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The thermodynamic and spectroscopic properties of the bromine oxide species have
been reviewed. Recommended NIST-JANAF Thermochemical Tables are given for six
gaseous bromine oxides: BrO, OBrO, BrOO, BrOBr, BrBrO, and BrO;. Sufficient
information is not available to generate thermochemical tables for any condensed phase
species. Annotated bibliographies (over 280 references) are provided for all neutral
bromine oxides which have been reported in the literature. There are needs for additional
experimental and theoretical data to reduce the uncertainties in the recommended values
‘for these six species. Of all the species mentioned in the literature, many have not been
isolated and characterized. In fact some do not exist. Throughout this paper, uncertainties
attached to recommended values correspond to the uncertainty interval, equal to twice the

standard deviation of the mean.
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1. Introduction

As a continuation of previous studies which dealt with the

thermodynamic properties of the chlorine oxides' and oxy-
gen fluorides” this study deals with the neutral bromine ox-
ides. A succeeding article will deal with iodine oxides. We
will not discuss the astatine oxides, as there appears o be
only an estimated Dy value reported in the literature for
AtO(g). Specifically, this study examines the thermodynamic
properties of the neutral oxides. not the gaseous ionic and
aqueous ionic species. The main purpose of this article is to
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generate thermochemical tables for bromine oxide species.
In general, there are scant data available for the description
of the spectroscopic and thermodynamic data for any of the
bromine oxides, except for BrO, OBrO, and BrOBr. Al-
though the prime emphasis was on the diatomic and tri-
atomic species, a thorough search of all bromine oxygen spe-
cies was conducted to decide which species had sufficient
data.

For the time period 1907 to 1994, there are only 280 cita-
tions in Chemical Abstract Services (CAS) dealing with all
phases of the bromine oxides; of these 147 deal with BrO, 45
deal with OBrO, and 25 with BrOBr. Of the approximately
25 oxides mentioned in the literature, however, there is not
conclusive evidence as to the existence of all of them.

The major interest in the numerous bromine oxides is due
to the important role these compounds play in stratospheric
chemistry. For this reason, the spectroscopic characterization
of these species is mandatory in order to explain possible
reactions thermodynamically and kinetically and to monitor
the species in real time. In addition, numerous researchers
are examining bonding trends within all halogen oxide spe-
cies. There are no commercial uses of the bromine oxides
mentioned in the literature.

The current study is aimed at providing a complete and
thorough coverage of the literature for spectroscopic and
thermodynamic information. Although it is not the purpose
of this article to summarize and critique the chemistry of the
bromine oxides, all such references are provided here. The
references were obtained primarily by use of commercial ab-
stracting services and all NIST Data Centers. (Chemical Ki-
netics Data Center; Chemical Thermodynamics Data Center;
Ion Kinetics and Energetics Data Center: Molecular Spectra
Data Center: Vibrational and Electronic Energy Levels of
Small Polyatomic Transient Molecules; Crystal and Electron
Diffraction Data Center.) Since the literature survey revealed
so few references in total for all neutral bromine oxides, all
citations are listed in Sec. 10 (References Annotated Bibli-
ography). It should be noted that the reading of the indi-
vidual articles yielded additional references. many of which
are included in the attached bibliography. Not included are
those articles or books (textbooks and handbooks) which are
simply presenting a summary of properties. with no critical
evaluation. Note that the earliest reference tor any bromine
oxide species was in 1928. Even though many of these cita-
tions are not relevant to this study. future investigators will
not have to search the past literature. but simply concentrate
on the publications since 1994.

The current version (1985) of the JANAF Thermochemi-
cal Tables' does not include any bromine oxygen species.
whereas the 1989 version of the Thermophysical Properties
of Individual Substances® only includes BrO(g). for which 14
references are given: the latest of these being dated 1975.
This latter critical review referred to data from four spectro-
scopic studies. two microwave studies. three EPR studies.
four dissociation energy studies. and two earlier reviews.
There are sufficient new data available to warrant a revision
to this tabulation. The NBS Thermodynamic Tables® and its
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Russian counterpart by Glushko and Medvedev® listed values
(Cp, H°, §°, and AgH®) at 298.15 K for BrO(g), but only an
enthalpy of formation for BrO,(cr). [The NBS Tables also
listed values for three aqueous ions, Glushko and Medvedev
listed two aqueous ions.] It should be noted that the NBS
study was performed in 1964 and the Russian study in 1965,
and were based on the same references.

There are many NASA-JPL publications on chemical ki-
netics in which enthalpy of formation tables are given. Of all
the bromine oxides, only BrO(g) is listed by NASA-JPL.
These data are presented without citation or reference to the
original source. Most of the recommendations are based
upon data in the [UPAC Evaluation (Atkinson er al., 1989,8
1992%). Some of the values are different from the current
IUPAC recommendations. reflecting recent studies that have
not yet been accepted and incorporated into that publication.
TUPAC cites the origin of their values. All citations given by
TUPAC are included in this article.

Lewis'® in 1932 reviewed the Kinetics of reactions that
proceeded with velocities ranging from the flammable region
to detonation. As part of this review the author summarized
the kinetics of the explosion of ozone as sensitized by bro-
mine. Lewis raised the question as to the possible formation
of bromine oxides.

In a 1963 review article, Schmeisser and Brandle!! sum-
marized the data pertaining to the properties and chemistry
of the halogen-oxide compounds. Although these authors did
not discuss BrO, they examined BrOBr and OBrO in detail.
A measured enthalpy of formation of OBrO(cr) was noted.
Brief mention was made of BrO;, Br,Os, and Br;Og, al-
though it was clear that the authors were not convinced that
these ‘‘compounds’ existed.

A 1972 review by Brisdon,'? discussed seven bromine ox-
ide species: BrO, OBrO, BrOO, BrO;, BrOBr, Br,0,. and
Br,O4. Whereas there was a complete spectroscopic charac-
terization of BrOBr presented, only a partial identification of
BrO was made. General comments proposing the existence
(or nonexistence) of the remaining compounds were made.

Clyne and Curran'?® surveyed the reaction kinetics of halo-
gen atoms, excited molecular halogens, and halogen oxide
radicals. The authors covered the literature through early
1976. Their discussion provided a summary of the bimolecu-
lar reactions of ClO and BrO with a variety of species. In the
case of BrO, one of the products formed was BrOO. Ther-
modynamic enthalpies of reaction given in this review were
extracted from earlier studies by Clyne.

Bromine and its oxides were reviewed (through 1992) by
Keller-Rudek er al.™* for the Gmelin series. An earlier review
by Kotowski er al.'” for this series was published in 1931.
The Keller-Rudek review discussed in detail many oxides
[BrO, BrO., BrO;, Br,Q. BrBrO, Br,O,, B0z, Br,O,.
Br,Os, and Br,Og), but only briefly mentioned others
[BrO,, BrOy. Br.O;, Br;Oq, Br,O. Bry0,. and BryO,)
Four species were listed in this review for which we do not
have bibliographies. Two of these species [Br,0, BrOq] were
stated to be weak complexes, whereas the other two
[Br,0,. BryO4] were assumed to be unstable intermediates.
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On the other hand, this JPCRD article mentions two species
[BrOO. 0,BrOBrO] which were not discussed by Keller-
Rudek er al.*

[After this article was written and reviewed, we became
aware of the existence of another review article by Wayne
et al?' This article provides discussion on the thermody-
namic and spectroscopic data on many bromine oxides. Al-
though not of importance for our purpuses, the article also
discusses many other topics, including photochemistry and
kinetics.]

In reading Sec. 5, the reader will soon learn that the exist-
ence of many of the bromine oxide compounds is question-
able. The thermal instability of the bromine oxides has led to
numerous difficulties in characterizing specific bromine ox-
ides. The syntheses are not always reproducible. The follow-
ing summarizes our interpretations of the probable existence
of the compounds mentioned:

Exist and have been observed: BrO; OBrO; BrOO;
BrOBr: BrBrO

Postulated: BrOs: BrOy; BrOg; Br,O,

Observed as crystalline solid: OBrOBrO: BrOBrO,:
0,Br-Br0,; 0,BrOBrO; BrBrO,; Br,Os

No conclusive confirmation as to existence: BryOg;
Br,0: Br;Og; BryO; Br,O,; BrO,

In the following discussions, analyses and calculations, the
1993 atomic weights of the elements'® are used: A.(Br)
=79.904x0.001; A(0)=15.9994=0.0003. Since the mid-
1950s, the relative atomic weight of oxygen has changed by
0.0006 to 15.9994. Similarly for bromine, the relative atomic
weight has changed by 0.012 to 79.904. Relatively speaking,
these changes are sufficiently small that we will not consider
any conversions due to relative atomic weights.

In addition. the 1986 fundamental constants are used.'’
The key constant of interest in this work is the ideal gas
constant: R=8.314510=0.000070 J mol 'K . In compari-
son to the 1973 fundamental constants,'® R has changed by
+0.0001 J mol™" K™'. The effect on the thermal functions
with this change is AS°® (298.15 K)=0.004 J mol™' K™! for
OBrO(g) and BrOBr(g).

SI units are used for the final recommendations. Since we
are dealing only with ideal gases and spectroscopic informa-
tion. the resulting calculated thermodynamic tables refer to
thermodynamic temperatures. Thus. no temperature scale
conversions are necessary.

In the following discussions. the numeric values (and their
uncertainties if given) presented are those reported in the
original publication in addition to the SI value. This is to
ensure quick confirmation of the extracted results and their
uncertainties. These uncertainties (not always based on ex-
perimental and mathematical analyses) are the values quoted
by the original authors and are often not tully described as to
their origins. Our reported uncertainties for §7 and A_/»H” are
calculated using a propagation of errors approach.

The recommended data presented in the NIST-JANAF
Thermochemical Tables are a result of a combined appraisal
of results from experimental studies. calculations (e.g.
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quantum-mechanical treatments) and estimations. All tables
are calculated using the full significance of all numeric val-
ues. Rounding-occurs at the:end of the calculations. The
uncertainty given represents our best attempt for twice the
standard deviation.

The NIST-JANAF Thermodynamic Tables (Sec. 6) are
calculated using the current atomic weights and fundamental
constants, as well as the thermochemical tables for the mon-
atomic and diatomic bromine and oxygen. These latter refer-
ence state thermochemical tables, as originally calculated,
were based on the 1973 fundamental constants's and the
1981 relative atomic weights.!® This will cause a slight offset
in the formation properties of the order 0.01 kJ/mol; such an
offset is well outside the uncertainty range of the enthalpy of
formation of the bromine oxides. Neumann® has presented
an identical thermochemical table for BrO(g); this table was
prepared jointly with this author.?"

1.1. References for the Introduction

'S. Abramowitz and M. W. Chase, “‘Thermodynamic properties of gas
phase species of importance to ozone depletion,”” J. Pure. Appl. Chem.
63(10), 1449-54 (1991).

>M. W. Chase, ‘“NIST-JANAF Thermochemical Tables for the oxygen
fluorides,”” J. Phys. Chem. Ref. Data 25(2), 551-603 (1996).

3M. W. Chase, Jr, C. A. Davies, J. R. Downey, Jr., D. A. Frurip, R. A.
McDonald, and A. N. Syverud, ‘‘JANAF Thermochemical Tables, 3rd
Edition,”” J. Phys. Chem. Ref. Data 14, Supplement No. 1. 1856 pp.
(1985).

*L. V. Gurvich. L. V. Veyts, and C. B. Alcock, Thermodynamic Properties
of Individual Substances, 4th ed., two parts (551 pp. and 340 pp.) (Hemi-
sphere, New York, 1989).

