015;Roscoe et al., 2015). Moreover, in the polar 11 

atmosphere, iodine has also been suggested as one of the possible sinks of gaseous elemental 12 

mercury (Calvert and Lindberg, 2004;Saiz-Lopez et al., 2008).  13 

Although the concentration of atmospheric iodine is highly variable at different regions, 14 

ground- (Frieß et al., 2001) (Saiz-Lopez et al., 2007b) (Atkinson et al., 2012) and satellite-15 

based instrumentation (Saiz-Lopez et al., 2007a;Schönhardt et al., 2008) measurements have 16 

confirmed remarkably high concentrations (up to 20 pptv) of IO in coastal Antarctica. 17 

Nevertheless, the sources and mechanisms of iodine emissions from ice remain poorly 18 

understood (Saiz-Lopez et al., 2015;Kim et al., 2016). 19 

Apart from observations of gaseous iodine species, different studies have conducted analysis 20 

of the iodine fraction in rainwater (Laniewski et al., 1999) and aerosols (Baker et al., 2000). 21 

In all of them, iodine concentrations are considerably enriched over seawater, and an 22 

appreciable fraction of soluble iodine species like I
-
 and IO3

-
 is observed, although the 23 

mechanism determining the I
-
/IO3

- 
ratio is still unclear. Thus, for example since IO3

-
 has been 24 

considered an inert inorganic iodine species, and therefore a sink molecule in the atmospheric 25 

iodine cycle, model calculations (Pechtl et al., 2006) suggest that IO3
-
 should accumulate in 26 

marine aerosol. However, several field campaigns (Baker, 2004;Gilfedder et al., 2008) have 27 

revealed that the iodide/iodate ratio is rather variable in aerosol, showing significant I
-
 28 

concentration. 29 

A recent study has suggested that IO3
-
 anions show a substantial reactivity in frozen solutions 30 

under near-UV/Visible light irradiation (Spolaor et al., 2013). During the irradiation of IO3
-
 31 
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solutions reactive gaseous iodine species were produced and converted to iodine oxide 1 

particles (IOP) for detection. Inspired by these results, we have further studied the photo-2 

stability of iodate frozen salts to assess its potential role in iodine emissions to the polar 3 

atmosphere. In this work, we have determined the absorption cross section of the NH4IO3 4 

solution, which has been used to estimate for the first time the absorption cross section and 5 

quantum yield of frozen ammonium iodate solutions at wavelengths relevant for the 6 

troposphere, from 250 to 400 nm. The product of these two quantities gives us the efficiency 7 

of the photolytic process, but these values should be taken as a lower limit that needs to be 8 

explored in further detail in future laboratory work. This information has been incorporated 9 

into an atmospheric model to assess the potential of iodate photolysis to release reactive 10 

iodine to the Antarctic boundary layer during springtime. 11 

 12 

2 Experimental methods 13 

For the study of the photolysis of iodate salts, we have tested several iodated compounds. 14 

Firstly, the photolysis of frozen solutions of KIO3 was studied and significant photolysis was 15 

observed (for more details see supplementary section). However, due to the overlapping of 16 

the IO3
-
 IR band with water absorption, we studied NH4IO3 since: 17 

(i) As mentioned above, it was not possible to monitor iodate signal in the presence of high 18 

concentration of water since the infrared iodate band overlaps with water absorptions. The 19 

fact that the chosen salt has a cation like NH4
+
 that presents a band with no interference (and 20 

that it is consumed in a 1:1 ratio with iodate, see supplementary section) allowed us to 21 

measure the photolysis of iodate indirectly as described below. 22 

(ii) As far as we know, there is not information in the literature of the integrated value of the 23 

IR absorption coefficient of iodate band, and in consequence, it was not possible to directly 24 

quantify the amount of iodate in the samples. One of the possibilities to solve this problem is 25 

to use an iodate salt for which the integrated absorption coefficient of the IR band of the 26 

counter-ion was known, like ammonium iodate. This was the procedure that we have 27 

followed, and more details of these calculations are given in the next section. 28 

(iii) Moreover, ammonium iodate is expected to be an abundant iodate salts in the 29 

atmosphere, since ammonium concentrations are high in some environments, and it could be 30 

deposited into the ice as large fluxes of iodinated compounds have been observed during 31 



 4 

glacial period (Spolaor et al., 2013), and the presence of ammonium ions in ice samples is 1 

also expected. Moreover, ammonium and iodinated compounds have been detected at the 2 

same time in melting Artic sea ice, implying that this salt could be atmospherically relevant 3 

(Assmy et al., 2013). Note however that other salts such as NaIO3 or KIO3 would be 4 

representative of polar environments also, and further experiments using these compounds 5 

should be addressed in the future. 6 

Solid samples containing iodate anions were produced through the sudden freezing of droplets 7 

of aqueous solutions of NH4IO3 on a cold Si substrate located inside a vacuum chamber. A 8 

detailed description of the experimental setup can be found elsewhere (Maté et al., 9 

