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Küpper et al. 10.1073/pnas.0709959105
SI Text
The following contains further results, experimental and theo-
retical datasets, and elements of discussion, including a range of
control experiments. In the XAS studies, freeze-dried Laminaria
was compared with fresh tissues, f lash-frozen in liquid nitrogen,
to study the role of biological compartments in iodine accumu-
lation. L3-edge XAS was conducted as a control to corroborate
the key findings of K-edge XAS reported above. Our studies of
iodine uptake and efflux had started by measuring iodine fluxes
with 125I-labeled iodine, before studying the chemical speciation.
Following the finding of iodide as the accumulated species,
toxicity experiments were carried out on both prokaryotic and
eukaryotic cells to verify any potential, more directly defense-
related role. Next, detailed calculations of ozone deposition
velocity on Laminaria thallus surfaces and molecular iodine,
iodocarbon, and particle emission rates are reported. Finally, we
present a synopsis of thermodynamic and kinetic data highlight-
ing the favorable properties of iodide (also as opposed to
bromide or chloride) as antioxidant.

Materials and Methods
Iodine Speciation in Seawater Surrounding Laminaria. Iodide was
determined by cathodic stripping square wave voltammetry
(CSSWV) (1). The scan was from �0.15 to �0.90 V, with
deposition potential of �0.15 V vs. Standard Calomel Electrode
(SCE), deposition time 30 s, equilibration time 5 s, scan rate 200
mV�s�1, pulse height 20 mV. The iodide wave appeared at �0.33
V. The optimum linear range of the method for algal culture
media as used here was up to 0.2 �M: appropriate sample
dilutions were performed in 0.7 M NaCl, adjusted to pH 8 with
NaHCO3. Calibration was done by standard additions (1). Iodate
was determined by linear sweep voltammetry (LSV), an adap-
tation of the differential pulse polarography method (2). The
scan was from �0.8 V to �1.5 V vs. SCE. Using a scan rate of
1 V�s�1, the iodate wave appeared at �1.28 V. Detection limit
with these conditions was 0.5 �M, with a linear range of up to
at least 25 �M, using KIO3 standards prepared in 0.7 M
NaCl/NaHCO3, pH 8. Dissolved organic iodine was determined
via hypochlorite oxidation (3), whereby all dissolved iodine
forms are oxidized to iodate. Total dissolved iodine (Iox) was
determined by LSV as above, then any organic iodine present
was calculated by subtraction of iodide and iodate concentra-
tions from total Iox. Precision for both iodide by CSSWV and
iodate by LSV was better than 5%.

Ozone Scavenging and Particle Formation Experiments. Experiments
were conducted in a special glass f low reactor, under 1.7 l min�1

of BOC zero grade air. L. digitata was collected from the west
coast of Scotland and incubated at 3°C in the dark with contin-
uous aeration until required for experiments (or freeze-dried,
respectively). Measured, weighed, and towel-dried strips of fresh
or freeze-dried Laminaria (with surface areas ranging from 20
to 200 cm2) were placed in a 2-liter primary chamber. Down-
stream, a second 2-liter chamber provided an increase (of 1.2
min) in the residence time, allowing particle-forming reactions
to occur. The total mean residence time from the first chamber
to the particle counter was �4 min. The flow reactor was kept
either dark or exposed to UV-vis radiation from four 350-W
Sylvania Blacklight (Philips) bulbs with an emission maximum at
350 nm (and very little emission above 405 nm). The photolysis
lifetime of I2 in the irradiated flow reactor system was measured
as 10 min.

Ozone came from an adjustable ozone generator (PenRay
model SOG-2) and was measured from before and after the
primary chamber using a UV absorption-based 2B 202 ozone
monitor. Aerosol particles were measured with a condensation
particle counter (CPC) TSI model 3025 (diameters �3 nm).