*D. D. Wagman, W. H. Evans, V. B. Parker, R. H. Schumm, L. Halow. S.
M. Bailey. K. L. Churney, and R. L. Nuttall, **The NBS Tables of Chemi-
cal Thermodynamic Properties. Selected Values for Inorganic and C; and
C, organic substances in SI units,”* J. Phys. Chem. Ref. Data 11. Supple-
ment No. 2. 393 pp. (1982).

°V. P. Glushko and V. A. Medvedev, Thermal Consianis of Substances,
(145 pp.) (Academy of Sciences, Moscow. 1963). Vol. L.

7W. B. De More, S. P. Sander, D. M. Golden, R. F. Hampson. M. J.
Kurylo, C. J. Howard, A. R. Ravishankara. C. E. Kolb, and M. J. Molina.
*Chemical kinetics and photochemical data for use in stratospheric mod-
eling,”” NASA-JPL Publication 92-20 (1992); this is one of a series of
similar publications.

SR. Atkinson. D. L. Baulch. R. A. Cox. R. F. Hampson, Jr., J. A. Kerr. and
J. Troe, **Evaluated kinetic and photochemical for atmospheric chemistry:
supplement III."" J. Phys. Chem. Ref. Data 18(2), 8811095 (1989).

“R. Atkinson. D. L. Bauich, R. A. Cox, R. F. Hampson. Jr.. J. A. Kerr, and
J. Troe. “"Evaluated kinetic and photochemical for atmospheric chemistry:
supplement IV.”" J. Phys. Chem. Ref. Data 21(6). 1125-1568 (1992).

5 and their kincties,”” Chem. Rev. 10, 49 89
(1932): particularly pp. 72-5.

""M. Schmeisser and K. Brandle, “*Oxides and oxyfluorides of the halo-
gens.”” Adv. Inorg. Radiochem. 5. 41-89 (1963).

I*B. J. Brisdon. “*Oxides and oxvacids of the halogens.” Int. Rev. Sci.:
[norg. Chem.. Ser. One 3. 215-31 (1972).

M. A. A. Clyne and A. H. Curran, “*Reactions of halogen atoms. free
radicals. and excited states.”” Gas Kinet. Energy Transfer 2. 239-95
(1977,

“H. Keller-Rudek. D. Koschell. P. Merlet, U. Ohms-Brudemann, J. Wag-
ner, and A. Wietchmann. “*Bromine.”” System No. 7. Suppl. B2. Gmelin
Handbook of Inorganic and Organometallic Chemistry {Springer, Berlin.

1992,

¥ A, Kotowski. R. Gagarin. M. du Maire. G. Glauner-Breittinger, W. Ro-
man. A. Eisner, and F. Seuferling. **Bromine.”” System No. 7, Main Vol-

108 f.cwis. “Explosion in gas
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ume Gmelins Handbuch der Anorganischen Chemie (Verlag Chemie
G.M.B.H., Berlin, 1931), 342 pp.

I JUPAC Commission on Atomic Weights and Isotopic Abundances,
‘*Atomic weights of the elements 1993, J. Phys. Chem. Ref. Data 24(4),
1561 (1995); Pure & Appl. Chem. 66(12), 2423 (1994).

'7E. R. Cohen and B. N. Taylor, ‘“The 1986 CODATA recommended val-
ues of the fundamental physical constants,”” J. Phys. Chem. Ref. Data
17(4), 1795 (1988).

'8E. R. Cohen and B. N. Taylor, ‘“The 1973 least-squares adjustment of the
fundamental constants,”’ J. Phys. Chem. Ref. Data 2, 663 (1973).

'"N. E. Holden and R.L. Martin, *‘Atomic Weights of Elements - 1981,
Pure Appl. Chem. 55, 1101 (1983).

*D. B. B. Neumann, ‘“NIST-JANF Thermochemical Tables, Supplement
1995, J. Chem. Phys. Ref. Data, (submitted).

2R, P. Wayne, H. Poulet, P. Briggs, J. P. Burrows, R. A. Cox, P. J. Crutzen,
G. D. Hayman, M. E. Jenkin, G. Le bras, G. K. Moortgat, U. Platt, and R.
N. Schindler, ‘‘Halogen oxides: radicals, sources, and reservoirs in the
laboratory and in the atmosphere,”” Atmos. Env. 29(20), 2675-2884
(1995).

2. Chemical Species Coverage

The following is a list of all bromine oxide species cited in
the Chemical Abstract Services (CAS) Indices (formula and
substance). Aqueous ions and gaseous ions are not included
in this study. The chemical name, formula, and CAS Rcgis-
try Number (when available) are given. This list is complete
through Volume 121 of Chemical Abstracts Services (De-
cember 1994). It is important to note that this listing gives
species whose existence is now questioned. Deleted CA Reg-
istry Numbers are given to assure the reader that all past
citations were retrieved. There is limited information on the
cxistence of asymmctric isomers of the triatomic species—
BrOO and BrBrO. Such asymmetric isomers exist for the
chlorine oxides, although for the oxygen fluorides, FOO has
been observed (but not FFQ). (See Table 2.1.)

3. Historical Perspective
of the Bromine Oxides

-It is informative to briefly summarize the types of studies
which have been conducted through the years on the bromine
oxides. Specific references are given in Sec. 9. This section
is intended to simply highlight developments through the
years. not to provide specific references.

Using the Chemical Abstracts Services Collective Indices
as a backdrop for these historical comments, the period of
1907 to 1926 (the Ist and 2nd Collective Indices) revealed
no citations for any bromine oxide species. Even the later
citations do not refer to any studics in this time period or
earlier.

In the time period 1927 to 1946 (the 3rd and 4th Collec-
tive Indices), Chemical Abstracts listed a total of ten cita-
tions dealing with bromine oxides. All citations can be
grouped in two classes: (1) preparation of solid bromine ox-
ides (from the reaction of bromine and ozone) and (2) prepa-
ration of Br,O in CCl, solutions (from the recaction of bro-
mine with HgO). It is not always clear whether the studies’
prime motive was the preparation of bromine oxides or the
decomposition of O;. In all cases, the stability of the prod-
ucts was examined. The first citation (by Lewis and Schuma-
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TABLE 2.1. Bromine oxide species.

Chemical Abstracts and Registry

Formula® Name Deleted # Current #°
BrO Bromine oxide 23878-08-2
BrO(BrO) Bromine oxide 77968-12-5 15656-19-6
16651-29-9
12233-84-0
“BrO ("BrO) Bromine oxide 24050-34-8
81BrO(®1BrO) Bromine oxide 23878-08-2
BrO, (OBrO) Bromine oxide 21255-83-4
Br0, (0™Br0) Bromine oxide 29044-85-7
81Br0, (O%'BrO) Bromine oxide 29051-09-0
BrO, (BrOO) bromodioxy 67177-47-3
BrO; (pyr) Bromine oxide 26670-64-4 32062-14-9
BrO, (BrOy) Bromine oxide 56310-08-8 11092-92-5
Br,O (BrOBr) Bromine oxide 21308-80-5
Br,'®0 (Br'®0Br) Bromine oxide 21364-13-6
Br,O(BrBrO) Bromine oxide 68322-97-4
"Br,0 (Br’*BrO) 151921-01-6
81Br,0 (Br¥'BrO) 151921-02-7
Br,0, (BrOOBr) Bromine peroxide 96028-01-2
Br,0; (OBrOBrO) Bromine oxide 55589-63-4 53809-75-9
Br,0; (BrBrO;) Bromine bromate 152172-79-7
Br;0, (Br(Broy)) Bromine 141438-65-3
perbromate

Br,0, (0,Br-BrO,) Bromine oxide 53723-86-7
Br,0, (0,Br-0-BrO) Bromine oxide 55589-64-5
Br,05 Bromine oxide 58572-43-3
Br,0q Bromine oxide

Br,0; Bromine oxide

Br;04 Bromine oxide 121992-88-C

A secondary formula is intended to suggest the assigned structure. If there
is no secondary formula given, this means that no structure has been deter-
mined for this species, but the atomic ratio is known.
®If no CA Registry Number appears in this column, the species is assumed
not to exist,

cher in 1928) dealt with a study in which, upon mixing bro-
mine and ozone in a flask (no temperature specified), a white
deposit appeared.:Soon thereafter, an explosion destroyed the
apparatus. With such an auspicious debut, further studies of
the bromine reaction with ozone were performed more care-
fully and at lower temperatures (15 °C).

For the time period 1947 to 1961 (the 5th and 6th Collec-
tive Indices), 16 additional articles were indexed in Chemical
Abstracts Services. Again, this work concentrated on the
preparation of condensed phase bromine oxides and was
more definitive as to the exact composition of the compound
formed during a specificd rcaction scheme. In addition, the
absorption spectra and dissociation energy of BrO(g) were
reported, and the enthalpy of formation of BrO,(cr) was
measured.

For the time period 1962 to 1971 (the 7th and 8th Collec-
tive Indices), 37 references were cited. The dominant theme
was the formation of a particular bromine oxide species
through radiolysis. photolysis, or shock waves of solutions of
bromates (BrO. BrO,, BrO;) and EPR studies of
v-irradiated crystalline bromates (BrO, BrO,, BrO;, and
BrO,). There was some additional information on the spec-
troscopic properties of BrO(g), BrO;, and Br,0.
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In the time period of the 9th and 10th Collective Indices
(1972-1981), there was considerable activity in the area of
the study of the reaction and formation of various bromine
oxides. In addition to the spectral studies on BrO(g), BrO,,
BrO;, and Br,O, many were published on the preparation,
structure, and Raman spectra of many of the oxides
(Br,05, Br,O,, Br,0s) in the condensed phases: EPR stud-
ics on BrO, BrO,, BrOy, and BrO, were continued.

For the 11th and 12th Collective Indices (1982-1991),
there were extensive studies of the formation and reaction of
BrO (includinig many dealing with the kinetics) in the tropo-
sphere and stratosphere. Fortunately, there are numerous de-
finitive studies of the spectroscopic properties of the tri-
atomic oxides.

In the past three years there has been experimental studies
in which BrO, and Br,O have been observed in the gas
phase. Additionally, more definitive studies have examined
the crystalline oxides in an attempt to confirm the existence
of some of the higher valence bromine oxides.

In summary, there are no heat capacity, enthalpy, or vapor
pressure studies for any of the bromine oxides. There are a
fcw articlcs which dctail the preparation and rcport decom-
position temperatures for the condensed phases. There is one
direct experimental enthalpy of formation measurement for
BrO,(cr), one enthalpy of formation measurement for
Br,0(g), and one equilibrium study for Br,0(g). The spec-
troscopic properties and dissociation energy for BrO(g) have
been studied adequately, but the complete spectroscopic de-
termination and enthalpy of formation values for any of the
other bromine oxides is lacking. Except for Br,O, not all
vibrational frequencies have been observed for these oxides.
The identification and characterization of the crystalline
phase is not always definitive.

4. Summary of the Data
for the Bromine Oxide Species

4.1 Spectroscopic Information

The construction of thermodynamic tables for polyatomic
gas phase species requires a knowledge of the spectroscopic
constants of the molecule including electronic energy levels
and degeneracies, vibrational frequencies and molecular
structure (including bond angles dnd bond lengths). This in-
formation is necessary for any low-lying excited electronic
states, as well as the ground state. These data are obtained
either from direct spectroscopic measurements, from theory,
or by analogy with other similar chemical compounds. In
some cases, theoretical quantum mechanical calculations are
used. There is some spectral information available on a lim-
ited number of bromine oxides in the condensed phase. Re-
cent gas spectroscopic studies reveal structural and vibra-
tional frequency information for BrOBr and OBrO.
However, relying on information from the fluorine and chlo-
rine oxides. estimates can be made for the structure and spec-
troscopic properties of the asymmetric triatomic oxides.
BrOO(g). and BrBrO(g).
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For diatomic molecules, spectroscopic information on the
electronic energy levels and vibrational-rotational structure
is necessary. Experimental data of these types are available
for BrO(g). Similar information on ClO(g) is available for
comparison.

