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Perfluorobutane Sulfonic Acid Hydration and Interactions with O, Adsorbed on Pt
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The side chain of NAFION, a proton conductive membrane used as electrolyte in low-temperature fuel cells,
is modeled with perfluorobutane sulfonic acid. Density functional theory is used to characterize structures
and energetics of hydration of the model system interacting with a proton solvated with up to 24 water molecules
and analyze interactions of some of these hydrated complexes widti€drbed on Rtlt is found that at

least three water molecules are needed to ionize the sulfonic acid, and higher degrees of hydration induce the
formation of cages where the water molecules are held together via complex hydrogen-bond networks. The
interaction between the complex formed by the ionized acid and the hydrated proton, in contact with a bridge-
adsorbed @-Pt;, promotes the protonation of the adsorbed@pon protonation, the £-Pt; system evolves

from hydrophobic to hydrophilic behavior, which may facilitate further interfacial contact.

1. Introduction configuration of the polymeric membrane in contact with the
nanocatalyst and on the degree of hydration of such membrane.
The most common membrane used for PEM fuel cells is
NAFION, a complex fluorinated polymer grafted with sulfonic
acid functional group$! Recent reporté43 have investigated

the hydration and proton transfer in model membrane materials
such as CESO;H, CH3CgHsSOsH, and CROCF,CF,SOsH.
These studies concluded that dissociation of BS0ccurs as

The high cost and slow kinetics of the catalyzed oxygen
reduction reaction are some of the major hindrances for large-
scale commercialization of low-temperature proton-exchange
membrane (PEM) fuel celfs? Due to their low platinum
loading, relatively high reactivity, and chemical stability, carbon-
supported platinum and platinunalloy nanostructures are
currently the best choices for PEM fuel cells oxygen electrore-

duction catalyst8-13 Although the oxygen electroreduction has a res_ult of delocalization of positive _charges in t_he hydrogen-
been well characterized over various electrode surfaces inbondlng network of water and negative charges in the sulfonic

various electrolytes, disagreements on the detailed mechanisnﬁriogg Zé(r)]?ntTglesJO;Irr(]aaﬁiergitisrlldec((:)r;]?ilnu?gt(ijotnhsatwtﬁi?: thro?ge' dat]d
at the molecular level sfill exist: * Besides the disagreement nagmicall c[z)nvert into each c?ther dl?rin transfer of rot())lnsyin
on the reaction pathways, 3! there is a controversy regarding y 9 P

the first step, usually considered rate determining, of the oxygen PEMs as it does in bulk Waté?.Howgver, the mflgence on the.
reduction on Pt electrodes, which may occur via dissociative protonation step exerted by hydronium clusters interacting with

scsorpion of oxygen folwed or preceded by proonaton of 1, W S50 st i o MTION, under st
the adsorbed species in acid medium. We have recently shown y '

that several factors such as the initigH3urface and @-proton yet. . . . .
distances and the degree of proton solvation can alter the In this work, the hydration of perfluorobutane sulfonic acid

sequence protorelectron transfer to theGnolecule interacting (PFBSQH), Wh'Ch regembleg the.sulfor_llclamd group grgfted
with the catalyst surfac®:32-3 A proton usually associates with ~ ©" NAFION, is studied using first-principles calculations.
one or two HO molecules in bulk liquid water, forming Various complex hydronium clusters as well as preliminary

structures such as hydroniunt@H,0) and Zundel Hi(H,0), |nS|gh|ts mtoctjheér effect on the first step of the oxygen reduction
cations? the hydronium ion readily associates with three more are also studied.
water molecules, forming the Eigen cation"(H,0),.36 Ex-
perimental evidence shows that the Eigen cation is slightly more
stable than the Zundel cation by2.4 kJ/moR’ These cations The chemical structure of NAFION is displayed in Figure
would continue to loosely associate with morgCHmolecules, la. According to the Gierke and Hsu modeklry NAFION
forming complex clusters HH;O),. Complex hydronium  membranes arrange forming cavities interconnected by narrow
clusters as large as™H20)1 have been observed using the channels; it is estimated that the average cavity has a diameter
photodissociation spectrum in a supersonic free jet expansionof ~1.8 nm and contains26 acid group4! In a hydrated state,
vapor?’a“‘o In addition, the PEM electrocatalyst is surrounded the average cavity might be filled witk1000 HO molecules,
by a hydrated proton-conductive polymer membrane. Thus, theijts diameter increases te4 nm, the channel diameter and length
accessibility of the prOtOﬂ to the ViCinity of the Catalyst surface increase to~1 nm,41 and the number of sulfonic acid groups
where the @ molecule should be reduced is dependent on the on the surface of a cavity increases«@0 (Figure 1bY# Using
" ~ these data one can estimate that each sulfonic acid group is
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Figure 1. (a) NAFION is a fluorinated polymer grafted with sulfonic acid. (b) The bulk NAFION membrane is a porous material. When hydrated,
it is speculatett that a typical cavity may be usually4 nm diameter connected to other cavities by channels of 1 nm in length and 1 nm in
diameter. There are 70 sulfonic acid (S@) groups on the surface of each cavity hydratedd00 HO molecules. (c) Perfluorobutane sulfonic