2009;Gálvez et al., 2010), and only a brief description of the most relevant aspects for the 10 

present experiments is given here. The solid substrate is mounted in a Cu block in contact 11 

with a liquid nitrogen Dewar. The substrate temperature can be controlled with 1 K accuracy 12 

between 90 K and 300 K. The vacuum chamber, which is coupled to a Vertex70 Bruker FTIR 13 

spectrometer through a purged pathway, is evacuated with a turbomolecular pump to a 14 

background pressure of ∼10
−8 

mbar. Transmission spectra of the samples were recorded, with 15 

2 cm
−1

 resolution, using an MCT (Mercury Cadmium Telluride) detector refrigerated with 16 

liquid nitrogen. Liquid solution droplets from a room temperature pulsed valve (General 17 

Valve, series 9), usually employed for the generation of free jets and molecular beams (Abad 18 

et al., 1995), were made to impinge on the cold Si substrate placed at ∼15-20 mm. When a 19 

desired amount of sample is on the substrate, this can be rotated to record the IR spectra, or to 20 

be processed by simulated Solar light. A scheme of the experimental setup is shown in Fig. 1. 21 

Solar irradiance was simulated by a 1000 W LOT® Xenon Arc lamp that radiate between 22 

around 250 nm to 2.5 m, although an important fraction of the output is given below 900 nm 23 

according to the supplier of this lamp, where a fairly constant spectral irradiance is obtained 24 

between 300 to 900 nm. Power light received on the substrate is measured by a portable meter 25 

Thermal Detector, model 407A by Spectra-Physics, which operates in a wavelength range 26 

from 250 nm to 11 m without significant sensitivity variations (less than 3 %). 27 

UV-Vis spectra of the studied salts were obtained in water solution at different concentrations 28 

using both an UV-Visible Uvikon spectrophotometer 930 from Kontron Instruments and a 29 

double-beam spectrophotometer (Shimadzu UV-3600), equipped with quartz cuvettes of 10 30 

mm size. The spectra resolution was fixed at 0.5 nm, from 190 to 500 nm. 31 
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In all experiments, a pulsed valve was filled with a solution 0.1 M of ammonium iodate 1 

(Across Organics, for analysis). A slight He overpressure behind the liquid solution filling the 2 

valve improved the performance. This generation procedure does not lead to an uniform film, 3 

and the thickness of the ice samples, which typically range from 0.1 to 1 m (Mate et al., 4 

2012), can vary among different experiments. Solid samples generated by this technique 5 

contain compact ices structures in a hyperquenched glassy water morphology (Mayer, 1985), 6 

in which the water molecules retain their amorphous liquid structure, and where ions are 7 

solvated by water molecules instead of being segregated in the ice (Mate et al., 2012). When 8 

the temperature of the substrate is below that of water sublimation (around 170 K), the ice 9 

mixture concentration is somewhat comparable to the liquid solution (0.1 M), and the infrared 10 

spectra of these ices are largely dominated by water absorptions. In these cases, water bands 11 

hide the IR features of the salt, and prevent monitoring its evolution during irradiation. For 12 

this reason, most samples were slowly warmed above water sublimation to achieve a lower 13 

water concentration to avoid such interference. Nevertheless, some samples were also 14 

reserved in their original diluted salt proportion to explore the effect of this variable. We refer 15 

to the samples that have suffered this process as hyperquenched (HQ) samples, as their 16 

morphology is provided by the hyperquenching technique. However, in other experiments, 17 

samples deposited by hyperquenching are annealed to high temperature (up to 240 K for 18 

around 10 minutes) to  dry them completely, and then, after cold down to a selected low 19 

temperature (e.g. 100 or 140 K), a controlled water vapour flux is added to be adsorbed onto 20 

the dried salt, condensing on the sample. With this procedure, solid samples present a 21 

different morphology since water molecules are deposited uniformly on the salt surface 22 

resulting in a more porous structure. In addition, when the condensation of water occurs at 23 

100 K, a homogeneous film of low-density amorphous water ice is deposited on top of the 24 

salt, but at deposition temperature of 140 K, the ice film has crystal cubic ice structure (Mate 25 

et al., 2012). When this technique is used and water is added from vapour phase, we refer to 26 

these samples as Vapour deposited (Vap) samples. 27 

Initially, deposition at low temperature (< 120 K) leads to amorphous ices samples, which 28 

show high specific surface areas (SSA) (Mate et al., 2012), around 100 times higher, or even 29 

more, than typical atmospheric ice samples. However, when temperature is increased at 140 30 

K, amorphous samples are irreversibly transformed to cubic crystal ice, leading to a reduction 31 

of the SSA by a factor of 100 or even higher (Ocampo and Klinger, 1982), which are common 32 

values of freshly atmospheric ice samples. It is worth noting that amorphous solid water 33 
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(ASW) has been recently chosen as a model for the disordered interstitial air-ice interface 1 

within snowpack (Marcotte et al., 2015).  2 

Due to the requirements of the experimental setup, the ratio of NH4IO3:H2O in the samples is 3 

considerable much higher than for environmental ices, however, some more diluted samples 4 

were also studied to assess this effect on the photolysis process. 5 

To summarize the procedure to generate the samples: they were firstly generated by HQ 6 

deposition at 100, 140, 160, 200, 260 or 298 K, after deposition at those temperatures, three 7 

different processes were carried out: (i) the samples at the deposition temperature were just 8 

irradiated, (ii) samples deposited at low temperatures were firstly annealed to around 170 K 9 

for some minutes to eliminate part of the water, then cool down to a certain low temperature 10 