Formation of Molecular Iodine During Ozone Exposure of Laminaria
thalli. I2 in the gas phase was trapped by bubbling through a
50-cm3 ethanol trap and quantified as I� (absorbance band at 225
nm) using a UV/vis absorption spectrometer (Shimadzu Phar-
maSpec 1700) calibrated with standard solutions. The stripping
efficiency for I2 was determined as 100% at the relevant con-
centrations by passing the exhaust of the trap through a second-
ary ethanol trap. In alkaline solution, I2 disproportionates
rapidly, with iodide as the dominant product:

3I2 � 6OH�3 5I� � IO3
� � 3H2O.

Also, any gas phase HOI and HI released will be measured by
this indirect detection method.

Halocarbon Measurements. Volatile chloro-, bromo-, and iodocar-
bons were measured by using a PerkinElmer Turbomass electron
ionization GC-MS in selective ion recording mode. Separation
was achieved using a DB5 625 capillary column (30 m � 0.32 mm
internal diameter) with CP grade helium carrier gas. Sample
volumes of 1.5 liters were preconcentrated on an adsorbent trap
(Air Toxics) held at �30°C before being transferred to the GC
by rapid heating to 300°C, using a PerkinElmer TurboMatrix
Automated Thermal Desorption unit (ATD). Detection limits
were between 0.02 and 0.12 pptv for approximately hourly
samples of CHCl3, CH3I, C2H5I, n-C3H7I, i-C3H7I, CH2ClI,
CH2Br2, CHBr2Cl, CH2BrI, CHBr3, and CH2I2 with a precision
of 3–8% and complete recovery of all compounds. Any vari-
ability in instrument sensitivity between samples was accounted
for using a National Physics Laboratory (NPL) external standard
and calibration was achieved by using the output from dynam-
ically diluted, thermostatic permeation tubes.

Bacterial Growth Assay. To test for toxic effects of iodide on a kelp
epiphyte, a growth assay with the bacterial strain Ldm2 was
carried out as described in ref. 4 in the presence of 10�5, 10�4,
10�3, 10�2, and 10�1 M KI and a control without added iodide
(18°C).

Vitality Assay for Human Leukocytes by Flow Cytometry. Possible
toxic effects of iodide (1, 10, and 100 mM, respectively), bromide
(10 mM), and iodate (50 mM) to human blood cells were
investigated by flow cytometric detection of mitochondrial mem-
brane potential. Isolated human leukocytes (5) were stained with
5 nM tetramethylrhodamine ethyl ester (TMRE) (Molecular
Probes) for 10 min at 37°C and then washed once with PBS; cells
were analyzed in a BD LSR flow cytometer (Becton Dickinson).

Determination of Glutathione. Total glutathione (GSH plus
GSSG) in Laminaria tissues was quantified as described in ref.
6. Briefly, tissue samples were homogenized in lysis buffer (10
mM EDTA, 100 mM HCl). The precipitated proteins were
removed by centrifugation. The supernatants and standards (0–5
�M GSSG) were further diluted in lysis buffer, and total
glutathione was quantified with an ACP 5040 analyzer (Eppen-
dorf) with two buffer systems: buffer A (pH 7.2) with 9 mM
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EDTA, 180 mM KH2PO4, 120 mg�liter�1 BSA, and 360 �M
5,5�-dithiobis(2-nitrobenzoic acid), and buffer B (pH 7.2) with
1.5 mM EDTA, 75.2 mM imidazole, and 150 mg�liter�1 BSA;
2-nitro-5-thiobenzoic acid resulting from GSH oxidation was
determined at 412 nm.

Determination of Ascorbate. Ascorbate was quantified as de-
scribed (7), with minor modifications. Frozen algal tissue (150
mg) was ground in liquid nitrogen. After thawing and addition
of 1 ml of 1 M HClO4, two 50-�l aliquots were taken for the
chlorophyll/pheophytin assay; the rest was centrifuged (15 min,
4°C). Thereafter, 500 �l of the supernatant was transferred to an
ice-cooled, 2-ml Eppendorf cup containing 100 �l of 0.12 M
NaH2PO4 (pH 5.6) and 130 �l of 2.5 M K2CO3, to adjust the pH
to 5–6. Insoluble KClO4 was removed by centrifugation (3 min
at 25,000 � g and 4°C). Reduced ascorbate was determined
photometrically at 265 nm (7). Final amounts of ascorbate were
related to fresh weight (FW) (not to pheophytin).