acid (PFBSG@H) used in this work to emulate the sulfonic acid group of NAFION.

as discussed by Gebel and Diaand comparative studies of ~TABLE 1: Structural Characteristics of (PFBSOzH)(H20)n
the microstructure of different ionomers were reported by OH stretching frequency (cm#)

Kreuer's groug?48We selected PFBSI, which has a similar n geometry complexion O HB OH NHB OH
structure to the grafted sulfonic acid groups on NAFION (Figure 0 3589
1c); thus, similarity between PFBSB and the sulfonic acid- 1 4 2676-3547 3700
terminated side chain on NAFION can be expected. 2 & 1978-3482 3698-3702
Theoretical calculations of (PFBSB)(H20), clusters are 2 56! H*(H0); 2349-2782 3228-3261 3693
5
6
7

based on density functional theé?y5! as implemented in the g‘z‘ , :1(520)3 i;iz‘glgg gigggjg? gggig;gg
GAUSSIAN 03 progran?? All clusters are optimized using the 422281 H*EH2834 2022_ 83 5875-3511 36973708
functional/basis set B3PW91/6-31G(d 5%) and the optimized 2oy

: E 4] ed 425281 H*(H.0); 1868 3099-3636 37043710
geometries are verified to be local minima by second-derivative 8§ 435252 H*(H,0); 1795-2093 2918-3584 3705-3714
calculations at the same level of theory. 9 45%! HT(H0); 2177 3046-3598 36643707

10 455! H*(H,0), 2518-2793 3088-3660 3695-3703
" Structural Characteristics of Hvdr PEBSO:H 11 345516170 H*(H0); 2722 2763-3584 37013706
3. Structural Characteristics of Hydrated SGs 12 %68t H*(H,0); 2046-2414 26643644 3696-3706

Clusters 13 3455172 H*(H,0), 2096-2689 28213593 3706-3707

3.1. Nomenclature and Criteria Used for H Bonding and 14 345770 H'(H:0) 2260-2408 2769-3639 3700-3710
lonization. Hydrated PFBSEH clusters are associated by two 15 34'5% H'(H0)  2079-2305 26113583 3696-3707
types of hydrogen bond: those betweei®Hand SQ and those When a proton associates with ongdHmolecule forming
between two HO molecules. An H bond is defined on the basis the hydronium ion Fi(H,0), the H bond formed betweers@&*
of the distance and angle criteria by which a bond is consideredand HO usually has a much shorter bond length than those
formed if an H atom is located between two O atoms that are between two neutral #D molecules or between $@nd HO.

at a distance<3.1 A and the OHO angle i5145.57 A H,0 If a water molecule is close to a hydronium ion with ar-O
molecule that donates (accepts) one H atom to (from) a hydrogendistance less than 2.5 A, the molecule is considered to be closely
bond is a hydrogen-donor molecule () (a hydrogen- associated with the hydronium ion and loosely associated if the

acceptor molecule (A-4D)). A water molecule can accept O—O distance is between 2.5 and 2.6 A. In both cases the
(donate) at most two H atoms; in that case it is an AZGH hydronium ion and associated water molecules are considered
(DD-H20). It can also simultaneously serve as H acceptor and to be part of a complex hydronium ion*H,O),.

H donor; this is AD-HO, AAD-H,0, ADD-H,0, or AADD- Picturing an H bond as a line that connects two O atoms,
H,O. The O atoms from ionized SQan only serve as H  several H bonds can form a closed ring. These rings, in turn,
acceptors. are able to form cage structures by sharing edges and vertexes.