(from 100 to 140 K) and then irradiated, (iii) or samples were annealing until to 240 K for 11 

around ten minutes to dry them completely, then they are cooled down at a selected low 12 

temperature at which a certain amount of water from vapour phase was deposited, and finally 13 

irradiated. A complete list of all the samples and deposition conditions (and the resulting rate 14 

constants of the photolysis process) is included in Table S1 in the supplementary material.  15 

2.1 Determination of the concentration of species in the samples 16 

Column densities of water, NH4
+
 and IO3

-
 ions in the ice mixtures were calculated via the 17 

Lambert–Beer equation, using the integrated values of the infrared absorption bands, and the 18 

corresponding integrated absorption coefficients, A. The bands chosen for this purpose were 19 

the 2 and 2+R bands of water around 1650 and 2220 cm
-1

, respectively, the 4 band of 20 

NH4
+
 around 1430 cm

-1
, and the 3 band of IO3

-
 at approx. 740 cm

-1
. For water band intensity, 21 

we have used the values reported by Mastrapa et al. (Mastrapa et al., 2009) for an amorphous 22 

or crystalline (cubic) phase at 100 K. For Vap samples at 100 K the values of amorphous ice 23 

used are: A(H2O)amorphous = 1.6 x 10
−17

 and 9.8 x 10
-18

 cm molec
-1

, while for Vap samples at 24 

140 K or HQ samples (when water was annealed at higher temperatures) the integrated 25 

absorption coefficients of cubic ice are more representative: A(H2O)cubic = 1.8 x 10
−17

 and 1.1 26 

x 10
-17

 cm molec
-1

, for 1650 and 2220 cm
-1

 bands. In the case of NH4
+
, different values of the 27 

absorption coefficient have been reported in the literature, ranging from 2.5 to 4.4 x 10
-17 

cm 28 

molec
-1

 (Maté et al., 2009) (Schutte and Khanna, 2003). Due to these discrepancies, we have 29 

selected a suitable value of 4.0 x 10
-17 

cm molec
-1

, close to that given by Schutte & Khanna 30 

(Schutte and Khanna, 2003) for solid samples, which are more representative of our case. For 31 
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iodate, we are not aware of previous data of A values in the IR region, so we have determined 1 

it in this paper. In this case, we have estimated this value for pure ammonium iodate samples, 2 

based on that previously given for NH4
+
, obtaining a mean integrated absorption coefficients 3 

A(IO3
-
) = 9.8 ± 0.5 x 10

-17
 cm molec

-1
 for the band centred at 750 cm

-1
 (details are shown in 4 

the supplementary material). 5 

2.2 Calculation of spectral irradiance received by the samples 6 

We assumed that the observed photolysis of ammonium iodate samples should be mainly due 7 

to the highest frequency photons (below 400 nm) emitted by the Solar lamp. The reason is 8 

that IO3
−
 in aqueous media absorbs light only in the UV range (Awtrey and Connick, 1951), 9 

at wavelengths below 270 nm, which is also in agreement with our near UV-Vis spectra of 10 

iodate salts (see Fig. 2). For this reason, it is important to delimit the blue-cutoff of the 11 

irradiation received by the samples, which is determined by the glass window of the vacuum 12 

chamber (see Fig. 1). In consequence, the UV-Vis spectrum of the glass window was 13 

recorded to define the transparent interval of frequencies, especially the UV cutoff, see Fig. 2. 14 

Taking into account this spectrum, and in combination with that provided by the lamp 15 

manufacturer for the spectral irradiance of the lamp at 0.5 m, we can estimate that only 6.3 % 16 

of the total lamp power received by the substrate allocated inside the vacuum chamber is due 17 

to light of wavelength below 400 nm (see supplementary section for more details). 18 

Consequently, since our thermopile covers the whole range of frequencies without significant 19 

variations, and taking into account that the average reading in the thermopile along the 20 

experiments was around 1.5 W cm
-2

 (which was regularly monitored during the experiments), 21 

we can estimate that the substrate was irradiated with an average light power of 0.095 W cm
-2

, 22 

within the wavelength range of 250 to 400 nm.  23 

In order to illustrate whether this irradiance power is characteristic of environmental 24 

conditions, it could be compared with the average irradiance (also below 400 nm) received at 25 

the Earth´s surface which has been estimated around 0.01 W cm
-2

 (see supplementary section 26 

for more details), which result in around 9 times lower irradiance than that received by the 27 

samples in our experiments. Nevertheless, we should take into account several additional 28 

factors. For instance, our silica substrate is highly reflective to visible light, therefore since 29 

the irradiation occurs perpendicularly to the substrate (see Fig. 1), probably our samples 30 

received double flux (incident and reflected) than that above calculated. This factor sets our 31 

calculated irradiance power as a lower limit. On the contrary, note that due to our 32 
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experimental procedure, samples are not homogeneously distributed on the substrate, and thus 1 

the photon flux impacting on the samples was, to a certain degree, lower. These 2 

considerations are further explored in the following section. 3 

 4 

3 Results and Discussions 5 

3.1 Laboratory experiments 6 

Fig. 3 shows IR spectra of different samples of solid ammonium iodate salt (with a small 7 

water proportion) at 200 and 100 K including those of 4 and 2:1 H2O/NH4IO3 ice mixtures 8 

deposited at 100 K obtained by the hyperquenching (HQ) technique or via vapour deposited 9 

