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Detailed mechanistic knowledge about the formation of OH
radicals and H2O2 in alkene ±ozone reactions is of enormous
interest for tropospheric chemistry, since these molecules are
among the most important oxidants in the atmosphere.[1]

Hydroxyl radicals oxidize many gaseous trace compounds
rapidly and, accordingly, their concentration determines the
atmospheric lifetimes of many compounds. Therefore, OH
radicals play a key role for the chemistry of the polluted
atmosphere.[2] H2O2 contributes to acid precipitation by the
conversion of SO2 to H2SO4[3] and it is also known to damage
trees and plants.[4, 5]

An important source for OH radicals during daytime repre-
sents the photolysis of ozone. During nighttime, OH radicals are
most likely generated by reactions between NO3 and aldehydes,
or NO3 and alkenes followed by a reaction with O2. In recent
years, convincing experimental evidence has been collected to
confirm the gas phase formation of OH radicals in the ozonolysis
of alkenes,[6±9, 11±20, 38] both during day- and nighttime. After early
controversies concerning the question how hydroxyl radicals are
formed from the alkene ±ozone reaction,[10, 11] recent reports on
the direct observation of OH radicals provide evidence that OH
radicals are produced in the alkene ozonolysis.[12, 13, 19, 20] Quan-
tum chemical investigations have provided convincing evidence
that confirm and clarify the mechanism leading to radical

formation.[24±29] The process is highly efficient, in particular for
internal alkenes,[14, 16, 26, 27] and hence this source of OH radicals
competes with the photolysis of ozone in the daytime and with
reactions initiated by NO3 at night.[9]

On the other hand, it is well known that hydrogen peroxide is
formed in the atmosphere through recombination of two HO2
radicals,[1] but recent experimental evidence indicates that the
reaction of ozone with alkenes produces H2O2 in a mechanism
which involves water vapor but no HO2 radicals.[41±45]

Hence, alkene ozonolysis plays an important role to explain
the formation of both OH radicals and H2O2 from anthropogenic
and biogenic alkenes in urban and rural areas[21, 22] as well as in
indoor air.[23] This reaction is initiated by the addition of ozone to
the double bond of the alkene and the formation of a primary
ozonide (POZ; 1,2,3-trioxolane), which is then cleaved to give a
carbonyl oxide (Criegee intermediate) and a carbonyl com-
pound, Equation (1).
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Carbonyl oxide is formed with an excess of energy and the
molecules may undergo unimolecular decomposition or be-
come collisionally stabilized[30±34] so that they can react with
other tropospheric species such as water vapor. Vibrationally
excited carbonyl oxide molecules can isomerize to dioxirane,
which then decomposes into various products in the so-called
ester channel[35, 36] , Equation (2), or follow, in the case of carbonyl
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oxides with hydrogen atoms in the � position, the most
favorable hydroperoxide channel, Equation (2).[25±27, 35±37] This
path involves a 1,4-hydrogen migration to the terminal oxygen
atom of the carbonyl oxide and produces a vibrationally excited
unsaturated hydroperoxide, which is cleaved to form OH
radicals. Two recent investigations on dimesitylketone O-oxide
report experimental and theoretical evidence for the OH radical
formation mechanism also in solution.[28±29] Another source of
OH radicals may arise from a stepwise decomposition mecha-
nism of POZ according to a theoretical study of Anglada et al.[39]
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and an experimental and theoretical investigation by Fenske
et al.[47]

In a recent study, Kroll and co-workers[19] pointed out that the
OH . yields obtained by direct pressure-dependent measure-
ments in the gas phase ozone ± alkene reaction are significantly
lower than those determined in scavenger studies. This indicates
that additional OH . formation may arise through secondary
reactions. In fact, it has been suggested that hydroxyl radicals are
also produced by the reaction of carbonyl oxide with water.[35]

However, Neeb and Moortgat[16] and Johnson et al.[46] concluded
that the OH . yield in alkene ozonolysis experiments is not
affected by the presence of H2O, which is known to react with
stabilized carbonyl oxide. Controversies remain therefore im-
portant on this question. Furthermore, alkene ozonolysis experi-
ments in absence of H2O produce only traces of H2O2 while the
presence of water vapor always leads to the formation of
H2O2.[44, 45] In this case the proposed mechanism involves the
reaction of the corresponding stabilized Criegee intermediate
with water.
Following a previous study on the gas-phase reaction

mechanism between the parent carbonyl oxide H2COO and
water,[40] we have investigated the reaction between H2O and
substituted carbonyl oxides CH3HCOO and (CH3)2COO. First of all,
we focused our attention on the processes that lead to the
formation of OH radicals. In addition, we considered the
processes that may lead to the formation of acetic acid and
H2O on the one hand and to the aldehydes CH3HCO and
(CH3)2CO�H2O2 on the other. Our theoretical study provides
further insight into the reaction mechanism of tropospheric OH .