4.2 Thermodynamic Information

The literature survey revealed little or no information on
the thermodynamic properties of any of the bromine oxides,
except for BrO(g) which was derived from spectroscopic
data. There is a reference for the enthalpy of formation for
BrO,(cr). Although not explicitly cited in Chemical Ab-
stracts, there is a reference for the enthalpy of formation of
BrOs(g). There are, however, numerous citations as to the
thermal stability of the various condensed phase oxides.

For the gas phase species, BrO(g) has dissociation energy
information available so that an enthalpy of formation may
be calculated. Only experimental formation information has
been reported in the literature for Br,O(g), but not for any of
the other gaseous bromine oxides.

There are insufficient data available to permit the calcula-
tion of thermodynamic functions for the condensed phase of
any of the bromine oxides. No heat capacity or enthalpy data
are reported in the literature for any of these oxides. There
are some ambiguous data for the melting of the various con-
densed phase.

5. Discussion of the Literature Data

The information is discussed in terms of the individual
bromine oxide species. This is not to imply that all those
species exist or have been isolated and characterized. For
example, current information suggests that Br,Og, Br,O,
and Br;Og do not exist, whereas compounds such as BrO;
and BrO, have been proposed but have not been isolated.
The proposed existence of the former three was based on a
chemical analysis which is now known to be in error. The
references for each of the following subsections are found in
the References—Annotated Bibliographies (Sec. 9). The
squib notation is used to denote the references. The squib is
formed by taking the last two digits of the year and the first
three letters of the lead two authors,

Early studies, prior to 1960, which deal with the bromine
oxides fall into three categories: (1) the reaction of bromine
with ozone at low temperatures (<< —40 °C), (2) the bromine
sensitized decomposition of ozone, and (3) the reaction of
bromine with HgO. In the former case, depending on the
temperature and relative concentration of the two gases, the
products have been stated to be BriOg, BrO;, Br.Os,
Br,0, and BrO,. all in the condensed phase. However. due
to the instability of these oxides and the lack of definitive
characterization of the crystals, it was not possible to clearly
define the reaction and its products. Reproducibility ap-
peared not to be commonplace. It was also stated that BrO,
decomposed to Br,O as the temperature was raised above
—40 °C, with Br,O, proposed as an intermediate. Since the

J. Phys. Chem. Ref. Data, Vol. 25, No. 4, 1996



1074

actual chemistry is not of prime importance in this article,
and the fact that the characterization of the compounds is not
definitive, these articles will not be discussed or critiqued in
detail in the sections dealing with these six species.

The early studies revealed the presence of condensed
phase products which were stable only at low temperatures,
typically below 15 °C. Three articles by Lewis and co-
workers examined the reaction of ozone and bromine to form
an unstable oxide which they interpreted to be (BryOg),.
Schwarz and co-workers examined reaction schemes which
produced BrO,, Br,O, and Br,0;. Zentl and Rienacher and
Brenschede and Schumacher prepared Br,O by the reaction
of bromine vapor on specially prepared HgO and HgO in
CCl, solution, respectively. As already stated, these reaction
schemes prodnced products which were unstable above ap-
proximately 15 °C. In fact, the species of presumed compo-

sition Br;Og was found to be very unstable, explosively un-

stable. [This compound was later shown to be most likely
BrO;.] These early preparative reports gave no quantitative
information, other than a temperature at which a (presumed)
compound appeared to decompose. The reason for emphasiz-
ing thesc points is that, cven to the present, most rcaction
schemes for any of the bromine oxides still rely on the reac-
tion of bromine gas and ozone in the gas phase or solution.
Isolation and characterization is difficult and has led to am-
biguous results.

5.1 BrO

The references for BrO can be grouped into numerous
categories. Although these categories are somewhat arbi-
trary, the intent is to provide the reader with a general un-
derstanding of the information available. For the purpose of
this article, we will discuss only the spectroscopy, EPR, and
dissociation energy studies; others may not be addressed as
these do not necessarily provide sound thermodynamic infor-
mation.

1. Spectroscopy:
Cross sections -
[88WAH/RAV], {77VOG/DRE]

Microwave -
[69POW/IOH]. [72AMA/YOS]. [74LOV/TIE].
[8OLOE/MIL], [81COH/PIC]

IR -
[78STEV/WALY], [8IMCK], [84BUT/KAW]. [910RL/
BUR]

UV (emission) -
[37VAIL]. [38VAI], [47COL/GAY]

UV (absorption) -
[SOHER]. [58DUR/RAM], [58ZEE]. [80LOE/MIL].
[8IBAR/COH], [85DUI/HUD]

Other -
[72YAN]. [73BYB/SPA], [73PAN/MIT]. [74DHA/
CLE]. [74DHA/CLE2]. [74TIS]. [81DOR/MEH].
[81GRO/LAU]. [85POY/PIC]. [88IGE/STO].
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[89BOW/BOY], [93MON/STT]

2. EPR -
[66CAR/LEV], [67CAR], [67CAR/LEV], [67CAR/
LEV2], [67CAR/LEV3], [67CAR/LEV4], [69CAR],
[70CAR/DYE], [7IMIL], [7IBYF/CAR], [72ADL],
[72BRO/BYF], [75DAL/LIN], [86BYB], [86BYB2]

3. Dissociation energy/IP/EA -
[47COL/GAY], [48GAY], [SOBRE/BRO], [S50HER],
[53BRE], [53GAY], [54COT], [S8BRE], [58DUR/
RAM], [63SCH], [65GLU/MED], [66VED/GUR],
[68GAY], [68WAG/EVA], [69BRE/ROS], [70DAR],
[77GLI}, [77VOG/DRE], [78DUN/DYK], [79HUB/
HER], [81BOH/SEN], [82WAG/EVA], [84SAU/TAT],

[86GIN], [97BAS/GAV], [88IGE/STO], [88SIN].
[88TYK]. [89GUR/VEY]; [92GIL/POL]. [94RUS/
BER]

4. Formation/decomposition/reaction/detection -
[40MUN/SPI], [60BRI/MAT], [60MAT/DOR],
[61GUE/GOU], [62GUE/PAN], [63BUR/NOR],
[64TRE/YAH], [66BUX/DAI], [68BUX/DALI],
[70AMI/TRE], [70TOM/STU], [7IKAU/KOL].

[710SL], [73DIX/PARY], [73PAR/HER], [74CAH/RIL].
[77GIL/GAR], [77TAD/SHI], [78TEV/WAL], [80SEH/
SUD], [8OYUN/PIN], [86BRU/AND], [86KRE/FAB],
[86RAZ/DOD],  [86HIL/MCC],  [89BAR/BEC]
[90SOL], [91ARS/ZIV], [91JAD/LON], [9INEU/
DOR], [91SZA/WOT], [92FAN/JAC], [92MCC/HEN],
[92WAT], [94ARP/JOH], [94COX/COX], [94GAR/

SOL], [94HAU/PLA], [94INO], [94MAR/COR],
[94POM/PIQ], [95FLE/CHA]
5. Kinetics -

[70BRO/BUR], [70CLY/CRU]. [70CLY/CRU2],
[71CLY/CRU], [75CLY/WAT], [75RAD/WHI],
[75WOF/MCE], [76CLY/MON], [76MOI/YUR],
[77CLY/CUR], [77CLY/WAT], [79LEU], [79WAT/
SAN], [SOJAF/MAI], [80MOL/MOL], [80NIC].

[SOSAN], [81CLY/MAC], [81DON/ZEL], [8IMEN/
SAT]. [8IRAY/WAT], [81SAN/RAY], [8ISAN/WAT],
[82ANT]. [82COX/SHE]. [82COX/SHE2], [82FER/
SMI], [83BUT/MOR], [82BAU/COX], [84CLA]
[85BYK/GOR], [86BRU/STI], [86MCE/SAL],
[86MOX], [86SAN], [86TUN/KO], [87ELO/RYN],
[87HIL/CIC], [88BAR/SOL], [88BRU/TOO], [88HIL],
[8S8HIL/CIC]. [88SAL/WOF]. [88SAN/FRI], [88TOO/
AND], [88TOO/BRU], [SOAND/BRU], [89ATK/BAU].
[ROATK/BAU2], [SOAUS/ION], [ROFRI/SAN]. [ROKOY/
ROD], [8OMEL/POU]. [89SAN/FRI], [89SOL/SAN],
[90DAN/CAR], [90PHI], [90POU/LAN], [90POU/
LAN2], [90TUR]. [90TUR/BIR]. [91AND/TOOQ],
[91BAR/BAS]. [91LAN/LAV]. [9IMUR], [91TUR],
[91TUR/BIR]. [92POU/PIR], [92ROS/TIM]. [92WAH/
SCH]. [93BRI/VEY], [93CUR/RAD]. [93MAU/WAH].
[93SAL/WOF1. [93THO/DAY], [93WIN/NIC].
[94CHI/CAR]. [94THO], [94TOU], [94WEN/COH].
[93THO/CRO]
6. Review -

[48GAY], [53GAY].

[SOBRE/BRO].  [53BRE]
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Source BrO 81BrO Comments
58DUR/RAM 0.455 0.472 B determined by plotting vg(j,
: vs (J=2)?
69POW/JOH 04277893 0.4260164 B.g; microwave spectrum
+0.0000037 +0.0000030
T2AMA/YOS 0.4277789 0.4260037 B reported in MHz;
*0.0000017 +0.0000030 microwave spectrum
74TIS 0.4282 0.4264 Review
+0.0005 +0.0005
81COH/PIC 0.42960660 0.42782007 B.(B.3); rotational spectrum
+0.00000013 +0.00000013
8IMCK 0.42960660 0.42782007 B, ; values taken from
+0.00000013 +0.00000013 81COH/PIC; held fixed in this
spectral analysis;
0.426278 0.424510 By values
84BUT/KAU 0.42778722 0.42601182 B.(By); states this values
+0.00000007 =+0.00000007 (from infrared and microwave
data) to be same as that
derived by 81 COH/PIC
910RL/BUR 0.42778706 0.42601176 derived from infrared
*0.00000025 *0.00000011 measurements

[STRAM], [66VED/GUR], [68GAY], [69BRE/ROS],
[70DAR], [74LOE/TIE], [74SCH], [77CLY/CUR],
[79HUB/HER], [84BAU/COX], [84BUR/LAW],
[84SAU/TAT], [89ATK/BAU]

Spectroscopic Information

The microwave data which result in rotational constants
are summarized in Table 5.1.1.

Vaidya [37VAI, 38VAI] assigned a system of bands in the
region 4000-4600 A to the radical BrO. The compound was
obtained in a flame of ethyl bromide burning with oxygen.
Vaidya proposed a provisional vibrational analysis. Coleman
and Gaydon [47COL/GAY] studied the emission of BrO in
flames. A vibrational analysis yielded w%=713 cm~! and

o

wlxi=7 cm™ ', Zeelenberg [S8ZEE], using flash photolysis
techniques with four brominated compounds. observed an
absorption spectra which was attributed to BrO. No vibra-
tional analysis was provided.