(Vap) H2O, respectively. Table 1 displays the positions of IR bands of NH4IO3. These IR 10 

spectra are as well shown in Fig. 3. All experiments and conditions are summarized in Table 11 

S1 in supplementary section. Sharper and more defined bands of NH4
+
 and IO3

-
 appear in 12 

spectra at 100 K, showing also a slight displacement, which are typical effects when 13 

temperature is decreased (Gálvez et al., 2009). When water is present, IO3
-
 bands undergo a 14 

small blue-shift, which can be related to the overlap with the R libration water mode at ca. 15 

800 cm
-1

. Moreover, some differences in the water bands become visible on the spectra of the 16 

mixtures, arising from the solid structure of water ice. In the HQ sample shown in Fig. 3, the 17 

initial deposited ice mixture at 100 K is slightly warmed at 170 K for some minutes to 18 

partially dry the sample and to achieve the desired water/salt composition (and then cool 19 

down at 100 K for recording the spectrum). Therefore, in this process, the initial amorphous 20 

water matrix is crystallized during annealing, showing an IR spectrum typical of a cubic 21 

phase. In the case of Vap samples (initially deposits by HQ at 100 K, then completely dried at 22 

high temperature, and finally cool down to 100 K), water ices presents a low-density 23 

amorphous structure, which corresponds to deposition at 100 K, showing broader bands in the 24 

IR spectrum. 25 

After generation, all samples were irradiated during 3 to 5 hours by a 1000 W Xenon Arc 26 

lamp. In all cases NH4
+
 and IO3

-
 IR bands diminish during irradiation process, which is 27 

especially evident when 1430 and 745 cm
-1

 bands are monitored. The dependence of the 28 

reduction of these two bands have been analysed in detail. In Figure 4, we show the plot of 29 

ln(Int(IO3
-
)t/Int(IO3

-
)0 vs ln(Int(NH4

+
)t/Int(NH4

+
)0 for the samples. The data of the different 30 

linear fittings are collected in Table 2. Note that this correlation is more difficult to examine 31 
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in the case of IO3
-
/H2O ratio higher than 1, due to: i) the overlap of water and IO3

-
 bands, ii) 1 

and the changes that integrated absorption coefficients of NH4
+
 and IO3

-
 infrared bands could 2 

undergo in the presence of water, due to the intermolecular hydrogen bond formed in the 3 

hydration process. Therefore, when this analysis was carried out for ice mixtures with higher 4 

water proportions, it yields values that could not be adjusted to a line or the slopes obtained 5 

by the best linear fitting were far from typical values, revealing the problems highlighted 6 

above. Nevertheless, and taking into account these considerations, the linear fittings present a 7 

R
2
 value usually higher than 0.99. According to the Table 2, we can observe that the analysis 8 

for samples irradiated at low temperatures (from 100 to 200 K) yield similar slopes, showing 9 

a mean value of 0.72 ± 0.05, or a mean slope value of 0.758 when all the points are included 10 

in the linear fitting (see Fig. 4). However, for samples irradiated at temperatures above 200 K 11 

(at 253 or 298 K), this analysis yields higher slope values, with a mean slope of 1.01 ± 0.07 12 

(or 0.973 when the points for all the experiments are included in the same linear fitting, see 13 

Fig. 4), which could be considered in fact as 1. These different results could be explained by 14 

the formation of a volatile IxOy product during the photolysis of IO3
-
, which could be retained 15 

in the matrix at temperatures below 200 K. This product typically would show IR absorptions 16 

around 740 cm
-1

 (corresponding to the stretching of I-O bond, see (Maier and Bothur, 1997), 17 

and this fact would give a lower rate of diminishing for the 740 cm
-1

 band intensity with 18 

respect to that at 1400 cm
-1

 (ascribed to NH4
+
). At higher temperatures, this product could 19 

scape to the gas phase resulting in a 1:1 ratio in the decay of both bands. According to this 20 

result, it seems appropriate to assume a 1:1 relationship between NH4
+
 loss and IO3

-
 loss in 21 

the photolysis of these ices at atmospheric relevant temperatures. 22 

It is important to note that there was not evolution of the IR spectra of the samples observed 23 

in dark conditions (this fact was checked many times along the experimental measurements).  24 

Typical UV-Vis spectra of common ammonium salts (i.e. NH4Cl) do not display significant 25 

absorption bands in the near- UV and visible regions (see Fig. 2), and, to the best of our 26 

knowledge, no literature exists on the photolysis of these species. Based on this, the 27 

photolysis of ammonium ions is not expected to occur in this spectral range. Therefore, 28 

reduction of the IR ammonium bands should be caused by a fast reaction with “reacting” 29 

species produced by photolysis of frozen iodate during the irradiation process: HOI, IO and I2 30 

(Spolaor et al., 2013), or OIO (Klaning et al., 1981), or other reacting species (e.g.: oxygen 31 

atoms or anions, see above). It was previously observed that iodine reacts with ammonia in 32 