An OH that is related to an H bond is called an H-bonded A ring is characterized by the number of connected heavy atoms
OH or HB OH, and it is called a non-H-bonded OH or NHB (O and S) and a cage by the number of rif§Sherefore, a
OH if it is not related to any hydrogen bond. A NHB OH usually NiMi cage has N-member rings anfiM-member rings; a %!
has a higher stretching frequency than that of HB . cage has two five-member rings and one six-member ring. In
lonization is considered to occur when the distance from the the next section we analyze cage structures associated with
nearest H atom to PFBSOis larger than 1.2 A, significantly ~ PFBSQH.
elongated with respect to the OH distance in the undissociated 3.2. Structures of Hydrated and Free PFBS@H Clusters.
acid (0.972 A). Our calculations show that PFBSQioes not Evaluating the effect of membrane hydration on the PEM fuel
ionize in (PFBSG@H)(H20), clusters whem = 1 or 2; however, cell performance, researchers define a paramieger the ratio
it ionizes in all clusters when = 3 or larger. The OH distance  of the number of water molecules to the number of sulfonic
increases to 1.023 and 1.074 A wherr 1 or 2, respectively, acid groups, and it is found that the optimum value fof
and is 1.568 A in (PFBS@1)(H,0)s; thus, according to our  associated with high proton conductivity ranges between 15 and
criterion, PFBS@H in this case has ionized becoming 2023 Here we examine the structure of PFBsOinteracting
(PFBSQ) H*(H20)s. with hydrated protons forming complex cage structures corre-
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Figure 2. Structures and atom labeling of hydrated PFBISOlusters
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Figure 3. Total hydration energyEnq (solid circle) and average
hydration energy contributed from each water molecilg (solid
triangle) of (a) (PFBS€) H*(H,0), cluster and (b) protonated H
(H20)n cluster.

sponding tal values from 0 to 15 as indicated in Table 1 and
Figure 2. The most relevant geometric characteristics of these
structures can be summarized as follows. The atom labeling
used in this section is indicated in Figure 2.

0. Free PFBSEH. Relevant bond lengths are as follows:
Ox—Hx, 0.972 A; S-0Ox, 1.619 A; S-C, 1.878 A; S-Oy and
S—0z, 1.452 and 1.444 A, respectively—€ 1.332-1.350 A;
C—C, 1.55+1.555 A.

1. (PFBSQH)(H20): PFBSGH is not ionized. The OxHx
bond length (1.023 A) is much shorter than the distance between
the H atom and the nearest water O1 atom of 1.563 A{O1
Hx). The S-Ox bond length (1.583 A) is longer than that of
free PFBS@H. The S-Oy and S-Oz distances are 1.446 and
1.464 A, respectively. The OH vibrational frequency of the
sulfonic group decreases to 2676 ©mThe symmetric and
asymmetric OH stretching modes of water are 3547 and 3700
cm L,

2. (PFBS@H)(H20),. Two water molecules and the $O
group form a five-member ring, where PFB$Os not ionized;
the Ox—Hx bond length is 1.074 A, which is shorter than the
distance between the H atom and the nearest water O atom of
1.390 A (Ot-Hx). The S-Ox, SOy, and S-Oz bond lengths
are 1.557, 1.468, and 1.448 A, respectively. The OH stretching
frequency in PFBSEH decreases to 1978 crh The stretching
frequency of the OH which connects to a sulfonic O is 3482
cm1, and the HB OH stretching frequency is 3015dm

3. (PFBSGH)(H,0); or (PFBSQ) H*(H,0)s, In these
clusters PFBSEM is ionized with a cage structure of@. The
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-0.41 eV

Figure 4. Local minima configurations of the combined system of a (PFBS®"(H.0)1o cluster interacting with a bridge-adsorbed-®t
cluster. The association energies are calculated from the energy difference between the complex and the separaggtHRFBS and bridge-

adsorbed @-Pt.

distance from PFBS£10 the nearest H atom (GxHXx) is 1.568

A; this is much longer than the OH bond length in®4 of
1.021 A (O1-Hx). The other two water molecules form an H
bond with the O atom in (PFBS{; and the Oy-H2a and
Oz—H3a distances are 1.741 and 1.761 A, respectively. The
S—0x, S-0y, and S-Oz bond lengths are 1.496, 1.483, and
1.480 A. The OH stretching frequencies irf (t,0) are 2349,
2464, and 2782 cn.