Whole-Blood Assay for Determining the Antioxidant Potential of
Iodide. As described in ref. 5, blood was withdrawn from healthy
volunteers in Heparin monovettes (Sarstedt) and washed five
times with phosphate buffer saline (PBS) (pH 7.4) to remove
plasma. Hereafter, blood cells were resuspended in PBS to the
original volume. Blood samples were then incubated for 30 min
at 37°C with different concentrations (0.10–100 mM) of KI or
KBr (Sigma). Then, an oxidative burst was stimulated with 2
�g�ml�1 phorbol 12-myristate 13-acetate (Sigma). After 5 min at
37°C, samples were centrifuged at 500 � g for 5 min and H2O2
was analyzed colorimetrically in the supernatants; 100 �l of Fox
solution (0.1 mM xylenol orange, 0.25 mM ammonium ferrous
sulfate, 100 mM sorbitol, 25 mM H2SO4) was mixed with 50 �l
of supernatant and incubated at room temperature for 30 min,
then optical density was measured at 550 nm. A standard curve
was prepared with hydrogen peroxide. IC50 values were calcu-
lated from the raw data with the sigmoidal dose–response curve
fit option in GraphPad Prism Software.

Results and Discussion
Iodine XAS. K-edge XAS of lyophilized Laminaria. Fig. 1 and Fig. S1
show the effects of lyophilization and rehydration of Laminaria
phylloids on the iodine x-ray absorption spectra. The spectrum
of lyophilized material is similar to that of fresh thalli, and the
results of the refined simulations of the EXAFS are also similar
(Table S1, 2.2 O at 3.51 Å vs. 1.6 O at 3.58 Å). This further
supports that molecules other than water, such as carbohydrates,
polyphenols, and/or proteins, likely provide the oxygen (or
nitrogen) atoms that are detected in the iodine environment.
The amplitude of the EXAFS and the main peak in the Fourier
transform increase markedly upon rehydration in seawater (3.0
O at 3.42 Å; not shown). Furthermore, an unprecedented
spectrum (Fig. 1 and Fig. S1) is obtained when the lyophilized
phylloids are rehydrated in the presence of 2 mM H2O2 [a
concentration similar to that occurring at the Laminaria thallus
surface during an oxidative burst (4)]. A number of oscillations
are now observed in the EXAFS while the Fourier transform
shows atoms in the range of covalent bonds at �2 Å together
with a strong shell at 3 Å, i.e., a combination of peaks that is
characteristic of iodine bound to aromatic rings, such as in
3-iodotyrosine and 3,5-di-iodotyrosine (8). The spectrum could
be simulated with a phenyl ring using the same multiple scat-
tering approach used in our model compound study (8), and the
distance of 2.09 Å is close to that identified as characteristic for
a bond between iodine and sp2-hybridized carbon in the earlier
work. The virtually complete incorporation of iodine in aromatic
groups under the influence of H2O2 is almost certainly catalyzed
by the presence of haloperoxidases, which are capable of tyrosine
iodination (9), among many other reactions (10, 11). The obvious

explanation is that the lyophilization has disrupted parts of the
ultrastructural cellular organization, so that exogenous hydrogen
peroxide can penetrate cellular compartments in an unhindered
manner and react with stored iodide and other cellular contents
(e.g., polyphenols or phenylalanine- and tyrosine-rich proteins),
catalyzed by haloperoxidases—which would not be the case
under structurally ordered, physiological circumstances. Clearly,
this is fundamentally different from the situation where fresh
Laminaria phylloids are subjected to oxidative stress with oli-
goguluronates or H2O2, which only results in iodide and iodo-
carbon efflux (4, 12, 13). It should also be noted that the results
obtained with lyophilized, H2O2-treated Laminaria tissues ef-
fectively simulate a (hypothetical) situation of a biological iodine
pool largely bound to organic/aromatic residues.
L3-edge XAS. The presence of iodide as the principal, accumulated
form of iodine in Laminaria was further corroborated by I
L3-edge XANES. Studies at this absorption edge were conducted
on a suitable set of model compounds and unstressed Laminaria
tissues. The spectra of Laminaria and aqueous 10 mM NaI are
identical in the edge position and shape (Fig. S2) and in stark
difference to the spectra of NaIO3 aq, NaIO4 aq, iodotyrosine,
iodoform, I2, and CI4 (not shown), all of which show different
XANES pattern. The EXAFS amplitude for the Laminaria
sample was very small, which is in line with the K-edge results.