Durie and Ramsay [STRAM. 58DUR/RAM] observed the
absorption spectra of Rr() during the flash photolysis of
Br,—O- mixtures. Twenty absorption bands were recorded in
the region 2890-2550 A. Rotational and vibrational analy-
ses were performed. leading to values for ry, and By, as well
as w, and w, X, values. Only approximate rotational constants
were observed:

PBrO  B,=0455cm” ro=1.669 A

SIBrO  By=0472 cm™' r,=1.635 A

Durie and Ramsay adopted a mean value of r4=1.65%£0.02
A. The authors were able to describe the absorption bands in

the same vibrational scheme as used by 47COL/GAY for

emission, with a slight adjustment in the numbering scheme.
The vibrational analysis yielded w,=771.9 cm™! and w,x,
=6.82 cm™ .

Powell and Johnson [69POW/JOH] detected the micro-
wave spectra of the gas phase BrO radical in the ’II;,
ground state. They reported rotational constants Bq("*BrO)
=12824.80+0.11 (0.42779 cm™) and B 4{(*'BrO)
=12771.65%0.09 (0.42602 cmfl). These results are in good
agreement with the EPR measurements which are mentioned
later in this section. )

Using microwave detection techniques, Amano et al.
[72AMA/Y OS] determined the equilibrinm structure and di-
pole moment of the gas phase BrO. They reported B,
(®BrO, °I;,, v=0)=12824.49x0.05 MHz (0.42779
em™!y and B(3'BrO, M55, v=0)=12771.27+0.09 MHz
(0.42600 cm™'). The authors recommended r.=1.7171
+0.0013 A for both isotopic species as derived from B, .

Yanishevskii {72YAN] studied the relationship between
vibrational frequencics and dissociation encrgics. No new
data were presented.

Byberg and Spanget-Larsen [73BYB/SPA] used a modi-
fied extended Huckel method to calculate nuclear quadrupole
coupling constants. No new structural information for BrO
was provided.

Pandey er al. [73PAN/MIT] calculated the mean ampli-
tudes ot vibration of BrO at the temperatures 1'=298.16 and
500 K. The bond and molecular polarizabilities have been
computed using the Lipincott—Stutman A-potential function
model of chemical bonding.

Dhar and Cleveland [74DHA/CLE, 74DHA/CLE2) pre-
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sented calculations relating the Morse-potential energy func-
tion with force constants, vibrational frequencies and disso-
ciation energies. Calculations refer back to the Durie and
Ramsay (1958) study. No new data were provided.

In their review of microwave spectra of diatomic mol-
ecules, Lovas and Tiemann [74LOV/TIE] recommended ro-
tational constants and ground state splitting based on data
from Amano er al. (1972). However, they also referred to the
EPR results of [67CAR/LEV3] and [71BYF/CAR].

Tischer [74TIS] analyzed the X?I1+, spectrum of the BrO
radical by calculating energy eigenvalues of the correspond-
ing Hamiltonian. The author adopted [70CAR/DYE]’s EPR
value of By=04282 cm™! (Br0); By;=0.4264 cm™!
(®'BrO) for the rotational constants and Ap=—815=120
cm™! for the splitting of the two isotopic species (see the
next section). An ry,=1.7205 A ("BrO) value was also
quoted from [70CAR/DYE]. r, values of 1.717 A were like-
wise reported, based on the work of Amano et al. (1972) for
both isotopic species.

Tevault eral. [78TEV/WAL] studied the reaction of
atomic and molecular bromine with atomic and molecular
oxygen in argon matrices (photolysis of bromine and ozone
containing matrices). Several bromine oxygen compounds
were stated to have been formed and identified by infrared
spectroscopy—BrQ, OBrO, BrBrO, BrOBr, and (BrO),. The
authors assigned a very weak absorption at 729.9 cm ~! to
BrO. The force constant calculated from this frequency was
4.18 mdyn/A, a value which was not unexpected on the basis
of the FO and ClO constants of 5.41 and 4.66 mdyn//& re-
spectively, obtained from their argon matrix frequencies. A
reinterpretation of the data yielded w,=751 cm™' and w,x,
=5.0 cm™' for the ground state. The excited state was re-
ported to lie at 27740 cm™ L.

Absorption spectra of BrO were observed from argon ma-
trix samples prepared by microwave discharge of mixtures of
argon, bromine and oxygen by Loewenschuss ef al. [8OLOE/
MIL]. The authors reported an excited state of T,=26363
em™! with w,=514.8 cm™! and w.x,=4.8 cm™!. Vibrational
constants for the gronnd state are m_=743.5 ecm™ ! and m_x,
=6 cm™!. These values result from a reanalysis of earlier
data and the current matrix work of [SOLOE/MIL].

The absorption spectra and rotational analysis of the
ALL-X *L1; state of isotopically enriched ®'BrO and normal
BrO have been obtained by Barnett et al. [81BAR/COH] us-
ing the flash photolysis of mixtures of bromine and ozonized
oxygen. The authors quoted and used [81MCK]'s value of
—968 ¢cm~' as the spin splitting in the ground state. The
lower state rotational constants were taken to be those de-
rived from the microwave study [81COH/PIC]. The rota-
tional constants for the excited state were estimated as: B}
=0.314 em™' and @.=0.0034 cm~'. with an internuclear
distance of 1.95 A. From the analysis of vibrational assign-

ments for BrO. a value for AGY, of 722.1=1.1 cm™' was

obtained. Molecular constant values of w?=730.6 cm™".
w.=516.1 cm™'. and D{=19 694 cm™' were used for the
calculations of the v and v" bands.

Rotational spectrum of the »=0 and | bands and molecu-
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lar parameters of BrO in the %15, state were observed by
Cohen et al. [81COH/PIC]. Rotational constants for the
1, state were determined to be B,,=0.42960133 cm™!
(BrO) and 0.42781482 cm ™! (3'BrO). The values of w,,
=726 cm™' (Br0), 724 cm™! (¥'BrO) and w,x,,=4.92
em™! (Br0), 490 cm ™! (3'BrO) derived from the me-
chanical constants were in good agreement with results ob-
tained by [81BAR/COH], [78TEV/WAL] and [80LOE/
MIL]. An r,, value of 1.717263 A was also determined for
both of the isotopic species.

Doraiswamy and Mehrotra [81DOR/MEH] examined the
collision-induced linewidths of BrO.

Grodzicke et al. [81GRO/LAUT] calculated the dipole mo-
ment of BrO.

Using laser magnetic resonance spectroscopy on three
CO, laser lines, McKellar [81MCK] detected magnetic di-
pole transitions between the IT |, and 15, components of
the ground state of Br(). This was the first direct observation
of the °II,,, state of BrO. A spectrum lying between 964.77
and 969.14 cm™! was recorded for this state. The spin-orbit
splitting parameter A and rotational constants B(%II )
were determined to be —967.9831 cm™' (’’BrO),
~967.9981 cm ™' (*'BrO) and 0.4248 cm™! ("Br0), 0.4230
cm™" (3'BrO), respectively. The author also predicted micro-
wave rotational transition frequencies for the X°IT , state of
BrO.

Butler ef al. [84BUT/KAW] observed the fundamental
vibration-rotation band of the 7BrO and 'BrO radicals in
the 2T15, ground electronic state (700760 cm™") by using
Zeeman-modulated IR diode laser spectrometry. The authors
assigned a 721.92814 cm™! value for the ®'BrO Al-
X711, transition, which agrees well with the 714 cm™" value
estimated by [81COH/PIC] and the 722.1+1.1 cm ™! value
derived by [81BAR/COH] from optical spectra. Rotational
constants B=0.427781964 cm™ ' (7Br0),=0.426006591
cm™! (¥'BrO), harmonic frequency w,=732.89 cm™'
("Br0),=731.37 cm™! (3'BrO), and vibrational anharmo-
nicity w x.=4.74 cm™! ("Br0),=4.72 cm™! (}'BrO) were
calculated. But based on the equilibrium spin-orbit coupling
constant A, , assumed to be independent of isotopic mass, the
“true”’ w,=725.69 and 724.18 cm™! for the two isotopic
species. The A, value of —975.19 cm™" (7*BrO) was based
on the results of [82MAK/LOV] for CIO. The equilibrium
internuclear distance was calculated from rotational con-
stants to be r =1.72072 A for hoth of the isotapic species.

Duignan and Hudgens [85DUI/HUD] reported the reso-
nance enhanced multiphoton ionization spectra of CIO and
BrO free radicals between 415 and 475 nm. BrO showed
three new vibrational progressions starting from transitions
between the X [T, state to Rydberg states with assignments
of E*S (vgp=65003 cm™!), F?S(vy=67470 cm™'), and an
apparently inverted state, G(v,=70504 cm ~1. No doublet
originating from the ground state *IT,,—°IT 3, spin-orbit
splitting was observed. The authors proposed a ground state
vibrational frequency of 714 cm ™!, obtained from the differ-
ence of the hot band at 466.51 nm and the E(0,0) band. This
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TABLE 5.1.2. Rotational and electronic state splitting constants for BrO.

Source Species BO/cm_l Alem™! rO/A
66CAR/LEV BrO
81BrO
70CAR/DYE BrO 0.4282+0.0005 —815+120 1.720°*
81BrO 0.4264+0.0005 —815+120
7IMIL BrO adopted values of [70OCAR/DYE]
72ADL BrO adopted values of [70CAR/DYE]
72BRO/BYF Bro 0.4281 —-980
81BrO 0.4263 —980
81MCK “BrO 0.4278° —967.983(2)
81BrO 0.4260° —967.9981(2)

*Unspecified which BrO isomer ("’BrO or *'BrO) it dealt with.

PThese values are Byg(“TI3p).

value differed from the 722 cm™! value proposed by

[78TEV/WAL, 81BAR/COH, 84BUT/KAW], and the F°S
(0, =822 cm™ "), B2 (w,=897 cm™!), and G*(AG,,, =848
em™') values for the Rydberg states. Values for E*%(w,x,
=2.6 cm™!) were also given.

Poynter and - Pickett [¥5POY/PIC] have created a
computer-accessible catalog of submillimeter, millimeter and
microwave spectral lines which was constructed by using
-theoretical least square fits to the observed spectral lines.

Ground-state properties of the fourth row main group
monohydrides XH and monoxides XO (X=K through Br)
were determined by Igel-Mann ef al. [88IGE/STO] by means
of self-consistent field/configuration interaction (SCE/CI)
calculations. Bond lengths r.=1.741 A (3.29 a.u.), dissocia-
tion energy D,=10646 cm™! (1.32 eV) and vibrational fre-
quency w,=726*10 cm™! were calculated. The authors re-
ferred to the dissociation energy recommended by Huber and
Herzberg (1979).

Wahner et al. [88WAH/RAV] measured the absolute UV
cross section of BrO at 338.1£0.1 nm, the peak of the (7,0)
band of the A’TT— X *I transition. The absorption spectra of
BrO in the wavelength range 312-385 nm were measured at
298%£2 and 223%4 K using a flow tube reaction.

Bowmaker and Boyd [89BOW/BOY] performed a
SCF-MS-Xa study of the bonding and nuclear quadrupole
coupling in oxygen compounds with the halogens. Calcula-
tions were performed using structural information from
[69POW/JOH].

The v=1-0 band of BrO in the XI5, spin state was
measured by Orlando et «l. [910RL/BUR] using high-
resolution Fourier transform absorption spectroscopy. The
values obtained were vy=723.414 (BrO) and v, =721.927
(®'BrO). One hundred and thirty transitions were assigned
and analyzed to determine the band origins and rotational
constants of "*BrO and *'BrO. The BrO line positions were
fit using the same expression as [84BUT/KAW]. The fits
also included the microwave data of [81COI/PIC]. This fit
involved the band origin rotational constant and centrifugal
distortion constant. UV measurements recorded an A°TI-
X 7IT transition of BrO in the region 285-355 nm (28169~
35088 cm '), Rotational constants. B,=0.42778706

("BrO) and B,=0.42601176 (*'BrO) were also obtained.
The molecular constants are in good agreement with those
reported by [84BUT/KAU].