and H2O2 production from vibrationally stabilized carbonyl
oxides through its reaction with water vapor.
Herein, the different minima in the potential-energy surfaces

(PES) are designated by the letter B followed by a number.
Different conformers of the same compound are distinguished
from each other by addition of primes to the symbol. The
transition structures are designated by ™TS∫ followed by the
acronyms of the minima they connect. Furthermore, there are
some pairs of transition states that describe the same global
process, but one of them involves the participation of an
additional water molecule. The latter are distinguished from the

former by appending the letter c (see, for instance, TSB2-B7 and
TSB2-B7c in Figure 2).

Reaction between stabilized Criegee intermediates and water.
Formation of �-hydroxy hydroperoxide and OH radicals.

The CCSD(T)/6-311�G(2d,2p)-level reaction and activation en-
thalpies and free energies for all the structures considered in the
reaction between CH3HCOO and (CH3)2COO with water are listed
in Table 1. The corresponding values for H2COO[40] are also
included. Figure 1 schematically gives the energetics of the
reaction between CH3HCOO and H2O. Calculated values,
�H (298), are used to facilitate comparison with experimental
data. Part a of the mechanism involves syn-methylcarbonyl oxide
and part b involves anti-methylcarbonyl oxide as reaction
partner for water. In part a, the H2O molecule can react with �-
hydrogen atoms in syn position, which corresponds also to the
situation encountered for (CH3)2COO. In part b, the H2O molecule
reacts with an �-hydrogen atom in the syn position similar to the
case of H2COO.[40]

Our calculations reveal that in both cases the reaction is
initiated by the formation of hydrogen-bonded complexes B1 or
B1� (7.7 and 8.1 kcalmol�1 more stable than reactants, Figure 1)
which then can react in the following two different ways.
One reaction possibility involves transition states TSB1-B2 or

TSB1�-B2� and produces �-hydroxy hydroperoxide B2(�B2�).
The two reactions can be considered as (symmetry-allowed) 1,3-
dipolar additions of water to carbonyl oxide. The activation
enthalpies are just 13.4 (part a) and 7.5 kcalmol�1 (part b, Fig-
ure 1, Table 1). They are considerably smaller than the corre-
sponding barriers for dioxirane formation (23.4 and
15.5 kcalmol�1) or H migration (17.4 and 31.0 kcalmol�1[24±26] ).
Adduct B2/B2� is formed with an excess of enthalpy of 43.4 and
40.5 kcalmol�1, respectively, which is sufficient to cleave its
peroxide bond to produce radicals OH . and CH3HC(O

.)OH (B5).
A second reaction possibility involves TSB1-B3 and TSB1�-B4

and corresponds to a water-catalyzed H migration (see Equa-
tion (2)), which also leads to the formation of OH radicals. This
possibility was originally proposed by Niki et al.[35] and Martinez
and Herron[36±37] and studied by Cremer et al.[25±27] by means of

Table 1. CCSD(T)/6-311�G(2d,2p) reaction and activation enthalpies and free energies [kcal mol�1] for the reaction between syn-CH3HCOO, (CH3)2COO, anti-
CH3HCOO or H2COO, and H2O.[a]

Part a, Carbonyl oxide (R, R�) Part b, Carbonyl oxide (R, R�)
Structures CH3, H CH3, CH3 Structures H, CH3 H, H

�H �G �H �G �H �G �H �G

RR�COO � H2O 0.0 0.0 0.0 0.0 RR�COO � H2O 0.0 0.0 0.0 0.0
B1 (Complex)[b] � 7.6 1.1 � 8.9 � 0.4 B1� (Complex)[b] � 8.1 0.8 �7.0 1.9