4. (PFBSQ)"H™(H,0);. PFBSQH is ionized with a cage
structure of 8. The OH bond lengths in HH,0) (designated
as OtHx, O1—-H1la, and Ot+H1b) are 0.993, 1.135, and 1.020
A. The OH distances from an H atom irg®" to its nearest O
atoms (O2-H1a, O3-H1b, and Ox-Hx) are 1.302, 1.570, and
1.751 A, respectively. The OH stretching frequencies of H
(H20) are 2742, 2991, and 3196 cikthe HB OH stretching
frequencies are 3360, 3416, and 3453 &nthe two NHB OH
stretching frequencies are 3698 and 3700tm

5. (PFBSQ) H*(H20)s. PFBSQGH is ionized with 862 cage
structure. The OH bond lengths in"fH,0) (O1-Hla, Ok
Hx, and O+H1b) are 1.015, 1.017, and 1.098 A, respectively.
The H-bond lengths betweentfH,0) and the water molecules
(O3—H1b, O2-H1a, and O4Hx) are 1.352, 1.568, and 1.572
A. The OH stretching frequencies in:8* are from 1743 to
2893 cnt?, the HB OH stretching frequencies range from 3108
to 3457 cml, and the NHB OH stretching frequencies are
3692-709 cnTl.

6. (PFBSQ) H*(H.O)s. PFBSQH is ionized with 45281
cage structure. The OH bond lengths ih(H,O) (O1—Hx, O1—
Hla, and O+H1b) are 1.012, 1.068, and 1.026 A, respectively.
The lowest OH stretching frequency is 2026 ¢iithe HB OH
stretching range is from 2875 to 3511 thand the three NHB
OH stretching frequencies are in the range 369708 cntl.

4. Mulliken Charge Distribution

In free PFBS@H, both the S@ and perfluorobutyl groups
are negatively charged with0.27 e and —0.11e (wheree is
the elementary charge) due to the strong electron affinity
characteristic of both the F atom and the;3Poup and the H
atom is positively charged with 0.38 In (PFBSQH)(H20),
(n=1, 2) cluster, where the H atom of PFB$Q's not ionized,
the charge on Sgincreases t6-0.38eand—0.43eforn=1
and 2, respectively, and the H atom of PFBSMas a positive
charge of 0.42 and 0.45e. In (PFBSQ) H"(H,0O), (n = 3)
cluster, where the H atom of PFB&®is ionized and the cation
and anion are well separated, the (PFBSears—0.78 e
with —0.63e on the SQ group, much lower values than those
corresponding to the stoichiometric charge. The complex of the
hydronium ion including all the water molecules bears (e/8
and the H(H,0) itself bears 0.5%. The charge on perfluo-
robutyl is almost unaffected by hydration, ranging frer.11
to —0.17 e for n = 0—24. From these calculations we can
conclude that the positive (or negative) charges are delocalized
in the hydrogen-bonding network (or fluorinated butyl and
sulfonic group) and the ionized states are stabilized; these results
are consistent with other calculatioffsalthough the entropic
term which may contribute to the stabilization of these states is
not included.

5. Hydration and lonization Energy of PFBSO;H

The hydration energlh,«PFBSQH) is calculated as the total
energy difference between products and reactants for the reaction

@)

corrected with the zero-point energy. The zero-point energy is

PFBSQH + nH,0 — (PFBSQ) H" (H,0),
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Figure 5. Interaction energies between (PFBS®I T (H.0)10 and Q—Pt and between (PFBS{§H,0).0 and the on-top protonated HO® 1 (a)

The association energy (red, solid circle) between (PRS0 (H.0)10 and Q—Pt; is always positive (hydrophobic) and monotonically increases

when the separation between the two groups decreases: the two groups are enclosed by the red and green dotted curves in configuration b. Repulsive
association energies are found (blue, solid triangle) even if a few water molecules, enclosed by the blue dotted curve, located at the interface
between the two clusters, rearrange to minimize the association energy with the bridge-ads@bsti@vn in configuration c, whereas the atoms

from the other two groups, enclosed by the green and red dotted curves, are held fixed as thedigtanges. (d) The association energy (red,

solid circle) between (PFBSJ§H.O):0 and the on-top protonated HG®%; cluster shows a deep well (hydrophilic) when the separation between

the two groups changes while the atoms in each group are held fixed; the two groups are enclosed by the red and green dotted curves in configuration
e. The potential well becomes more shallow (blue, solid triangle in d) when a few water molecules and the on-top protonated HOO at the interface
between the two clusters, highlighted by the blue dotted curve in configuration f, are rearranged to minimize the association energy while the atoms
of the other two groups, highlighted by the red and green dotted curves in configuration f, are held fixed as the diistances.