The photoionization spectrum of "°BrO was measured by
Monks e al. [93MON/STI] over the wavelength range
A=108-122 nm (81967-92593 cm™") using a dischargeflow
photoionization mass spectrometry. The structure shown by
the equivalent ¥BrO spectrum was indistinguishable. This is
the first determination of the ionization energy for
BrO(X?II,) to be obtained via direct photoionization thresh-
old measurement, although it had been attempted by Dun-
lavey et al. [TSDUN/DYK] earlier. A vertical excitation en-
ergy for the X— A transition was calculated (using MC-SCF
method) to be 30539 cm™' which compares favorably with
an experimental adiabatic excitation energy 27926 cm™ .
This study also provides calculated values for three other
excited electronic states. The authors quoted the three ex-
cited states of [$5DUI/HUDY]. An r,=1.824 A value was also
proposed.

EPR Information

There are numerous EPR studies involving BrO. These
studies can provide information as to the rotational constant
(to yield an r, value) and the electronic spin orbit splitting
constant (A), and are summarized in Table 5.1.2. In many of
these studies this information has not been provided.

Carrington and co-workers have studied the EPR spectrum
of BrO in the gas phase. In all cases there were difficuliies in
preparing the sample and observing the full spectrum due to
the intensity of O, lines in the same region.

66CAR/LEV - A preliminary EPR study in which techniques
for measurements were given for BrO. Eighteen lines of
the 24 expected were detected, the remaining being ob-
scured by the intense spectrum of O.. The authors were
confident that the spectrum arises from BrO (*I15) in its
lowest rotational level. The data were consistent with Du-
ric and Ramsay’s (1958) calculations for the rotational
constant By =0.45 ("Br0O); =0.47 (3'BrO).

67CAR - A review article of EPR and other forms of micro-
wave spectroscopy in which the BrO spectra was men-
tioned but no data was given.
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67CAR/LEV - Attempted to study the EPR gas phase spectra
of BrO. The relatively weak BrO lines were often ob-
scured by the many intense O, lines which occur in the
same field region.

67CAR/LEV2 - The effects of an electric field on the elec-
tron resonance spectra in the gas-phase were used to mea-
sure the dipole moment of BrO in its electronic ground
state.

67CAR/LEV3 - Examined the EPR spectrum of BrO and
detected double quantum transitions.

67CAR/LEV4 - A gas phase EPR cavity was developed
which allows the application of a parallel Stark field. The
spectra of BrO were observed clearly in the presence of
0,.

69CAR - High-resolution spectroscopic studies of the rota-
tional levels of BrO. The author reviewed his previous
studies involving the 1T 5, electronic state of BrO.

70CAR/DYE - The gas phase EPR spectra of BrO in its
M3, J=3/2 levels were described. The analysis con-
firmed that the radical has a II5;, ground electronic state
(8612.200 MHz). Values of the fine-structure splitting A
=—815+120 cm™! and rotational constant B,=0.4282
+0.0005 cm™" ("’BrO); =0.4264+0.0005 cm ™' (*'BrO)
were obtained. The determination of A as negative
showed conclusively that the ground state was *I15, (an
inverted doublet). The authors favor their values over
those obtained by 5S8DUR/RAM, leading to a calculation
of ry=1.720 A. :

Byfleet et al. [7IBYF/CAR] measured the dipole moment
of BrO using Stark splitting of the molecule’s gas phase
electron resonance spectra.

Miller [7IMIL] reanalyzed the data from electron reso-
nance experiments for BrO and IO. Although he stated that
the splitting of the ground state was anomolously low for IO
and questioned the treatment for BrO. he did not give a new
value for the splitting of the ground state for BrO. Miller
quoted the earlier results tabulated by [7J0CAR/DYE] for the
spin—orbit coupling constant (A=—3815 cm™ Y.

Adl [72ADL] examined the EPR spectrum of gaseous
BrO. He identified as the ground state a “TI electronic state
for the radical where J=3/2, [72ADL] compares and con-
trasts ground and first excited rotational states of BrO, as-
signing the radical a spectra of 8775.5 MHz for both the
ground state (J=3/2) and the excited state (J=5/2). The mo-
lecular parameters presented by [JOCAR/DYE] were used to
calculate the spectra for the J=3/2 and .7=5/2 levels of Br().
No new parameters were presented by Adl.

The EPR spectrum of the gaseous BrO J=5/2 rotational
levels of *IT ground state was observed by Brown er al.
[72BRO/BYF]. A comparison with the results of J=3/2 lev-
els lead to values for corrections. Spectra were recorded at
9720.26 MHz at /=5/2 levels using Stark modulation. This
value. —980 em ™!, is preferred to that of [J0CAR/DYE]
because of the more extensive data in the higher order data
treatment method used by [72BRO/BYF] in comparison with
that used by [70CAR/DYE].

Although secondary references imply that the article by
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[75DAL/LIN] deals with BrO, in fact it examines the EPR of
BrO,, BrO,, and BrOg and is strictly a theoretical study.

Byberg [86BYB] studied the EPR of [XO, O,], X=Br, Cl,
formed from the decomposition of ClO;™ and BrO;~ in solid
KClO,:KBrO;. The main features of the spin Hamiltonian
[BrO, O,] correspond to BrO (°II) in a crystal field, coupled
through an isotropic exchange interaction to O, (32;) to
form a spin—doublet ground state. Hamiltonian values were
given as experimental and calculated values at 26 K. Mo-
lecular hyperfine parameters in MHz for BrO in the gas
phase were also given.

In a subsequent study by Byberg [86BYB2], the prepara-
tion of BrO in the crystal state was examined. The EPR and
x-irradiation of solid KBrO; is shown to produce complex
defects of the composition [BrO, O,]. The EPR spectra of
KBrOs(cr) recorded at 26 K after x-irradiation contained sig-
nals from at least six defects in spin-doublet and ground
state. But the thermal formation of [BrO, O,] in the photo-
lyzed KBrOs(cr) indicated that BrO¥ produced [BrO, O,] by
reaction with a photoinduced precursor R, BrO¥+R
—[BrO, O,]. (See Table 5.1.2.)

The couclusions (0 be drawn from the EPR studies are that
the ground state is 215, (inverted doublet). For comparison,
the laser magnetic resonance study of [81MCK] yielded ro-
tational and spin orbit coupling constants. These values are
included in Table 5.1.2.

Dissociation Energy Studies

There are two experimental spectroscopic studies which
yield dissociation energy values: [47COL/GAY, 38DUR/
RAM]. It is important to note that the excited state dissoci-
ates to Br(*Py5) +O('D>).

1. A linear Birge—Sponer extrapolation of the Coleman
and Gaydon (1947) data gave 17800 cm™! (2.21 eV or
50.9 kcal) for the dissociation energy of the ground
state. Assuming that this extrapolation is high by per-
haps as much as 20% [S3GAY], Coleman and Gaydon
recommended 14240 cm™' (1.7520.3 eV or 40.7 kcal).

. As stated by Durie and Ramsay [S8DUR/RAM]. the
absorption spectrum of BrO was not observed to the
dissociation energy limit. The limit was determined by
extrapolating an equation representing the band heads
and by a graphical Birge—Sponer technique. The limit
was determined to be approximately 35200 cm™!. Sub-
tracting the 'D,— P, excitation energy of the oxygen
atom (15867.862 cm™ "), the dissociation energy is cal-
culated to be 19332200 cm ™' (2.40+0.02 eV or 55.3
kcal/mol). Durie and Ramsay reported the dissociation
energy to be 19330 cm™! whereas the actual calculation
yields 19332 cm™ L.

Table 5.1.3 lists all studies which mention the dissociation
energy of BrO. There are numerous articles which refer to
dissociation studies, some of which simply extract earlier
reported values or calculate them anew, and others which
reassess data from the two experimental spectroscopic stud-
1es listed above.

]
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TABLE 5.1.3. Dissociation energy of BrO (D°).

Source eV kcal/mol kJ/mol Comments

Experimental

47COL/GAY 40.7 170 See discussion

S8DUR/RAM 55.3 231 See discussion

Calculation

77GLIL 50.9 213 Used experimental AH; values to calculate mean bond dissociation
energies; the calculated D, value was derived from a AH; value of
[S3BRE] but this latter value was not reported

88IGE/STO 1.32 127 SCF/CI caiculations of the fourth row main group oxides (for the
oxides K through Br the D, values are consistently underestimated
except for KO); dissociation energy value compared with a 2.45 eV
value presumably from {[79HUB/HER] (This is not what appears in
these authors’ book); bond length r.=1.741 A and vibrational
frequency ©,=726=10 cm ~! were also calculated

Comparisons

77VOG/DRE Used value extracted from [68GAY]

78DUN/DYK Photoelectron spectroscopy study of ionization potential: quotes
dissociation value of {[SSDUR/RAM]

81BOH/SEN Mentioned dissociation energy but did not give a value

84SAU/TAT Adopted value recommended by [79HUB/HER]

88TYK Reported values extracted from existent sources: no new data

92GIL/POL Photoelectron speciroscopic study: no new values given

Re-assignments

SOBRE/BRO No direct values are given

SOHER 22 212 Also refers to 1.75 eV as derived from [47COL/GAY]

53BRE No value given but reference made to an earlier study {S0BRO/BRE]

53GAY 1.8+£0.5 42 176*48 Linear Birge—Spone extrapolation (L.B.X.) (v. 0-7) 2.2 eV, but
signs of negative curvature: analogy with ClO and IO favors high
value; [47COL/GAY]

54COT 2.2 212 Values extracted from [SOHER] and [53GAY] respectively:

1.820.5 176+48 spectroscopic evidence is uncertain; Gaydon's upper limit, which

agrees with [SOHER] LBSX value, is more in accord with
D¢(CIO), but even this seems low

58BRE 51 213 Value reported by Brewer with no explanation as to its origin

63SCH 1.8+0.5 17648 Value extracted from [53GAY]

65GLU/MED 553%0.6 2313 Values based primarily on the study of [SSDUR/RAM]

66VED/GUR 553*0.6 231%3 Extrapolation of ATl levels: assumed dissociation Jimit goes to
Br(*Py,)+0('D); interpretation taken from Gurvich's carly review
(1962)

68GAY 2.40x0.02 552 231 L.B-S.X°II 2.7 eV. Good G.B.-S.A°IL, assuming limit is to
0O('D). 2.40=0.02. [58DUR/RAM]

68WAG/EVA 55.3*+0.6 23]1£3 Results based solely on the work of [SSDUR/RAM]

70DAR 55.2 231 Spectroscopy, adopted [38DUR/RAM)] value:

553x0.6 2313 Extrapolation of A°Il [66VED/GUR]:
55.27 23] Extracted from[65WAG/EVAY )
53.3%0.1 2311 Recommended by [70DAR]

TOHUB/HER 2.39=0.01 220.6x1.0 Taken from ncar convergence of the absorption bands A— X, .
assumes dissociation of A into Br(*Py) —O('Ds)

S2WAG/EVA 35306 231=3 Results based solely on the work of [SSDUR/RAM]

S9GUR/VEY 55.28=0.6 231.3%3 Based on short extrapolation of the fevels in the A-TT; state: awthors
mention three kinetic studies which lead to less accnrate valires

94RUS/BER 55.3=0.6 231=3 Value given at O K: source of value unknown

Clyne and co-workers [77CLY/WAT. 77CLY/CUR] tabu-
lated enthalpy of reaction for reactions involving BrO. The
enthalpy of formation in these calculations was not spccifi-
cally given but was said to have been taken from the best
available information at the time (1976).