(�6.7) (2.0) (�7.8) (0.7) (�7.0) (1.9) (�6.0) (2.9)
TSB1-B2 5.8 17.4 4.0 15.8 TSB1�-B2� � 0.7 10.9 1.9 13.2
B2 � 36.6 � 25.4 �34.6 � 23.1 B2� �41.1 � 29.8 � 42.1 �31.4
B5 � OH 2.3 2.1 5.2 5.0 B5 � OH � 1.2 � 1.2 �3.1 � 3.6
TSB1-B3 9.2 21.1 10.3 19.8 TSB1�-B4 � H2O 9.4 20.3 11.9 22.8
B3 � H2O � 18.6 � 19.0 �16.5 � 16.9 B4 � H2O � OH �12.2 23.8 � 12.6 �23.5
B6 � H2O � OH � 1.6 � 12.6 � 0.2 � 10.5
[a] Geometries were calculated at the B3LYP/6-311�G(2d,2p) level of theory, vibrational corrections at the B3LYP/6-31G(d,p) level. R and R� refer to the
substituents CH3 or H in syn and anti position of the carbonyl oxide. [b] The values in parentheses include BSSE corrections.
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quantum chemical methods. Water catalysis reduces activation
enthalpies (16.8 and 17.6 kcalmol�1, Figure 1) by 8.2 (part a)
and 18.0 kcalmol�1 (part b), respectively, which however is still
3.4 and 10.1 kcalmol�1 higher than the corresponding activation
enthalpies for the 1,3-cycloaddition path.
Hence, we conclude that for anti-CH3HCOO cycloaddition of

water and formation of B2/B2� is the preferred reaction while for
the syn-CH3HCOO both cycloaddition and the water-catalyzed H
migration can take place in the gas phase where, in all cases, OH
radicals are produced. In any case, OH . production is more
favorable by 16±18 kcalmol�1 than dioxirane formation. This
underlines the important role of water in carbonyl oxide
reactions. Similar results are obtained for the (CH3)2COO and
H2COO�H2O reaction (see Table 1 and ref. [40]) as well as for the
reaction between water and the carbonyl oxides generated in
isoprene ozonolysis.[55] The three-step mechanism of the reac-
tion between carbonyl oxide and water can be summarized
according to Equation (3).
In the first step 3a, a hydrogen-bonded complex is formed;

subsequent OH radical formation may then occur in two possible
ways: steps 3b and 3c. To determine the competition between
processes 3b and 3c, we have computed rate constants utilizing
classical transition state theory (Table 2). Although the formation
of the water complex (reaction 3a) is exothermic by 7.6 and
8.1 kcalmol�1, the equilibrium between reactants and the
product complex is shifted by 80% and more to the side of
the reactants because of the entropy change (�G(298)�
0.8 kcalmol�1; except R�R��CH3: �0.4 kcalmol�1, Table 2).
Since the equilibrium (3a) does not affect the branching ratio �,
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the latter is simply calculated as k3c/k, where k is the sum of rate
constants k3b and k3c . The data in Table 2 indicate that for
substituted carbonyl oxides with �-hydrogen atoms in syn
positions, the water-catalyzed hydroxyperoxide channel (TSB1-
B3) plays a minor role (5.2% and 2.6% branching in the case of
syn-CH3HCOO and (CH3)2COO) while for substituted carbonyl
oxides with �-H atoms in the syn position, the water-catalyzed
hydroxyperoxide channel (TSB1�-B4) is not active at all. In the
literature, estimates for the second-order rate constant of the
reaction between H2COO and H2O without the formation of an
intermediate water complex are given in the range from 1�
10�15 to 2�10�19 cm3molecule�1 s�1.[56] The corresponding value
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Figure 1. Schematic enthalpy diagram for the reaction between CH3HCOO with H2O. In part a, the CH3 substituent is in the syn position, while in part b, the H
substituent is in the syn position.
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obtained in this study is 5.88� 10�17 cm3molecule�1 s�1 (Table 2)
and falls into the range of experimental estimates.
Equations (3b) and (3c) lead to different products and

therefore should be easily distinguished experimentally. Also,
for the channel involving the �-hydroxy hydroperoxide (B2) one
could check in the presence of D2O whether an uncatalyzed H
migration which yields OH radicals takes place at all beside
reaction 3c (yielding OD radicals and HDO).

Unimolecular and water-assisted decomposition of the �-hydroxy
hydroperoxide (B2)

Table 1 and Figure 1 have shown that �-hydroxy hydroperoxide
(B2) is formed with an excess of energy of about 48 kcalmol�1

which is sufficient to cleave its peroxide bond and produce B5
and OH radicals. However, vibrationally excited B2 can also
decompose unimolecularly or become collisionally stabilized
and undergo a further bimolecular reaction. Besides B5 and OH
radicals, in the case of CH3HC(OH)OOH, (B2), the unimolecular
decomposition leads also to CH3HCO (B7) � H2O2 and CH3COOH
(B8) � H2O, Equation (4), while for (CH3)2C(OH)OOH), only the
corresponding aldehyde ((CH3)2CO)� H2O2 is formed, Equation (4).