Total Iodine Efflux Upon Oxidative Stress. Both GG and H2O2
induced a strong efflux of 125I-labeled total iodine from Lami-
naria thalli (at a biomass density of 50 mg FW�ml�1) that had
been precharged for 48 h in seawater containing 23 Bq�ml�1

Na125I (all experimental details as described in ref. 14). The total
amount of iodine released upon either an oxidative burst in-
duced by 150 �g�ml�1 GG or treatment with 2 mM exogenous
H2O2 was similar, albeit there were differences in kinetics: GG
treatment resulted in a steady efflux over approximately 3 h after
treatment, whereas the iodine efflux response to exogenous
H2O2 treatment was much faster; i.e., within a few minutes after
the onset (Fig. S3).

Iodine Speciation. Total iodine in seawater was 0.45 �M before
oxidative stress, with iodate and iodide about equal in concen-
tration. Although iodide concentrations of up to 64 �M were
observed in the seawater surrounding L. digitata thalli after
oxidative stress triggered by oligoguluronates, no significant
changes of the iodate concentration compared with background
levels were observed. Likewise, there was no measurable in-
crease in organic iodine after oxidative stress (not shown).

Vitality Assay for a Laminaria-Associated Bacterial Strain. Potassium
iodide had no significant effect on the growth of an epiphytic
marine bacterium (Ldm 2) up to concentrations of over 10 mM.
Only at the highest tested concentration, 100 mM, a 38%
reduction in growth was observed in the exponential growth
phase at 6 h after inoculation, which gradually reduced to �20%
once the stationary phase was reached (Fig. S4).

Vitality Assay for Human Leukocytes by Flow Cytometry. To exclude
possible cytotoxic effects of iodide, human leukocytes were
stained with TMRE and measured with flow cytometry. Driven
by the mitochondrial membrane potential, TMRE accumulates
in mitochondria. Cytotoxic effects can be monitored by a
reduced TMRE staining of cells resulting from an impaired
mitochondrial membrane potential. Incubation with iodide for
up to 1 h at 37°C showed that even high concentrations of 10 mM
iodide showed no toxic effect on leukocytes. One hundred
millimolar iodide was not toxic to leukocytes after a 20-min
incubation. After a 1-h incubation, 100 mM iodide showed mild
cytotoxicity (25% of cells with reduced mitochondrial membrane
potential). Furthermore, part of the cells were incubated with
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propidium iodide, a dye that stains DNA of dead or damaged
cells but that is impermeable to viable cells with an intact cell
membrane. A flow cytometric analysis of this staining showed
that incubation for 1 h with iodide concentrations of up to 100
mM did not impair leukocyte viability.

Production of Molecular Iodine and Particles. Production of molec-
ular iodine occurred at rates 2–3 orders of magnitude faster than
iodocarbon production. The quantity of I2 produced by Lami-
naria showed a relationship with the total particle numbers
formed, whereas the iodocarbon concentration did not (Table
S2).