We adopt the interpretation of [79HUB/HER] for the dis-
soctation energy of BrO. {See Table 5.1.3.)

5.2. BrO, (OBrO)

All references dealing with BrO, are listed in the foilow-
ing eight categories. This listing is somewhat arbitrary but is
intended to give the reader a purview of the reported data. Of
prime interest for this article are the spectroscopic and bond
dissociation energy studies.

J. Phys. Chem. Ref. Data, Vol. 25, No. 4, 1996
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1. Formation/preparation/decomposition

[37SCH/SCH],  [38SCH/WIE],  [39SCH/JAB],
[39SCH/WIE],  [40MUNY/SPI], [59SCH/JOE],
[62GUE/PAN],  [7ISHE/TUR], = [74SOL/KEI],

[8OJAF/MAI], [83BUT/MOR], [90LEV/OGD]
2. Formation in crystal matrix or solution -

[62BOY/GRA], [68BUX/DAI], [69AMI/CZA],
[69BAR/GIL], [70AMITRE], [710SL], [91SZA/
WOI]

3. BrO, as an intermediate -

[85BEN/KRI], [85STE], [86BEN/KRI, [90SAS/HUI]
4. Reaction -

[53PFL], [55PFL], [72FIE/KOR], [76HER/SCH],

[78FOE/SCH], [80FOE/LAM], [80FOE/LAM?2],
[82FOE/LAM], [82FOE/LAM2], [82FIE/RAG],
[83FIE/RAG], [83FOE/LAM], [85FOE/LAM],
[86HUI/NET], [88NET/HUT], [89FOE/NOS],

[91SZA/WOJ], [94HIE/ROS]

. Enthalpy of formation/bond dissociation encigy -
[51PFL/SCH], [54COT], [66VED/GUR], [68WAG/
EVA] [82WAG/EVA], [89STA], [95SHUI/LAS]

6. Spectroscopy/structure -

[73BYB/SPA], [73PAS/POT], [76PAS/PAV],
[78TEV/WAL], [83BUT/MOR], [89BOW/BOY],
[94RAT/JON], [95MAI/BOT], [9SMUE/MIL]

7. EPR - :

[66CHA/BOY]. [70COL/COS], [71BYB], [72RAO/
SYM], [75BYB/LIN], [75DAL/LIN], [77SAS/RAO],
[79CAR/SAH]

. Review -

[60GEQ], [63SCH/BRA], [72BRI], [84BUR/LAW],
[84JAC], [90JAC], [94JAC]

BrO, was first mentioned in the literature in 1937 [37SCH/
SCH]. Schwarz eral. [37SCH/SCH], [38SCH/WIE],
[39SCH/JAB], [39SCH/WIE] discussed the preparation of
BrO,.

Schwarz and Schmeisser [37SCH/SCH] studied the reac-
tion of bromine with ozone which produced BrO, as a light
vellow solid. This compound did not melt but decomposed
spontaneously to the elements at approximately 0 °C.

Schwarz and Wiele [38SCH/WIE] studied the thermal de-
composition of BrO,. In addition to the formation of the
elements. the authors also detected a white oxide which they
presumed was Br.O; or Br,Og and a dark-brown oxide,
Br.O. Schwarz and Wiele [39SCH/WIE] continued their
study of the thermal decomposition of BrQ,. Their study
showed that BrO, is completely stable at —40 °C, but that
decomposition can be detected manometrically as the tem-
perature is increased. Br,O is stable at —40°C. Again
Br.O; was suggested as one of the decomposition products
of BrO..

Mungen and Spinks [4OMUN/SPI]. in examining the de-
composition of ozone in the presence of bromine, detected
the formation of a number of bromine oxides. including
BrO,.

The remaining studies of the formation of BrO, are based
on variations of these above-mentioned procedures. Solomon

wn
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and Keith [74SOL/KEI| made several attempts to prepare
BrO,, including the glow-discharge method of [37SCH/
SCH]. The techniques used produced bromine oxides of vari-
able composition including BrO,, BrO; and BrO,;; (very
close to Br;Og). Much of this work was reviewed by
[63SCH/BRA] and [72BRI], as well as in the Gmelin series
mentioned in the Introduction.

There are numerous EPR studies. None of these studies
provide any information as to the structure of BrO,.

Chase and Boyd [66CHA/BOY]: radiolysis of crystalline
alkaline earth bromates by cobalt-60 y-ray, suggested that
BrO, was produced and stabilized in the crystal lattice.

Collins er al. [70COL/COS]: irradiated zinc bromate, ex-
perimental evidence suggested the formation of a para-
magnetic center in the crystal which was attributed to
Br Oz .

Byberg [71BYB]: x-ray irradiated KBrO, crystals at 10 or
26 K, spectra interpreted to indicate the existence of
BrO, which then, thermally dissociated to BrO,.

Rao and Symons [72RAO/SYM]: x-ray irradiated crystal-
line bromates, EPR spectra of BrO; in pait based on see-
ing the effects of two isotopes "°Br and ®'Br, both having
I=3/2, proposed a formation route for BrO,, results
stated to differ from the Collins et al. [70COL/COS] data.

Byberg and Linderberg [75BYB/LIN]: x-ray irradiated
perbromate crystals, suggested the formation of a weakly
bound complex of the composition (BrO,20,), no evi-
dence that BrO, existed as a separate entity.

Dalgard and Linderberg [75DAL/LIN]: molecular theory
calculational model for the EPR study of quadrupole and
hyperfine interaction tensors of BrO,, BrO,, and BrOg;
x-ray irradiation of KBrO, led to the formation of the
(BrO, - O,) complex.

Sastry and Rao [77SAS/RAO]: EPR identification of the
formation of BrO, in a vy-irradiated cadmium bromate di-
hydrate.

Carlier et al. [T9CAR/SAH]: EPR of BrO,. spectrum
was similar to that observed by [72RA0O/SYM].

There are a number of spectroscopic studies which pro-
vide vibrational frequencies and structural information.
These are summarized in Table 6.

Byberg er al. [73BYB/SPA], stated that in 1973, no struc-
tural information was available for BrQ, . Modified extended
Huckel theory was used to calculate nuclear quadrupole cou-
pling constants. Comparing calculated values with observed
values helped confirm the geometry of BrO,: C,, symmetry
with a bond length of 1.625 A and a bond angle of 117.6°.
This geometry was that of C1O, with an adjustment for the
presumed differences in BrO and ClO. The nuclear quadru-
pole coupling constants are not as sensitive to the bond angle
as they are to the bond distances. The authors stated that any
reasonable changes will not improve interpretation.

Pascal et al. [73PAS/POT, 76PAS/PAV] indicated that
BrO, exists as Br,O4 with a Br—Br bond. The authors ob-
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Table 6. Polyatomic bromine oxide species: Structure and vibrational frequencies.
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Bond Distance r(A)

Vibrational Frequencies

Source Structure  Br-O 0-0 Br-Br I v, U3 Lomments
BrO, (OBrO)
73BYB/SPA  C,,, 117.6° 1.625 Modified extended Huckel theory used to calculate nuclear
quadrupole coupling constants; calculated values for structure
73PAS/POT Raman specura in crystalline form indicated that BrO, exists as
Br,0, with a Br—-Br bond
78TEV/WAL ~ *110+2° 852 Infrared spectra of the isolated radical in an Ar matrix; *apex angle
determined on identification of v; asymmetric stretch; '*0 isotopic
enrichment experiments used to identify molecules
83BUT/MOR (C,,, 118° 29 Mass spectrometry; discharge-flow system; reaction of O+Br,;
assumed structure (in analogy with OCIO) and calculated rotational
constants
84JAC, 852  Review recommended v; value from Ar matrix study of 78TEV/
90JAC WAL
94JAC
89BOW/BOY C,,, 117.6° 1.625 SCF multiple scattering X-a calculations of the bonding and nuclear
quadrupole coupling in BrO,; adopted geometry of [73BYB/SPA]
0SMAVUBOT C,, O¥BrO O8BrO IR absorption; matrix isolation at 12 K
791-797 842-844
0™BrO 0™BrO
794-799 845-847
9SMUEMIL  C,,, 1144° 1.649 Microwave study, preliminary analysis also supportive of v,
approximately equal to 300 cm ™
BrOO
70CLY/CRU Electronic absorption spectrophotometry in a discharge-flow system
of BrO; formation of BrOO in BrO+BrO-k,— Br+BrOO— Br+0,
disproportionation reaction
T8TEV/ISMA 1487 Infrared spectra of the isolated radical in an argon matrix
TIMIC/PAY 872 100 BEBO calculations, stated to be indeterminate for the bending
frequency; value suggested for v, is consistent with the authors’
kinctic data in the region 200-360 K
83BUT/MOR  C,, 120° 2 1.5 Mass spectrometry; discharge-ftow system; assumed structure (in
analogy with Br—O~O-Br structure suggested by 70CLY/CRU) and
calculated rotational constants
84JAC, 1487 Review recommended », value from Ar matrix study of 78TEV/
90JAC SMA
95MAI/BOT C, Br'%0, IR absorption; matrix isolation at 12 K; the vibrational frequency
1475.5-1484.0 assigned to Br'®0'0 is in fact a mixture of Br'®0"0 and
Br'°0"*0 Br*0'°0
1430-1432.1
BrO; v vy vy vy
S6VEN/SUN Cs,., 89° 1.68 442 800 33 828  References observed Raman frequencies, however it appears adopted
0 frequencies are approximations derived from the ion: bond distance
calculated by Badger’s rule; calculation of force constants
63VEN/RAJ Cs,. . 89° 442 800 35 828  Urey-Bradley potential force field: although the authors refer to
439 806 0 815  observed vibrational frequencies there is no specific reference to
25 thcse  obscrvations; observed and calculated frequencies given
0 respectively: calculation of force constants
64RAO/SYM Cay Vibrational mean square amplitude theory; two totally symmetric

A, and identifies six vibrations. modes; no data provided: two doubly
degenerate E mean square amplitudes calculated