CH3

C
H

HO

OOH CH3

C
H

O
H2O2

OH
C

H3C

O
H2O

+

+

(4a)

(4b)

B7

B8 (B8')

The bimolecular reaction of B2 with water leads to the same
products as the unimolecular decomposition and therefore we
name this the water-assisted decomposition of B2. The corre-
sponding reaction and activation energies, enthalpies and free
energies are included in Table 3, while Figure 2 displays a
schematic reaction free-energy profile for CH3HC(OH)OOH.
The unimolecular decomposition of B2 involves the transition

state TSB2-B7 producing B7 � H2O2 and the transition states

TSB2-B8 and TSB2�-B8 producing B8� H2O. Table 3 and Figure 2
show clearly that the corresponding activation energies are
larger than the energy required for the cleavage of the peroxide
bond in B2 already showed in Table 1 and Figure 1. Thus, the
formation of B5 and OH radicals dominates the reaction
mechanism.
For the amount of B2 that could have been vibrationally

stabilized, the bimolecular reaction with water will lead to
aldehyde B7, H2O2, and H2O involving the transition state TSB2-
B7c, while the formation of acetic acid (B8 and B8�) plus 2H2O
may occur through the transition states TSB2-B8c and TSB2-B8�c.
Looking at the corresponding activation energies, Table 3 and

Figure 3 show clearly that, in this case, B7 and H2O2 will be the
products formed, since this path is the one with the lowest
activation barrier. In the case of CH3HC(OH)OOH, our computed
�H(298) and �G(298) values for TSB2-B7c are 23.0 and
33.3 kcalmol�1 respectively, while the paths which lead to the
formation of acetic acid and water have higher energy barriers
by about 6 and 11 kcalmol�1. Please note from Table 3 and
Figure 2 that there is a catalytic effect of water for TSB2-B8�c and
TSB2-B7cwhen compared with the unimolecular processes. This
water-assisted reaction mechanism enhances the production of
H2O2 as a result of the reaction of the Criegee intermediates with
water, that has been reported experimentally by Sauer et al.[44]

and by Winterhalter et al.[45] Moreover, taking into account both
the unimolecular and water-assisted decomposition of B2 and
the fact that it is formed with an excess of vibrational energy, one
may expect pressure-dependent results. Thus, at low pressures
one could expect formation of OH radicals through unimolecular
decomposition of B2 as depicted in Equation (3b). However, in
competition with collisional stabilization, the water-assisted
decomposition of B2 will produce H2O2 and correspond to
Equation (4a) assisted by a water molecule. Finally, it is note-
worthy that similar results were obtained for the reaction
between H2O and H2COO[40] or carbonyl oxides generated in the
isoprene ozonolysis.[55]

Conclusions

The results obtained in this work stress the importance of water
in the reactions of substituted carbonyl oxides that lead to the

Table 2. CCSD(T)/6-311�G(2d,2p) tunneling parameters � and rate constants k for the reaction between syn-CH3HCOO, (CH3)2COO, anti-CH3HCOO or H2COO and
H2O.[a]

Unimolecular reaction Bimolecular reaction
R, R� � k3b [s�1] � k3c [s�1] �� k3c/k[c] � k [cm3mol�1 s�1] � k [cm3mol�1 s�1]

Part a TSB1-B2 TSB1-B3 TSB1-B2 TSB1-B3
CH3, H b 13.128 25.030 0.7232 5.20 b 4.23325�10�20 16.987 1.58282�10�21
CH3, CH3 b 16.685 29.261 0.4525 2.64 1.104 7.48640�10�19 16.334 1.02616�10�20
Part b TSB1�-B2� TSB1�-B4 TSB1�-B2� TSB1�-B4
H, CH3 b 4.97475x105 3.966 0.2537 ± b 2.54020�10�15 4.068 1.32854�10�21
H, H b 64757 8.990 0.0553 ± 1.152 5.88344�10�17 9.294 4.50534�10�23