Calculation of Theoretical Ozone Deposition Velocity. The total
deposition velocity, vD, is equal to 1/(ra � rl), where ra is the
aerodynamic resistance and rl is the liquid phase resistance. The
theoretical ozone deposition velocity due only to liquid phase
diffusion and chemical reactions on the surface of Laminaria
containing 20 mM I� was calculated from 1/rl � 	�D/H (15),
where � is the chemical loss rate of O3 in seawater (ki[I�], where
ki represents the second-order rate constant for the reaction of
I� with O3), D is the molecular diffusivity of ozone in water
(1.2 � 10�5 cm2�s�1 at 20°C), and H is the dimensionless Henry’s
law constant (H 
 Cg/Cw � 3 at 20°C). The total (experimental)
deposition velocity, comprising contributions from both aero-
dynamic and liquid phase resistance, can be calculated from vD
� Vk/A, where V is the volume of the chamber (2 liters), k is the
rate constant for removal of ozone (corrected for the small
removal rate in the absence of Laminaria), and A is the area of
the Laminaria strip (�100 cm2). The rate constant k for ozone
removal in our experiments was 0.0115 s�1 (Fig. 3b), giving a
total deposition velocity of �0.2 cm�s�1. Using typical values of
aerodynamic resistance ra (15, 16), the deposition velocity due
only to liquid phase diffusion and chemical reactions (1/rl) is
estimated to be in the range 0.25–1 cm�s�1. This is only slightly

lower than calculations based on 20 mM I� present in the surface
film of Laminaria of �7 cm�s�1.

Theoretical Considerations About the Suitability of Iodide as Antiox-
idant. Tables S3 and S4 highlight that iodide is more favorable
than chloride or bromide as a reductant with ROS.

Thermodynamic data (Table S3) show that HO2
• and OH• are

one-electron oxidants that can, among the halides, only oxidize
iodide. H2O2 and O3 are favorable two-electron oxidants also for
Br� and Cl�, with iodide being more favorable. Thermodynamic
data, which are used to calculate one-electron transfer reactions
(1–7) (17) and two-electron transfer reactions (8–11) (18) in
Table S2, are from the literature using original �Gf and Eo data
for each chemical species where �G � �n FE. In reaction 9, X�

transfers two electrons to form X� which then reacts with water
to form HOX and H�. Reaction 8 can be viewed as a two-
electron transfer process where X� transfers two electrons to
form X�, which then reacts with X� to form X2. At surface
seawater pH (�8), [X] (reactions 1–7) is 1⁄2 X2, which rapidly
disproportionates to HOX and X�. Haloperoxidases, which are
abundant in the Laminaria apoplast (14, 19), enable the rapid
halide-assisted disproportionation of hydrogen peroxide. In the
absence of organic substrates, they would catalyze a cyclic,
pseudocatalase reaction sequence.

Also with regard to kinetics, iodide is very well suited as an
antioxidant (Table S4). Iodide reacts faster than bromide, chlo-
ride, glutathione, and ascorbate with ozone and singlet oxygen,
respectively. Its rate constant for the reaction with hydroxyl
radicals is in the same order of magnitude as those of ascorbate
and glutathione, and triiodide reacts 3 orders of magnitude faster
than glutathione and ascorbate. The reaction of iodide with
hydrogen peroxide is slow nonenzymatically (even though within
the same order of magnitude as that of ascorbate and glutathi-
one, and still much faster than bromide and chloride). Again, it
should be highlighted that haloperoxidases are very abundant in
the Laminaria cell wall that catalyze the fast halide-assisted
disproportionation of hydrogen peroxide (see above).
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12. Carpenter LJ, Malin G, Küpper FC, Liss PS (2000) Novel biogenic iodine-containing

trihalomethanes and other short-lived halocarbons in the coastal East Atlantic. Global
Biogeochem Cycles 14:1191–1204.