J. Phys. Chem. Ref. Data, Vol. 25, No. 4, 1996
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Bond Distance r(A) Vibrational Frequencies
Source Structure Br-O 0O-O Br-Br V3 vy Comments
70BEG/SUB Cs,.. 114° ESR; formation of BrO; from <y-radiolysis of potassium bromate at
77 K structure identified; magnetic parameters given
72RA0 Cyy Centrifugal distortion constants; classifies the six vibrations as two
totally symmetric A, and two doubly degenerate E modes but no
values were given
74BYB/KIR *c, *ESR crystal study of paramagnetic defects in x-irradiated KBrOs
suggests that the species is BrO; rather than BrO;; KNO; :KBrO;
exhibits the BrO; species with a cylindrical spin Hamiltonjan
analogous to that of ClO;; calculated bond distance based on
ClO,
77LEE/BEN 1.66 EXAFS spectra; prediction of bond length
78THI/MOH Ca,. 89° 1.79 800 442 32 350  Group theoretical method; vibrational frequencies calculated for v,
8 and v, are reversed, the same is true for v; and v, : force constants
are calculated
85BYB Cy,, 1120 157 Values proposed earlier by 74BYB/KIR to account for the spin
Hamiltonian of BrO; in KNO;:KBrOs;
105.5° 156 1.72 1.64 ESR spectra in KC10, :KBrOs ; author proposes a new asymmetric
structure for BrO; with bond distances for (Br-03). (Br-0,) and
(Br-03), respectively
86UMA/RAM Cs, ESR y-irradiation of crystal KBrO; and Sr(BrOs),-H,O; MO
calculations using the CNDO/2 method; NQR experimental values
BrOBr vy vy V3
54ANT/DOJ UYV absorption spectra of Br,O in CCl,; strong absorption band at
2800 A (35714 cm™) )
68CAM/JON Cy. . 113 504 197 587 IR spectra of the crystal Br,O and '®0O-enriched Br,O:spectra most
satisfactorily explained in terms of C,, symmetry; comparisons with
F,0 and CI,O were used in explaining data; force constants were
calculated
72BRI 113° 504 197 583 Review based crystal study by 68CAM/JON; calculation of force
constants
TTPAS/PAV 504 197 390 Raman analysis (species observed in a matrix at 50 °C) corroborates
previous IR studies; assumed the formation of Br,O from
decomposition of Br,0.
7T8PAS 506 592 IR spectra of the crystal Br,O
78TEV/WAL 87° 526.1 504 IR spectra of the isolated radical in an argon matrix; states that the
values assigned by 68CAM/JON for v; and »; are reversed and
questioned the v, reasonableness of the bond angle: 'O isotopic
enrichment experiments used
84BOL/BAL Linear 250 245 800 Extended x-ray absorption spectra of thermally excited vibrations;
frequencies were used to calculate force constants; no preferred
structure was recommended; estimates of the vibrational frequencies
as a furction of bond angles
S4EPVLAR MOVB theory: no data provided
84AC. 526.1 623.4  Review recommended v; and v; values from Ar matrix studies by
90JAC. 78TEV/WAL and 87ALL/POL
94JAC :
87ALL/POL #1137 or 877 526.1 623.4 IR spectra of matrix isolated radical: *bond angle depend on relative
assignment of v, and r;
90LEV/OGD Capo 112220 1.85 3.07 508 595 IR and UV-VIS spectroscopy and bromine k-edge EXAFS of the

J. Phys. Chem. Ref. Data, Vol. 25, No. 4, 1996

solid radical: consistent with the results of 68CAM/JON und 78FPAS
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Bond Distance r(A)

Vibrational Frequencies

Source Structure Br-O 0O-0O Br-Br v vy v Comments

92NOV Cap s 1.80902 Ab initio calculations and an extended basis set; comparable with the

115.69° results of 90LEV/OGD

9SLEE C,,, 112.9°  1.865 512 180 613 Ab initio calculations—CCSD(T)

9SMUE/COH Cyys 1.8429 180 Microwave spectra for three isotopomers

112.24°

BrBrO

T3DIX/PAR 150°. Reaction complex O-Br-Br; plausible triplet ground state at
a=180°, however, an improved approximation might change « to
150°

73PAR/HER Cross-beam experiments involving collision of O atoms with Br
molecules; predicts an O—Br—Br nonlinear complex with a triplet
ground state

T8TEV/WAL 804 <200 236 Infrared spectra of the Ar—Br,—-0; matrix isolated radical: the Br—Br
bending mode are based on comparison with the C1-ClI stretch and
CICIO bending mode of CICIO

80VEL/DUR Cross-beam scattering; stated reactive results are consistent with the
long-lived triplet of the OBrBr complex as suggested by 78TEV/
WAL and 73PAR/HER

82FER/SMI' 3A" Reactive scattering of O atoms with Br,: proposed existence of a
shortlived OBrBr collision complex with a bent configuration and
with a modest E; of approximately 110 kJ/mol; supports the
conclusion of 73PAR/HER:

84JAC, 804 236 Review recommended v, and v, from Ar matrix study by 78TEV/

90JAC, WAL Frontier orbital theory and Lewis electronic structure theory:

94JAC proposed existence of a long-lived intermediate of a cyclic BrBrO
87LOE/AND ) structure

95LEE 113° 1.690 2510 793 215 153 Ab initio calculations—CCSD(T)

Br-0, Br-O 0-0 Br-O

68EDW/GRE Rate law stoichiometry; classified as BrBrO,

70CLY/CRU 120° 1.64 1.5 2.0 Electronic absorption spectrophotometry in a discharge-flow system
of Rr(Q); transition-state theory: a symmetrical planar bent chain
triplet species with a structure (BrOOBr) was assumed; estimated in
comparison with €100CI1

78TEV/WAL IR argon matrix spectroscopy; photolysis; weak bands appeared at
831.7, 830.2, and 760.3 cm™"; identified the most likely structure of
Br,0, as an open chain when the Br-Br bond remains intact (OBr—
BrO), and a (BrOBrO) structure formed by the insertion of an
oxygen atom into the weakened Br—Br bond

84EPI/LAR MOVB theory: reference to this species in table but no data provided

Br,O;

74PAS/PAV Prepared from the thermal decomposition of Br,O,: Raman
absorption and IR spectra; the vibrational spectrum of Br,O; shows
the presence of a BrOBr bond but it was not possible to distinguish
between the two forms (OBrOBrO and BrOBrO,)

TOPAS/PAY C Raman spectra: suggested a (OBrOBrO) structure for Br,O;: some
vibrational frequencies have been assigned to specific vibrational
modes

TTIPAS/PAV Raman spectra; suggested a symmetric structure {OBrOBrO); some
frequencies have been assigned to specific vibrational modes

§7ALL/POL 973.1-1029.6 IR spectra of a crystalline Br,O; in argon matrix: not able to

determine which structure (BrOBrO, or OBrOBrO) existed: the
symmetrical structure was adopted bascd on comparison of Raman

spectra of Br,O; and BryO,

J. Phys. Chem. Ref. Data, Vol. 25, No. 4, 1996
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Bond Distance r(A)

Vibrational Frequencies

Source Structure Br-O O0-O Br-O 12 vy v Comments

93STI Proposed anionic structure of Br*BrO; for Br,0;

Br,Oy

73PAS/POT  C,, or C, 861-882 205 910-919 Raman spectra at —180 °C;

(O,BrBrO,) Br,0, is classified as having a dimeric structure (O,Br-Br0Q,) with
a Br—Br bond

T4PAS/PAV | Raman spectra; suggested structure to be (O,BrBrO,) Raman

(O,BrBrO,) spectra; suggested structure of the two isomers of Br,O, to be

T6PAS/PAV (0,BrBrO,) and (O,BrOBrO); some vibrational frequencies have

(0,BrOBr0) been assigned to specific vibrational modes of the two symmetric
and asymmetric isomers

TIPAS/PAV  C,, or C, Raman spectra; suggested structures (O,BrBrO,) and (O,BrOBrO)

(0,BrOBrO) for the two isomers of B0y ; sowe ficquencies liave been assigned
to specific modes of the symmetric and asymmetric isomers

92GIL/LEV 110%3° Spectroscopic and EXAFS data on solid compound; interatomic

(BrBrO,) distance given

Br,05

7TTPAS/PAV

Based on the Raman spectra and structure of Br,O; and Br,O,, an
1,05 analogous polymer structure is proposed for Br,Os

served the Raman spectra of the crystalline bromine dioxide
at —180 °C in a sealed tube in vacuo. There is no structural
or vibrational information provided directly for BrO,(g), al-
though tentative assignments had been made for the crystal-
line dimer.

Tevault eral. [78TEV/WAL] studied the reaction of
atornic and molecular bromine with atomic and molecular
oxygen in argon matrices (photolysis of bromine and ozone
containing matrices). Several bromine oxygen compounds
were stated to have been formed and identified by infrared
spectroscopy — BrO, OBrO, BrBrO, BrOBr, and (BrO),.
The apex angle of BrO, was calculated to be 110=2° based
on three facts:

1. The proper identification of the symmetric stretching
frequency »; to be 852 cm™!,

2. Observed frequency shifts with the use of %05, and

3. Splitting due to the naturally occurring bromine iso-
topes ("°Br and *'Br).

Bowmaker and Boyd [89BOW/BOY] assumed the BrO,
geometry as suggested by [73BYB/SPA] in performing an
SCF-Xa study of the bonding and nuclear quadrupole cou-
pling in BrO,. Butkovskaya et al. [83BUT/MOR], in their
kinetic studies, proposed a C,, structure with a bond angle of
118° and a bond distance of 2.9 A by analogy with OCIO.
This series was detected by modulated beam mass spectrom-
etry. Magnetic and electric field beam focusing revealed that
OBrO is a paramagnetic molecule with a C,, symmetry.

Jacox [84JAC]. [90JAC], [94JACY, in her reviews, recom-
mended a v;=852 cm”! asymmetric stretch value, based on
the work of [78TEV/WAL].

Rattigan er al. [94RAT/JON] observed a visible absorp-
tion spectrum arising from OBrO in the bromine sensitized
decomposition of ozone. The authors provided spectral evi-
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dence for the A’A,«—X?B, electronic transition. They re-
ported vgg0= 16178 cm™" and approximate vibrational fre-
quencies for the excited state (»;=600 cm ~! and v,=200
cm_l).

Preliminary results of a microwave study of OBrO(g) by
Mueller et al. [95MUE/MIL] suggested a bent structure,
r(Br-0)=1.649 A and <(OBrO)=114.4°. They also ob-
served the v, and 2v, states, but the relative intensities were
not measured. Results are consistent with a v, value of ap-
proximately 300 cm 71,

Maier and Bothur [95MAI/BOT] studied the flash pho-
tolysis of a gas mixture containing bromine, oxygen and ar-
gon. BrO, was formed by the matrix irradiation of BrOO.
The IR absorption of two isomers (O%'BrO and O°BrO) was
observed at three different concentration ratios of Bry/
O,/Ar and values for v, and v; were assigned.

Pflugmacher er al. [51PFL/SCH] experimentally measured
the enthalpy of formation of BrO, (cr). The value reported
was —12.520.7 kcal whicly, in fact, refers w the decoinpo-
sition heat. The formation reaction is the reverse of what was
measured. Wagman ef al. [68WAG/EVA], [82WAG/EVA],
in their reviews, assumed that the measured value referred to
the energy of the reaction (not the enthalpy) and corrected
the value for a A(pv) term, adjusted the value from —45 °C
to 25 °C, thus resulting in a value of 11.6 kcal/mol for the
enthalpy of formation of BrO,(cr). Glushko and Medvedev
(1965) adopted 12.5 kcal/mol as the enthalpy of formation.

Cottrell [54COT] reported D(O-BrO) = 70 10 kcal/mol.
(This converts to Ag=87.3 kJ/mol.) This value was based
on the enthalpy of formation of BrO(cr) reported by
[51PFL/SCH] and Dy(BrO)=2.25 ¢V or 50 kcal/mol. Cot-
trell expressed doubt as to the validity of this value based on
comparison with ClO,. The enthalpy of dissociation re-
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ported by [66VED/GUR] is AH(298) = 70 kcal/mol for the
reaction BrO,— BrO+O. This is an estimated value based on
the work by Cottrell (1954). In contrast Huie [9SHUVLAS]
has estimated the ethalpy of formation of OBrO(g) in the
following manner. According to Stanbury [89STAN], the en-
thalpy of formation of OBrO in the gas phase can be esti-
mated from the value of AG%=144 kJ mol ™! in the aqueous
phase by comparison with the gas and aqueous phase values
for OCIO. Taking AG®=120.5 kJ mol ! for OCIO(g) and
AG°=117.6 kJ mol™! for OClO(ag) [Wagman, 1968] and
assuming the same ratio applies for OBrO, we obtain
AG°=148.0 kJ mol™' for OBrO(g) and AH®=130
kJ mol ™.