[a] Partition functions were calculated at the B3LYP/6-31G(d,p) level of theory. R and R� refer to the substituents of the carbonyl oxide in the syn and anti
position, respectively. [b] Parameter �� 1 and therefore tunneling was not taken into account. [c] Branching ratio (in percent) for the water-catalyzed
hydroxyperoxide channel (3c). Parameter k3c is the computed rate constant for 3c while k� k3b � k3c is the total rate constant. No values are given when the
branching ratio is negligible.
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atmospheric production of OH radicals and H2O2. Water and
carbonyl oxides form relatively stable van der Waals complexes,
which are the starting points of the reactions of carbonyl oxides
in humid air. The preferred reaction mode is the 1,3-dipolar
addition of water to carbonyl oxide yielding �-hydroxy hydro-

peroxide B2, which in view of its excess energy can undergo
O�O cleavage to produce OH radicals. The water-catalyzed H
migration adds a small percentage (5%) to the OH . production
hydroperoxide channel which would be active in the case of
substituted carbonyl oxides with H atoms in � position.
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Figure 2. Schematic free-energy diagram for the unimolecular and water-assisted decomposition of �-hydroxy hydroperoxide.

Table 3. Zero point energies (a) (ZPE), entropies (S), relative energies (E), relative enthalpies (H), and relative free energies (G) for the unimolecular and water-
assisted decomposition of RR�C(OH)OOH (B2).

Compound R, R� ZPE S �E �H �G
[kcalmol�1] [e. u.] [kcalmol�1] [kcalmol�1]
B3LYP B3LYP CCSD(T) CCSD(T) CCSD(T)

Reactants
B2 � H2O CH3, H 67.7 120.2 0.0 0.0 0.0

CH3, CH3 84.4 127.0 0.0 0.0 0.0
Unimolecular decomposition

TSB2-B7 � H2O CH3, H 63.0 122.9 49.3 44.8 43.9
CH3, CH3 80.1 130.5 46.8 42.7 41.7

TSB2-B8 � H2O CH3, H 63.0 121.8 48.6 44.0 43.5
TSB2�-B8 � H2O CH3, H 62.5 119.0 51.3 45.8 46.1
B5 � OH � H2O CH3, H 61.6 158.3 43.7 38.9 27.5

CH3, CH3 78.9 165.9 43.8 39.6 28.0
Water-assisted decomposition

TSB2-B7c[b] CH3, H 65.8 85.7 26.2 23.0 33.3
CH3, CH3 82.6 91.6 25.5 22.5 33.0

TSB2-B8c[b] CH3, H 65.3 85.0 38.1 34.3 44.9
TSB2-B8�c[b] CH3, H 63.5 83.8 34.4 28.8 39.6

Products
B7[c] � H2O2 � H2O CH3, H 63.6 162.3 14.9 12.0 �0.5

CH3, CH3 80.9 172.9 13.0 10.7 �2.9
B8[c] � 2H2O CH3, H 64.4 158.9 � 73.8 � 75.7 � 87.2
B8�[c] � 2H2O CH3, H 64.2 158.5 � 68.6 � 70.7 � 82.0
[a] ZPE scaled by 0.9806 in order to take into account the anharmonic effects.[50] [b] Suffix ™c∫ stands for water-assisted decomposition of B2. [c] B7 stands for
CH3CHO or (CH3)2CO respectively ; B8 and B8� stands for syn- and anti-CH3COOH respectively.
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Experimentally it should be possible to distinguish the different
reaction modes studied. Hence, our investigations provide an
important insight into the processes leading to OH radical
formation in the polluted atmosphere. For the thermalized �-
hydroxy hydroperoxide B2 our results indicate that its bimolec-
ular reaction with water leads to the formation of the
corresponding aldehyde plus H2O2.

Computational Methods

We employed density functional theory with the B3LYP hybrid
functional[48] to fully optimize the geometries corresponding to
minima and saddle points. In a preliminary step, geometries were
optimized using the 6-31G(d,p) basis set[49a] and the harmonic
vibrational frequencies were calculated to verify the nature of the
corresponding stationary points. These calculations were also used
to determine the zero-point vibrational energy (ZPE) and the
temperature corrections to calculate enthalpies H and free energies
G at T� 298 K. In order to take into account the anharmonic effects,
the ZPEs were scaled by 0.9806.[50] Moreover, we have carried out
intrinsic reaction coordinate (IRC) calculations for each transition
state to ensure that the transition states connect reactants and
products. In a second step, all stationary points were optimized again
by using the more flexible 6-311�G(2d,2p) basis set[49b] In addition,
we have performed single point CCSD(T)/6-311�G(2d,2p) energy
calculations[51] at the B3LYP/6-311�G(2d,2p) optimized geometries
to obtain more reliable energy values. At this level of theory, we
corrected also the basis set superposition error (BSSE) in the case of
van der Waals complexes using the counterpoise method by Boys
and Bernardi.[52] All these calculations were carried out with the
Gaussian 94 program package.[53]