13. Palmer CJ, Anders TL, Carpenter LJ, Küpper FC, McFiggans GB (2005) Iodine and
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Fig. S1. k3-weighted K-edge EXAFS (a) and the corresponding, phase-corrected Fourier transform (b) of Laminaria digitata tissues (cf. Fig. 1). Solid lines,
experimental; dashed lines, simulations; black, lyophilized Laminaria rehydrated in seawater with 2 mM H2O2 [simulation: 1.0 phenyl at 2.1 Å, a � 0.003 (a,
Debye–Waller-type factor as 2�2 in Å2)]; pink, lyophilized Laminaria (2.2 O at 3.51 Å, a � 0.038 Å2); red, fresh Laminaria (1.6 O at 3.58 Å, a � 0.005 Å2); plum,
20 mM NaI [simulation: 10.0 O at 3.56 Å, a � 0.034 Å2 (a, Debye–Waller-type factor as 2�2 in Å2)].
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Fig. S2. L3-edge XAS of 10 mM aqueous NaI (red) and fresh Laminaria digitata tissues (blue). Both spectra differ considerably from the edge pattern of other
iodine-containing model compounds (I2, NaIO3, NaIO4, iodotyrosine, CHI3, IBr, CI4; not shown).
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Fig. S3. Efflux of iodine from 125I-charged L. digitata sporophytes following
oxidative stress starting at t � 0 min, induced by 150 �g�ml�1 oligoguluronate
(squares) or 2 mM H2O2 (triangles; control without additions shown as dia-
monds).
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Fig. S4. Whole-blood assay to determine the effect of iodide and bromide
on the oxidative burst of leukocytes. Whole blood was preincubated for 30
min at 37°C with different concentrations of KI or KBr. Then, leukocytes were
stimulated with 2 �g�ml�1 phorbol 12-myristate 13-acetate for 5 min at 37°C.
The amount of H2O2 formed was determined calorimetrically in the cell-free
supernatants of the blood samples.
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Fig. S5. Time course of the optical density (at 600 nm) of a growth experi-
ment with the kelp-epiphytic bacterial strain Ldm 2 in the presence of various
iodide concentrations (control, diamonds; 10 mM KI, squares; 100 mM KI,
triangles; 10 �M, 100 �M, and 1 mM, not shown).
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Table S1. Parameters with fitting errors for the simulations of the EXAFS of iodine in Laminaria tissues and model compounds
(distances to iodine in Å, Debye–Waller-type factors as 2 s2 in Å2 in parentheses)

Parameter Aqueous NaI (20 mM) Unstressed Laminaria Freeze-dried Laminaria

Freeze-dried Laminaria,
after re-hydration with 2

mM H2O2

�EF, eV �7.7 
 1.4 �8.7 
 0.7 �6.1 
 0.5 �6.6 
 0.9
Energy range, eV 20–350 20–350 20–350 20–350*
O 9.1 
 2.5 at 3.56 
 0.02

(0.031 
 0.009)
1.6 
 0.2 at 3.588 
 0.007

(0.005 
 0.002)
2.2 
 0.1 at 3.51 
 0.01

(0.038 
 0.001)
C (phenyl) 1.0 
 0.1 at 2.094 
 0.006

(0.003 
 0.001)
Fit index (k3-weighting) � 103 0.6732 0.5566 1.287 0.2141

The fitting errors do not exceed the systematic errors for EXAFS, viz. 0.003 and 20% for first shell distances and occupancies, respectively.
*For this sample, the oscillations can be simulated over a longer energy range (18–650 eV), giving virtually the same result [1.0 
 0.1 C (phenyl) at 2.093 
 0.006
Å (0.007 
 0.002 Å2) with a fit index � 103 of 0.2141].
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Table S2. Molecular iodine production rate, iodocarbon
production rate (mean value of CH3I, C2H5I, 1-C3H7I, 2-C3H7I,
CH2ICl, and CH2I2), and particle numbers in ozone scavenging
experiments with Laminaria thalli

I2, pmol�min�1�g FW�1 Particles, g FW�1

1.01 1.59 � 107

2.93 3.98 � 105

3.29 1.79 � 104

9.29 4.75 � 105

15.16 1.73 � 109

130.00 3.75 � 1010

Mean TIC, pmol�min�1�g FW�1 Particles, g FW�1

0 5.14 � 103

0.9 0
1.32 0
1.66 2.91 � 104

1.8 4.02 � 107

1.9 1.08 � 108

2.219 4.0 � 101

2.242 1.09 � 103

2.26 1.10 � 103

2.357 5.35 � 106

2.411 2.62 � 106

2.859 4.29 � 102

3.348 2.30 � 102

4.327 7.05 � 103

5.409 2.11 � 105

There is a strong correlation (r2 � 0.9953) between the formation of
molecular iodine and particle production (Upper). In contrast, there is no
correlation (r2 � 0.0341) between total iodocarbon concentrations vs. parti-
cles (Lower).
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Table S3. Thermodynamic calculations for one- and two-electron transfer reactions of halides
with oxygen species (triplet and singlet oxygen, hydroxyl radical, superoxide, hydrogen
peroxide, and ozone) at standard conditions