 10 

aqueous solution (McAlpine, 1952), and consequently, we expected that any of these 1 

iodinated compounds obtained in the photolytic process, which could be even more reactive 2 

than I2, could themselves react very fast with NH4
+
. 3 

In addition to those changes at the 1430 and 740 cm
-1

 bands, other changes are evident in the 4 

IR spectra, revealing that not only ammonium and iodate ions are consumed, but also new 5 

products are formed (Table S1). These changes are more evident for the low-temperature 6 

experiments, around 100 K, since volatile products formed during the photolysis can also be 7 

retained on the substrate. Figure 5 shows an example of a pure solid NH4IO3 salt deposited at 8 

100 K and irradiated at that temperature. Dotted lines indicate bands that undergo clear 9 

changes during the photolysis. 10 

Stretching of the NH4
+
 bands (around 3000 cm

-1
) decreases with irradiation, although an 11 

increase of water band intensities, more evident in the peak around 3360 cm
-1

, also occurs, 12 

probably due to the residual water background always present in the chamber (note that this 13 

effect only occurs at temperatures below 150 K). Two new peaks emerge during photolysis, 14 

around 2227 and 1300 cm
-1

. The bands around 2227 cm
-1

 could belong to infrared absorptions 15 

of C-O stretching modes. Slight carbon contamination mainly by CO2 molecules are usually 16 

found in this type of experiments (Mate et al., 2014). Another possibility could be the 17 

formation of N2O molecules which bear infrared signal around 2200 cm
-1

. The band around 18 

1300 cm
-1

 can also be caused by N-O stretching vibration, which could be formed by reaction 19 

of O* species with ammonium. Nevertheless, all these assignments should be considered as 20 

speculative. 21 

The mechanism of iodate photolysis is largely unknown. In the study of Spolaor et al. 22 

(Spolaor et al., 2013), during the irradiation of IO3
-
 frozen solutions, reactive gaseous iodine 23 

species were produced and converted to iodine oxide particles (IOP) for detection. In 24 

consequence, we suggest that probably the first step in the photolysis could be the formation 25 

of these active species. Mezyk and Elliot (Mezyk and Elliot, 1994) suggested the formation of 26 

IO2 in the radiolysis of iodate solutions, and this species could also be formed in the 27 

photolysis of the ice mixtures, and after being transformed to OIO and react itself to form 28 

particles.  29 

The fact that the rate of decay of NH4
+
 and IO3

-
 follows a ratio 1:1 suggests that this active 30 

species or one of its co-products reacts very fast with NH4
+
. In McAlpine´s work (McAlpine, 31 

1952), it was proposed that some actives species of iodine like I2, HIO can react with 32 
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ammonia forming species like NH2I, and perhaps eventually NI3. Our experiment cannot 1 

conclude about the exact mechanism, but it can confirm that NH4
+
 is consumed at the same 2 

rate that IO3
-
. 3 

However, independently of the photolysis mechanism, the photolytic rate constant, J value, 4 

for the iodate ion can be calculated according to equation E1: 5 

−
𝑑[𝐼𝑂3

−]

𝑑𝑡
= 𝐽[𝐼𝑂3

−]         (E1) 6 

The concentration of the iodate ion can be monitored by integration of the infrared band 7 

intensity at ca. 740 cm
-1

, that, as shown in Fig. 4, could also be equivalent to monitor the 8 

NH4
+
 band at 1430 cm

-1
: 9 

 −
𝑑[𝐼𝑂3

−]

𝑑𝑡
= 𝐽[𝐼𝑂3

−]    ≪=≫  −
𝑑[𝑁𝐻4

+]

𝑑𝑡
= 𝐽[𝑁𝐻4

+]     (E2) 10 

integrating E2 and considering that concentration is proportional to IR band intensity: 11 

ln (𝐼𝑡) = ln (𝐼0) − 𝐽𝑡         (E3) 12 

where It and I0 are the intensity of the band of NH4
+
 (or IO3

-
) at time t and zero, respectively. 13 

According to E3, a representation of the natural logarithm of the integrated band intensities of 14 

NH4
+
 or IO3

-
 signals versus time of photolysis will give us the J value, as the slope of the line 15 

of the best linear fit. This calculation has been done for all deposited samples at different 16 

temperatures and water concentrations (Table S1). Integration limits of the bands differ 17 

among the different samples, since the baseline of the spectra is rather sensitive to the 18 

generation process and morphologies of the ices mixtures. For this reason, the integration 19 

limits of the bands were adjusted for each sample in order to minimize the errors. The 20 

calculated mean value for all experiments (at the average light power calculated above) is J = 21 

(4±2) x 10
-5

 s
-1

 (see supplementary section for more details). Significant differences in the J 22 

values have not been observed among the samples prepared at different conditions, i.e. Vap o 23 

HQ deposition of water, different water ice structure (amorphous or cubic), different 24 

temperatures of generation and irradiation (from 100 to 298 K) or different amount of water 25 

in the mixtures. This suggests that the photolysis process does not notably depend on the 26 

morphology of the ices, or even the amorphous or crystalline structure, at least in the range of 27 

studied samples. 28 

The photolysis rate can be also estimated according to E4: 29 



 12 

𝐽 = ∫ 𝐹(𝜆)𝜎(𝜆)𝜙(𝜆)𝑑𝜆
𝜆2

𝜆1
        (E4) 1 

where 𝐹(𝜆) is the radiative flux, 𝜎(𝜆) is the absorption cross section and 𝜙(𝜆) is the quantum 2 

yield of the photolysis reaction. The radiative flux employed in the experiment has been 3 

previously calculated (see experimental section), and since visible light is highly reflected by 4 

our Si substrate, we have considered a total flux for wavelengths below 400 nm of 2 x 0.095 5 