calculated by summing the zero-point energies of all harmonic in a protonated water clustétjs applied to all the calculated
vibration modes in the cluster. The calculated harmonic frequencies. The reason for using the scaling factor of the
vibrational frequency is usually slightly larger than the experi- protonated HO cluster instead of that of (PFBSOH"(H20),
mental IR or Raman frequency due to the anharmonic natureitself is due to the lack of experimental information on
of the vibrational mode. It has been reported in several (PFBSQ) H*(H,0), clusters, and the similarity of the proto-
experiments that the stretching frequency of a NHB OH in a nated HO part between these two systems suggests closeness
AAD-H0 in protonated BD cluster is~3695 cn.3%4%5%0ur between their scaling factors. A comparison between the
calculations for protonated @ clusters show an average pydration energy of K(H,0) and PFBSEH is also made. The
stretching frequency for the corresponding NBH OH of 3890 pyqration energyEn,d(H*(H20)) is calculated from

cm~1. Thus, a scaling factor of 0.947, which is the ratio of the

experimental IR frequency of the NHB OH stretching mode to N N

the calculated frequency of the corresponding vibrational mode (n—1)H,0 + H (H,0) —~ H"(H;0), 2)
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Figure 6. Association energy between the bridge-adsorbee R} cluster and (PFBS$)(H20), where ionization does not occur is always
repulsive. (a) The association energy (red, solid circle) increases monotonically as their separation decreases, as shown in configuration b, wher
the two groups enclosed by the blue and red dotted curves are held fixed while the disteteeen them changes, or slightly decreases (blue,

solid triangle) asd decreases in configuration ¢, where only the atoms at the interface enclosed by the blue dotted curve are allowed to rearrange
to decrease the energy. (d) Similar association energy is predicted for configurations e and f, where the bridge-agdsodbiesk @ the acidic

hydrogen of PFBSEH. The red solid circles correspond to configuration e, where the sepathtietween the two groups changes, and the blue

solid triangles correspond to configuration f, where the separation between the two groups enclosed by the red and blue dotted curves changes

whereas the atoms inside the blue dotted curve rearrange to minimize the total energy.

corrected by the zero-point energy scaled with the same scalingthese two formulas: the average hydration energy for the
factor as that of (PFBS£) H*(H,0), cluster. (PFBSQ)H*(H.0), clusters is an energy averaged with
The calculated hydration energy increases as more waterwater molecules, while the average hydration energy for the
molecules are added to the cluster (Figure 3). The averageH+*(H,0), clusters is averaged with — 1 since we are deal-
hydration energy contributed from each water molecule is jng with the hydration of Fi(H,0) not H". For the protonated
evaluated as water clustefenyq decreases rapidly with the increaserofor
€rg=Ep N 3) n < 10; however, theenyy value gradually saturates as
hyd = “hy increases. The saturategq for the protonated bO cluster is
for the (PFBS@)H*(H,0)n cluster or ~—0.63 eV. For the (PFBS§) H"(H0), clus_ter the chan_g_e
of enyq versus the number of water molecules is not as significant
€hyd = EhyJ(n —-1) 3) as in the protonated # cluster.enyq only slightly decreases
from ~—0.6 eV to~—0.52 eV whenn increases from 1 to

for the HY(HO), cluster. Notice the difference between 24.
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In a vacuum the hydrogen ionization energy of PFBISO initial distance protonation of the adsorbed @es not occur
under these conditions. The optimized-O bond length from
PFBSQH — (PFBSQ) + H" (4) the adsorbed gslightly varies from 1.315 to 1.326 A for cases
when the guess distanckis in the range from 1.0 to 4.0 A.
The changes in charge on O atoms are not significant either as
the Mulliken population of O atoms varies frofr0.2 to—0.3.
On the other hand, attractive energies are found between the
on-top HOG-Pt and the hydrated (PFBSOH(H-0)y cluster
(Figure 5d-f). However, no significant changes in<® bond
lengths or charges on the O atoms are observed regardless of
the initial value used for the distanceduring the geometry
optimization (Figure 5f).