For some selected reaction paths, we have also computed the rate
constants utilizing classical transition state theory. These rate
constants were calculated using CCSD(T)/6-311�G(2d,2p) energy
barriers with partition functions and zero point correction energies
obtained at the B3LYP/6-31G(d,p) level of theory. The tunneling
correction to the rate constant was calculated by the zero-order
approximation to the vibrationally adiabatic PES with zero curva-
ture,[54] where the potential-energy curve is approximated by an
unsymmetrical Eckart potential-energy barrier. The Rate program of
Truong et al. was used in these calculations.[57]
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The degree of water ordering around particular electrolyte ions
has been studied many times by different methods, however the
results of the studies have not always been consistent,[1±10] which
can be explained by the lack of a definite structural description
of water.
In this work, an attempt was made at an estimation of the

degree of water structure ordering around ions of particular
electrolytes on the basis of the determination of water activity
aW, defined as a product of the activity coefficient fW and water
concentration cW: aW� fWcW. The water activity was determined
by the method of hydration of aldehydes[11±13] in aqueous
solutions of the electrolytes NaCl, KCl, NaClO4, NH4ClO4 and
Mg(ClO4)2 as a function of their concentrations.

The results of measurements performed at 24.5� 0.1 �C are
collected in Table 1. The measurements were repeated many
times, and each time similar values (within the experimental
error) of the water activity for a given electrolyte were obtained.
The repeatability varies within �0.01, however, we have given
the values with three decimal figures to illustrate the repeatable

tendency of changes in aW� f([electrolyte]). Table 1 also gives
the activity coefficients of water aW/cW calculated from the
known densities of the solutions.[14] For the solutions of chlorides
and sodium perchlorate, the electrolyte concentration depend-
encies of aW and aW/cW are linear. The slopes of these lines
provide information about the electrolytes' effect on water
activity, and the electrolytes can be ordered NaClO4�NaCl�KCl
according to a greater decrease in aW. Analysis of the electrolyte
influence on the activity coefficient aW/cW proved that only NaCl
causes a decrease in aW/cW, whereas NaClO4 and KCl cause it to
increase (Figure 1).
The activity coefficient reflects the character and strength of

intermolecular interactions in the system, that is a decreasing
activity coefficient indicates increasing interactions and vice
versa. Therefore, the behaviour of aW/cW as a function of the
molal concentration of the electrolyte provides information on
the influence of a given electrolyte on water structure. In
previous work,[15±17] it was assumed that if the slopes of the
straight-line relations aW/cW� f([electrolyte]) is positive the
electrolyte disrupts the water structure and if it is negative the
electrolyte tends to induce water structure ordering.
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Table 1. Values of the water activity and the water activity coefficients as a
function of electrolyte concentration

Electrolyte Concentration Water activity Water activity
coefficients

c [mol dm�3] m [mol kg�1] aW aW/cW

NaCl 0.0 0.000 1.000 0.01804
0.5 0.505 0.984 0.01788
1.0 1.018 0.979 0.01790
1.5 1.551 0.950 0.01768
2.0 2.080 0.929 0.01739

KCl 0.0 0.000 1.000 0.018036
0.5 0.508 0.986 0.018039
1.5 1.570 0.958 0.018069
2.0 2.130 0.945 0.018131

NaClO4 0.0 0.000 1.000 0.01804
0.5 0.517 0.978 0.01819
1.0 1.063 0.955 0.01827
1.5 1.641 0.934 0.01839
2.0 2.265 0.910 0.01854

NH4ClO4 0.00 0.000 1.000 0.01804
0.25 0.254 0.975 0.01781
0.50 0.515 0.954 0.01768
0.75 0.780 0.942 0.01763
1.00 1.060 0.934 0.01782

Mg(ClO4)2 0.000 0.000 1.000 0.0180
0.125 0.127 1.004 0.0183
0.250 0.256 1.002 0.0185
0.375 0.388 0.959 0.0179
0.500 0.523 0.928 0.0175
1.000 1.097 0.854 0.0169
1.500 1.751 0.790 0.0166