W cm
-2

 = 0.19 W cm
-2

.  6 

In order to estimate the absorption cross section of the ice mixtures, we have recorded the 7 

UV-Vis spectra of different concentrations of NH4IO3 solutions to calculate the molar 8 

absorptivity of this salt, which could be also expressed in absorption cross section units (the 9 

details are also given in the supplementary section). Figure 6 depicts the absorption cross 10 

section obtained from 200 to 400 nm, which shows a maximum value at 200 nm (2.52x10
-17

 11 

cm
2
 molec

-1
), and a rapid decrease of around 1000 times at 300 nm (tabulated values are 12 

included in Table S3 in supplementary material). This result is similar to those obtained for 13 

other iodate solutions (see UV-Vis spectra in Fig. 2) and, in all cases, nearly null absorptions 14 

were recorded above 300 nm. This result is also in agreement with that of Saunders et al, 15 

(Saunders et al., 2012) and Awtrey and Connick, (Awtrey and Connick, 1951), who found 16 

nearly null absorption above 300 nm for NaIO3 salt solutions. During the review process of 17 

this work, it has appeared in the literature a new study of the absorption of the iodate solutions 18 

in the UV-Vis region (Kireev and Shnyrev, 2015). In this study, the absorption cross section 19 

of KIO3 was measured in the range from 180 to 245 nm, showing comparable values to that 20 

obtained in our study. 21 

However, note that according to Fig. 2, the glass window shows nearly null transmission 22 

below 250 nm (where the cross section of iodate peaks). At 300 nm, the absorption cross 23 

section is around 2x10
-20

 cm
2
 molec

-1
 (although values above 300 nm should be taken with 24 

caution because the detection limit of the UV-Vis spectrometer), which is, for example, 25 

similar to that measured for CH3I at this wavelength (J. B. Burkholder). However, CH3I is 26 

rapidly photo-dissociated in the atmosphere (see (Saiz-Lopez et al., 2012)), while the photo-27 

dissociation at solar-simulated irradiation of IO3
-
 solutions has not been observed. Hence, the 28 

quantum yield () of the process at the tropospheric relevant wavelength should be very 29 

different for both systems (for CH3I, a  = 1 is assumed). 30 
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In order to have a realistic estimation of the wavelength range relevant for iodate photolysis, 1 

we have calculated an action spectrum entailing in the product of the IO3
-
 absorption cross 2 

section and the % transmittance of the glass window and the lamp output. This spectrum is 3 

shown in supplementary section, and it shows null absorption values below 250 nm, which is 4 

in fact the blue cutoff of the glass window, registering a maximum around 290 nm, and 5 

decreasing ca. 10 times at 400 nm. At this large wavelength, the cross section of the iodate 6 

takes (J. B. Burkholder) very low values (in fact, this region is out of our detection limit, 7 

which is given by the low absorbance values of the salt in this range). Therefore the most 8 

likely relevant wavelength interval is assumed to be from 250 to 400 nm. 9 

Nevertheless, we should also consider that this cross section values are obtained for liquid 10 

solutions, so it could be somehow different for frozen samples as in our case. Several studies 11 

have shown that the absorbance spectrum of a species in ice could be estimated by red-12 

shifting the solution spectrum (e.g, (Dubowski and Hoffmann, 2000)). Moreover, simulations 13 

with methyl peroxide in frozen water predict that absorption spectra are also red-shifted at 14 

low temperatures (Epstein et al., 2012). According to these previous studies, we evaluate the 15 

red-shift of the liquid cross section values of NH4IO3 to obtain a more realistic value of the 16 

cross section of the iodate ice mixtures, as well as the implications for the estimated 17 

photolysis quantum yield (Eq. 4). Since there is no information of the quantum yield 18 

wavelength, a constant quantum yield is assumed for the entire wavelength range. The results 19 

are shown in Figure 8 and summarized in Table 3. The integrated value of the cross section 20 

from 250 to 400 nm peaks for a red-shift of 50 nm, while yielding the lowest quantum yield. 21 

The opposite is obtained when the cross section values are not red-shifted. The maximum 22 

value of the product of these two magnitudes is obtained for a red-shift of 20 nm, 1.12x10
-19

 23 

cm
2
 nm. This value can then be considered as the integrated cross section of the photolysis 24 

process. For comparison purposes, the integrated cross section of CH3I (considering a yield of 25 

=1) in the interval from 250 to 365 nm is 2.877x10
-17

 cm
2
 nm (J. B. Burkholder) which is 26 

around 260 times larger. However, our integrated value is similar than that of the integrated 27 

cross section of O3 in the spectral interval 410–690 nm (Chappuis band), which is ca. 6.6x10
-

28 

20 
cm

2
 nm (Bogumil et al., 2001). 29 

According to these results, the photo-reactivity of the iodate salts should be related to the low-30 

temperature effect, and the fact that iodate solutions or salts are frozen, in agreement with the 31 

results from Spolaor et al.(Spolaor et al., 2013). It is well known that different photochemical 32 
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reactions are greatly accelerated in frozen solution due to the concentration effect of solutes in 1 

porous cavities or channels formed in the water ice network (see e.g. Grannas et al. (Grannas 2 

et al., 2007;Kahan et al., 2010), and references therein). For the case of NO3
-
, it has been 3 

recently probe that the photolysis in frozen ices is considerable higher than in solutions 4 