6.2 Interaction between (PFBSGH)(H 20), and a Bridge-
Adsorbed O,—Pt3 Cluster. Protonation of the bridge-adsorbed
O,—Pt; cluster does not occur if a PFB@®is only hydrated
with two water molecules. The proton hydration can compensate
for the energy requirement of the ionization of PFBSO
(section 5). Direct protonation where a proton transfers directly
from the PFBSGH to the bridge-adsorbed,©Pt; cluster was
never found. Figure 6 shows that the association energy between
I_the bridge-adsorbed £ Pt; cluster and the (PFBSH)(H.0),
cluster is always repulsive for the various configurations.

is 13.34 eV. However, the ionization energy in solvent includes
the Coulomb interaction between (PFB$Oand H" since these
two ions are not infinitely separated. Assuming that; $@d
H*(H,0) are point charges bearing average Mulliken charges
of —0.6 and 0.& (as described in section 4) and their separation
distance is 1.6 A in the ionized state, the Coulomb interaction
is —3.24 eV if the effect from the media permittivity is
neglected. Thus, the ionization energy of PFBS@ solvent
is ~10.10 eV. The calculated formation energy of (H;0),
—7.49 eV, is lower than the energy needed for the ionization
of PFBSQH; therefore, ionization is impossible with only one
water molecule. However, the ionization energy can be com-
pensated by the hydration energy of additional water molecules.
For example, the hydration energy of @H,0); is —2.80 eV,
which is enough to compensate for the ionization energy of
PFBSQH. Further insights may be gained from calculation of
chemical potentials on the basis of calculated hydration enthal
pies and entropies and comparison to experimental data from
hydration isotherm43 .
7. Conclusions
6. Oxygen Adsorption on Pg in the Presence of Hydrated lonization of PFBSGH occurs only after three or more water
PFBSG:H molecules hydrate the acid. The ionization energy is compen-
6.1. Interaction between (PFBS@)H*(H,0):0and Bridge- sated by the energy of proton hydration.. Hydrated PFBS0O
Adsorbed O,—Pts. Several stable configurations and association clusters arrange in cagejllke structurgs with the water molecules
energies of the combined system of (PFBB®*(H20)10 and and the S@group associated by multiple hydrogen bonds. The
a bridge-adsorbed £-Pt; cluster optimized from various ionization of PFBSGH and proton hydration promote the

starting configurations using density functional theory are shown protonatlon of brllfdgle:gdsor.bedz?l?tg..H%W?vet; protonation f
in Figure 4. The association energy is calculated as the energyd0€S not occur i Sl is not ionized. In the process o

: tonation a bridge-adsorbed-€Pt; complex evolves from
difference between the total energy of the complex and the sum pro . -~ - )
of the total energies of the separated components. It is found hydrophobic to hydrophilic behavior. The bridge-adsorbed O

positive associating energy of 0.5 eV) the bridge-adsorhed O philic. AIthough these calculations include internal Iocgl fi_elds,.
Pt; cluster when the interaction at the interface is only between they do not include t_he presence of e_xternal electric fields;
0, and water (configuration andD). On the other hand, the further studies are being carried out to include full effects.
(PFBSQ) H*(H20)10 cluster does attract (negative association
energy) the bridge-adsorbed-€Pt; cluster when the Btside
interacts with the water molecules of the (PFBS®I " (H20)10
cluster (configuration®, C, andH). In configurationsF and

G the adsorbed ©is readily protonated, forming on-top
adsorbed OOH; it is found that the protonated configurations
are more stable than the nonprotonated configurations. The (1) Bagotskii, V. S.; Tarasevich, M. R.: Filinovskii, V. YElek-
adsorption of a water molecule on the Pt atom where the trokhimiyal972 8, 84.

protonated oxygen is adsorbed decreases the stability of the Pt (2) Bagotskii, V. S.; Tarasevich, M. R.; Filinovskii, V. Y. Calculation

; : } : of the Kinetic Parameters of Conjugated Reactions of Oxygen and Hydrogen
OOH bond, thus easing the desorption of OOH (configuration Peroxide Elekrokhimiyal969 5, 1218,
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