�GR, kJ�mol�1

Cl� Br� I�

One-electron transfer per X�

[1] X� � 3O23 [X] � O2
•� 247.97 200.7 143.76

[2] X� � OH(g)
• 3 [X] � OH� 49.21 1.93 �55.0

[3] X� � OH(aq)
• 3 [X] � OH� 67.54 20.26 �36.66

[4] X� � 1O23 [X] � O2
•� 152.45 105.17 48.24

[5] X� � H2O23 [X] � OH• � OH� 235.42 188.15 131.22
[6] X� � H� � HO2

•3 [X] � H2O2 93.59 46.31 �10.61
[7] X� � O33 [X] � O3

•� 135.08 87.80 30.87
Two-electron transfer per X�

[8] 2 X� � H� � O33 X2 � O2 � OH� �57.9 �112.5 �217.3
[9] X� � H� � O33 HOX � O2 �111.8 �141.4 �210.8
[10] X� � H� � 1O2 � H2O3 HOX � H2O2 62.48 32.88 �36.43
[11] 2 X� � 2 H� � 1O23 X2 � H2O2 96.66 42.06 �62.76
[12] X� � H2O23 HOX � OH� 28.21 �1.39 �70.81
[13] 2 X� � 2 H� � H2O23 X2 � 2 H2O �77.66 �132.26 �237.08

Numbers in boldface type indicate that the reactions are favorable and that iodide is the easiest halide to
oxidize (reactions 2, 3, 6, and 8–11).
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Table S4. Rate constants for the reactions of ozone, singlet oxygen, hydroxyl radicals superoxide, and hydrogen
peroxide with halides, glutathione, and ascorbate, respectively

Compound k12, M�1�s�1 Ref.

O3 reactions with

I� 1.2 � 109 1
Br� 2.48 � 102 1
Cl� �3 � 10�3 2
Ascorbate 4.8 � 107 3
Glutathione 2.5 � 106 3

Singlet oxygen (1O2) reactions with

I� 1 � 108 4 (aprotic solvents)
8.7 � 105 5, p. 896 (pH � 7)

Br� 1.0 � 103 5, p.895 (in D2O)
Cl� 1.0 � 103 5, p.895 (in D2O)
Ascorbate 8.3 � 106 5, p. 904 (pH 6.8)
Glutathione 2.4 � 106 5, p. 883 (in D2O, 310 K, pD 7.4)

OH radical (� OH) reactions with

I� 1.2 � 1010 6, p. 527
Ascorbate 1.1 � 1010 6, p. 700
Glutathione 1.3 � 1010 6, p. 723 (pH 5.5)
Dimethyl sulfoniopropionate 3 � 108 7
Dimethyl sulfide 1.9 � 1010 6
Dimethyl sulfoxide 6.6 � 109 6

Superoxide (O2
�) reactions with

I3
� 1 � 108 8, p. 1063 (no data available for I�)

Ascorbate 2.7 � 105 8, p. 1069 (pH 7.4)
Glutathione 2.4 � 105 8, p. 1075 (pH 7.8)

Hydrogen peroxide (H2O2) reactions with
I� 0.69 9
Br� 2.3 � 10�5 9
Cl� 1.1 � 10�7 9
Ascorbate 2 � 100 10
Glutathione 2–20 � 100 11
Glutathione peroxidase 6 � 107 12
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Table S5. Carbon–halogen (C–X) bond length, bond dissociation
energies, and relative reactivity in halomethanes [CH3–X]
[McMurry J (1984) in Organic Chemistry (Cole, Belmont, CA),
Tables 9.2 and 10.15]

Bond length,
pm

Bond dissociation
energy, kJ�mol�1

Relative reactivity to
hydroxide (defined as 0)

C–F 139 456 1
C–Cl 178 351 200
C–Br 193 293 10,000
C–I 214 234 30,000

Taken together, these data show that the C–I bond provides an excellent
leaving group in substitution reactions.
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