(Marcotte et al., 2015), which is similar to our observations for iodate salts.  5 

The increase of photolysis rates at low-temperature can either be caused by a substantial 6 

change in the cross section (due to a red-shift in relation to solution) or an increase of the 7 

quantum yield of the process, or in fact by both factors at the same time. Our experiments do 8 

not allow discrimination of these factors which need to be further studied in subsequent 9 

experimental work. Instead, the integrated absorption cross-section obtained in this work 10 

should be regarded as a lower limit. The reason is mainly the limitations associated with 11 

distributing the samples homogeneously during deposition, which could generate areas free of 12 

samples on the substrate. For these cases, the irradiance received by the samples could be 13 

lower than calculated (which assume a homogeneous distribution of the sample), thereby 14 

leading to a higher calculated absorption cross section value than the one obtained in this 15 

work. Based on the dispersion of our results, we have estimated that this effect could account 16 

for an increase on this value by up to a factor of two. In addition, due to the characteristics of 17 

our experimental setup, our results represent the photolysis of the iodate in the bulk. 18 

However, as in the case of NO3
-
, this process could be much faster in the surface (Marcotte et 19 

al., 2015). In conclusion, further experiments should be conducted to confirm the values of 20 

the absorption cross section and quantum yield, and to evaluate the influence of the interface 21 

ice/air in the process of frozen iodate salts photolysis. 22 

 23 

3.2 Atmospheric Implications 24 

We have incorporated the experimentally-derived absorption cross section value into an 25 

atmospheric model in order to assess the implications that this process could have in polar 26 

atmospheric chemistry. Although high levels of reactive iodine have been measured in coastal 27 

Antarctica, the emission mechanism over ice still remains unclear. We use an atmospheric 28 

model (for details see (Saiz-Lopez et al., 2008)) of the Antarctic boundary layer to assess the 29 

potential of iodate photolysis to release reactive iodine to the polar atmosphere. The model is 30 

initialized with typical concentrations of atmospheric constituents in coastal Antarctica (Jones 31 
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et al., 2008) for October. We constrain the ice surface in the model with an average iodate 1 

concentration at the ice surface of 19 nM, as recently measured over the Weddell Sea 2 

(Atkinson et al., 2012). The model incorporates a 2-stream radiation code to compute the 3 

actinic flux at the surface for springtime Antarctic irradiation conditions (Saiz-Lopez et al., 4 

2008), and the iodate absorption cross section estimated in this work. We assume that there is 5 

an iodine atom unity conversion of iodate into reactive gas phase following iodate photolysis. 6 

The model sensitivities of the photoreduction of iodate in ice for the different estimated 7 

values of absorption cross sections and quantum yields provide a range of atmospheric IO 8 

levels between 0.2-1.5 pptv. These levels of IO are lower than the highest values measured in 9 

the biologically-active Weddell Sea region. However, lower IO concentrations have also been 10 

reported in other coastal regions away from the Weddell Sea (Schönhardt et al., 2008). We 11 

would like to highlight that the IO concentration range given by the model is proportional to 12 

the cross section values used for iodate, and therefore larger absorption cross sections would 13 

result in larger modelled IO levels. The photolysis of iodate could then provide a source of 14 

iodine that accounts for some of the comparatively low levels observed, and, to a lesser 15 

extent, also contribute to the iodine emissions over the Weddell Sea zone. Note that the model 16 

does not consider the potential loss at the ice surface of the iodine photofragments resulting 17 

from the iodate photolysis. The model results suggest, within the uncertainties highlighted 18 

above, that the photolysis of iodate on the surface of ice can potentially constitute an abiotic 19 

pathway for the release of active iodine to the polar atmosphere. Further laboratory and field 20 

work is needed to better assess the environmental implications of the photolysis of iodate in 21 

ice surfaces. 22 

 23 

4 Summary and Conclusions 24 

We have explored the photolysis of ammonium iodate salt in frozen solutions. The samples 25 

were generated by different deposition methods, and at different temperatures and water 26 

concentrations, in order to obtain samples of different morphologies. The samples were 27 

processed by simulated Solar light with an average light power of 0.19 W cm
-2

 over the 28 

wavelength range of 250 to 400 nm. In the different experiments, the similar evolution of the 29 

IR spectra confirms the photolysis of iodate salts. The photolysis rates obtained are similar for 30 

all samples, within our experimental uncertainties, indicating that in the photolytic process 31 

there is a limited influence of the morphology and structure of the water ice matrix. The bands 32 
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of NH4
+
 and IO3

-
 decrease during irradiation and new small bands appear. As result of these 1 

experiments, the absorption cross section of iodate in an ammonium frozen salt and the 2 

quantum yield are estimated for the first time at wavelengths relevant for tropospheric studies 3 

(=6.9 x 10
-17

 cm
2
 nm and =0.00162 from 250 to 400 nm). However, due to the 4 

experimental limitations, this value has to be considered mainly as a lower limit, and further 5 

experiments are needed to confirm it. These new data have been included in an atmospheric 6 

model of the Antarctic boundary layer to assess its potential environmental relevance. The 7 

model predicts, within uncertainties, that the photolysis of iodate in ice could yield 8 

atmospheric IO levels range between 0.2-1.5 pptv, which could be higher if we consider a 9 

larger absorption cross sections for the photolysis of iodate. According to this, we suggest that 10 

the photolysis of iodate on the surface of ice can potentially constitute a pathway for the 11 

release of active iodine to the polar atmosphere. 12 
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Table 1. Positions (in cm
-1

) and assignment of the mid-IR spectra bands of the NH4IO3/H2O 1 

ice mixtures shown in Fig. 3. 2 

Experiment 1,3 (IO3
-) 4 (NH4

+) 21,3 

(IO3
-)? 

24,2+4,3 (NH4
+) 

6:1 NH4IO3/ H2O 200 K 742, 792sh 1428, 1451sh 1683 2839, 3020, 3165 

8:1 NH4IO3/ H2O 100 K 738, 772sh, 792sh 1432, 1456sh 1683 2839, 3020, 3154 

4:1 H2O/NH4IO3 100 K HQ 745, 769sh, 794sh 1432, 1456sh 1683 2839, 3020, 3154sh 

2.:1 H2O/NH4IO3 100 K Vap 749, 792sh 1432, 1456sh 1683 2839, 3020, 3154sh 

 3 

  4 



 22 

Table 2. Slopes obtained in the linear regression fit on the representation of natural logarithm 1 

of the integrated intensities (in arbitrary units) of the 3 of IO3
-
 at different time of irradiation 2 

divided by that at t=0 vs the equivalent calculation for the 4 band of NH4
+
 for all samples of 3 

ammonium iodate at low water proportion (see text for details). 4 

 5 

Tª Irrad Slope IO3
-/H2O ratio 

100 0,693 8 : 1 

140 0,681 1 : 1 

150 0,769 5 : 1 

150 0,667 4 : 1 

150 0,724 5 : 1 

180 0,785 3 : 1 

200 0,693 5 : 1 

200 0,848 8 : 1 

200 0,750 6 : 1 

200 0,679 1 : 3 

200 0,660 3 : 1 

200 0,753 6 : 1 

200 0,749 6 : 1 

200 0,660 8 : 1 

200 0,822 8 : 1 

253 0,967 2 : 1 

298 1,061 15 : 1 

 6 
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Table 3. Quantum Yield estimation for the photolysis process studied as variation of the red-1 

shift of the cross section obtained for the ammonium iodate solution. 2 

 3 

nm red-shifted Integrated Cross Section Quantum Yield 
Integrated  
(Cross Section x Q. Yield) 

0 1.322 x 10-17 0.00563 7.441 x 10-20 

10 3.111 x 10-17 0.00324 1.009 x 10-19 

20 6.900 x 10-17 0.00162 1.116 x 10-19 

30 1.364 x 10-16 0.000777 1.059 x 10-19 

40 2.594 x 10-16 0.000382 9,903 x 10-20 

50 4.677 x 10-16 0.000193 9,039 x 10-20 

 4 

 5 

 6 
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 1 

Figure 1. Schematic view of the experimental setup. 2 
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Figure 2. UV-Vis absorption spectra from 190 to 400 nm for KIO3, NH4Cl and NH4IO3 2 

aqueous solutions (in absorbance unit) and the glass window present during irradiation (in % 3 

transmittance). 4 
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Figure 3. Mid-IR transmission spectra of pure NH4IO3 and H2O/NH4IO3 ice mixtures 3 

generated at different temperatures. 4 
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Figure 4. Natural logarithm of the integrated intensities (in arbitrary units) of the 3 of IO3
-
 at 3 

different time of irradiation divided by that at t=0 versus the equivalent magnitude for 4 band 4 

of NH4
+
 for all samples of ammonium iodate shown in Table 2. Samples irradiated at T ≤ 200 5 

K and T > 200 K are shown in black and red respectively. 6 
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Figure 5. Evolution of the mid-IR transmission spectra of a pure NH4IO3 deposited at 100 K 2 

during photolysis at that temperature: Zero time, 60, 114, 180 and 260 min of photolysis in 3 

black, red, green, dark and light blue, respectively. The upper panel shows the whole IR 4 

spectra between 4000 and 500 cm
-1

, the bottom panel is a zoom in the range 2400-600 cm
-1

. 5 

Dotted lines indicate bands that undergo clear changes during the photolysis. 6 

  7 



 29 

 1 

200 220 240 260 280 300 320 340 360 380 400

0,00E+000

5,00E-018

1,00E-017

1,50E-017

2,00E-017

2,50E-017

3,00E-017

C
ro

s
s
 S

e
c
ti
o

n
 (

c
m

2
 m

o
le

c
-1
)

Wavelength (nm)

 2 

Figure 7. Black circles: Absorption cross section of the ammonium iodate solution (bar errors 3 

in red). Blue circles: the absorption cross section red-shifted 20 nm. 4 
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2 
Figure 8. Integrated cross section (open red circles) and quantum yield values (solid black 3 

circles) and the product of these (solid green triangles) of the photolysis process of frozen 4 

solution of ammonium iodate vs the red-shifted of the cross section of the liquid solution. 5 
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