5.3. BrO, (BrOO)

All references dealing with BrOO are listed in the follow-
ing four categories. This listing is somewhat arbitrary but is
intended to give the reader a purview of the data. The struc-
ture and vibrational frequencies of this molecule are summa-
rized in Table 6.

1. Formation as an intermediate in kinetic schemes -

[69IP/BUR], [70BLA/BRO], [70CLY/CRU],
[77CLY/CUR], [S8O0JAF/MAI], [81SAN/WAT],
[83BUT/MOR], [86SAN], [88TOO/BRU], [93MAU/
WAH]

2. Reviews -
[77CLY/CUR], [84BUR/LAW], [84JAC], [90JAC],
[94]AC]

3. Spectroscopy/structure -
[70CLY/CRU], [78TEV/SMA], - [7T9MIC/PAY],

[83BUT/MOR], [95MAI/BOT]
4. Enthalpy of formation/ dissociation energy -

[69IP/BUR],  [70BLA/BRO],  [70CLY/CRU],
[8ISAN/WAT], [83BUT/MOR], [88TOO/BRU]J,
[95HUVLAS]

Butkovskaya et al. [83BUT/MORY], in their kinetic studies,
proposed a C; structurc with a bond angle Br—O-0O—120°
and bond distances of HBr-0)=2 A and H0-0)=15 A.
[83BUT/MOR] referred to the [70CLY/CRU] study to aid in
estimating a structure for BrOO.

Michael and Payne [79MIC/PAY] discussed a calcula-
tional approach (BEBO) in which they determined v, =872
em™ ', Although this method was stated to be indeterminate
for the bending frequency. the authors did suggest that a
value of ¥»=100 cm™! was consistent with their kinetic data
in the region of 200-360 K.

Jacox [84JAC]. [90JAC]. [94JAC] reviewed the spectro-
scopic properties of BrOO: the sole reference being the spec-
troscopic work by Tevault and Smardzewski [78TEV/SMA]
on the infrared spectrum of the Ar matrix isolated radical.
The measurement provided an O-O stretching frequency of
1487 cm™!. There are no gas phase studies which character-
ize this molecule.

Maier and Bothur [935MAI/BOT] studied the flash pho-
tolysis of a gas mixture containing bromine, oxygen and ar-
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gon. BrOO was produced by this process. The IR absorption
of three isomers (Br'°0'®0, Br'®0 0, and Br'°0,) was ob-
served and values for v, were assigned.

A number of authors have cited an enthalpy of formation
[81SAN/WATY; [88TOO/BRU] or a bond dissociation en-
ergy [70CLY/CRU], [83BUT/MOR], [95HUI/LAS] for
BrOO. However, all of these studies are based on the work
by Blake ef al. [70BLA/BRO].

Ip and Burns [69IP/BUR] determined the recombination
rate constants of bromine atoms in the presence of six dif-
ferent third bodies (helium, neon, argon, krypton, oxygen
and nitrogen) over the temperature range of 300 and 1273 K.
The authors refer to two earlier studies: Rabinowitch and
Wood [36RAB/WOO] and Strong eral [57STR/CHI].
Based on these data, Blake et al. [70BLA/BRO] calculated
interaction potentials between atomic bromine, oxygen and
an inert third body (such as a rare gas). A value was given
for Br-0,. BrOO was thought to be unstable with a bond
energy (Br—OO) of approximately 1 kcal/mol which trans-
lated to an enthalpy of formation of 108 kJ/mol.

5.4. BrO;

The articles pertaining to BrO; may be classified as fol-
lows.

1. Formation/preparation -
[28LEW/SCH], [29LEW/SCH], [29LEW/SCH2],
[30LEW/SCH], [38CSH/WIE], [39SCH/WIE],
[40MUN/SPI], [53PFL], [55PFL], [55PFL/RAB],
[58ARV/AYM], [S9ARV/AYM], [59PFL], [59SCH],

[60BRI/MAT], [62GUE/PAN], [74SOL/KEI],
[82MUK/KHI]

2. Radiolysis -
[60OMAT/DOR], [62BOY/GRA], [70AMI/TRE],
[70BEG/SUB], [71SER/ZAK]

3. Spectruscopy/suuctuie -
[S6VEN/SUN], [63VEN/RAJ], [64RAO/SAN].

[72RAO], [77LEE/BEN], [78THI/MOH], [84SAS/
RAO], [85BYB]. [86UMA/RAM]

4. EPR -
[70BEG/SUB], [71SER/ZAK], [72RA0/SYM],
[74BYB/KIR], [85BYB] )
5. Review -
[34BRA], [60GEO], [63SCH/BRA], [80KOL],
[84]JAC]

6. Enthalpy of formation - [48FAR/KLE]

Early work refers to the formation in the condensed phase
of the trioxide (or its dimer, the hexoxide).

There is no confirmatory information as to the proper
characterization. There are many articles dealing with the
formation or reaction of BrO,. Pflugmacher ef al. [SSPEL/
RAB] studied the reaction of bromine with excess O, in a
glow discliarge at O °C. BrO3 was claimed to be the product.
Although the ratio was 1:3, it is not clear that the product
was BrO;. The compound formed was claimed to decom-
pose above —70°C. Also, the method of Lewis and Schu-
macher [29LEW/SCH], in which the reaction of bromine
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with ozone was claimed to produce Br;Og, was reproduced
here with a larger excess of ozone and yielded BrO; (in the
condensed phase). _

Arvia et al. [S9ARV/AYM] studied the thermal reaction
between bromine and ozone. Under different conditions, they
observed BryOs and Br;Og. The authors specifically stated
that BrO; or Br,Og4 was not observed, contrary to the result
of Pflugmacher. Pflugmacher [59PFL] and Schumacher
[59SCH] responded to this article and further discussed pos-
sible interpretations of the results.

Solomon and Keith [74SOL/KEI] made several attempts
to prepare BrO,, including the glow-discharge method of
[37SCH/SCH]. The techniques used produced bromine ox-
ides of variable composition including BrO,, BrO;, and
BrO, 5 (very close to Br;Og).

EPR studies often provide information as to the structure
of the molecule and the nature of the electronic ground state.
In the case of BrOs, the EPR studies were consistent with a
Cj, symmetry but there was no definitive evidence w0 con-
firm this.

BrO; was produced by the y-radiolysis of KBrOj; at 77 K
[70BEG/SUB]. From the EPR measurements of BrO; and an
assumed Cs, symmetry, they calculated the bond angle to be
114°."The structure was distorted in the crystalline environ-
ment. The authors stated that the radical must be distorted
from C;, symmetry presumably because of an asymmetric
environment of the potassium ions around the oxygen atoms
of BrO;. Similar results were reported in 1985 by Byberg
[85BYB]. in which the author reported that the BrO; radical
had C;, symmetry but some distortion might occur due to
the nature of the host crystal. He discussed a bond angle of
112° and a bond length of 1.57 A. The other studies provide
no additional information.

The spectroscopic articles for the gas phase radical in-
volved force field calculations of pyramidal XY type mol-
ecules [S6VEN/SUN, 63VEN/RAJ, 64RA0/SAN, 72RAO,
78THI/MOH]. Contrary to the implications of these five ar-
ticles, there was no observed structural information nor was
there any observed vibrational information. Upon examina-
tion of the earlier literature cited by these authors, vibrational
frequency information was found for BrO; in a crystalline
environment. Two of the four vibrational frequencies
matched exacly with those reported for BrO; . These ar-
ticles have assumed a pyramidal structure with an O-Br-O
angle of 89° (the same angle was used for the chlorine. bro-
mine. and iodine trioxides): a bond distance Br—0O of 1.68 A
(from Badger’s rule). and vibrational frequencies (in cm™")
of r)=442 [A]. v»=800 [A,]. v;=350 [E]. and »,=828
[E]. .

Two additional studies provide insight into the structure of
BrO;. Electric field gradients at the halogen site in XO5 and
XO?f radicals (X=Cl. Br). formed by the y-irradiation of
single crystals  of NaClO;, KCIO;. KBrO:; and
St(BrOs)>-H,0 have been evaluated by MO calculations us-
ing the CNDO/2 method. The symmetry of the XOj; radicals
was asstmed to be that of XO; ions which have C;, sym-
metry [S6UMA/RAM]. Lee and Beni [77LEE/BENT. in their
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calculation of atomic phase shifts (as applied to extended
x-ray absorption and fine structure in molecules and crystals)
predicted a Br-O bond length of 1.66 A in solution. No
other information of BrO; was provided.

There is no reported information as to the experimental
determination of the enthalpy of formation of this radical.
There is a calculated value reported by [48FAR/KLE] of
+23 kcal/mol. Although the authors, Farkas and Klein,
stated that they calculated the enthalpy of formation of BrO;
the formula given was BrOj .

5.5. BrO,

It is important to note that this oxide has not been isolated.
There is no thermodynamic information and no spectro
scopic information.

BrO, has been proposed to be formed:

(1) As a weak adduct, BrO-0,, in the dicproportionation
of BrO [90TUR/BIR] '

(2) In the %%Co y-irradiation of an acidic aqueous glass
containing perbromate ions [75GIN/SYM]

(3) In the X-irradiation ot KBrQ, crystals [71BYB]

(4) As a complex (BrO,-0,) during the X-irradiation of
KBrO, (calculational model and EPR study) [75DAL/
LIN]

(5) By the X-irradiation of KCIO, single crystals doped
with KBrO, [85BJE/BYB]

(6) During the X-irradiation of KBrOy single crystals in
which a weakly bound complex (BrO,-20,) was
formed which decayed to BrO, [75BYB/LIN].

5.6. Br,O (BrOBr)

All references dealing with Br,O are listed in the follow-
ing six categories. Of prime interest are the spectroscopic
studies and the enthalpy of formation calculation. The struc-
ture and vibrational frequencies of this molecule are summa-
rized in Table 6. Br,O has been experimentally studied in
condensed media and in the gas phase.

1. Preparation/decomposition -
[30ZIN/RIE], [31LEW/FEI], [35BRE/SCH].
[36BRE/SCH],  [38SCH/WIE], [39SCH/WIE],
[40MUNY/SPI], [61GUE/GOU], [62GUE/PAN]

2. Review -
[34RRA]. [A0GEO] [63SCH/RRA], [77RRI].
[84BUR/LAW], [84JAC]. [90JAC]. [94JAC]

3. Reaction -
[47KLA/BOL], [53KAN], [69JEN/ZIE], [72BUN],
[72BUB2], [T60DY/NEC], [79MIT], [89FLE/SWA],
[87SWA/FLE], [94DNE/ELI], [95HEU/HAN]

4. Spectroscopy/structure -
(In solution) -[54ANB/DOS]

(In crystal) - [68CAM/ION], [77PAS/PAV].
[90LEV/OGD]
(In  matrix) - [78TEV/WAL]. [87ALL/POL].
[90LEV/OGD]
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(In gas) - [73PAR/HER], [84BOL/BAL], [84EPl/
LAR], [92NOV], [95LEE], [95MUE/COH], [950RL/
BUR]
6. Enthalpy of formation -
[92NOV], [95LEE], [950RL/BUR], [95THO/MON]}
5. Physical properties (viscosity, thermal conductivity) -
[62SVE] ' ‘
6. Misclassified (should be BrO) -
[66CAR/LEV]

The earliest studies dealing with the preparation of Br,O
are based on work by [30ZIN/RIE], [3ILEW/FEI], and
[35BRE/SCH].

In a review article, Brady [34BRA] stated that Zintl and
Rienacker [30ZIN/RIE] obtained small quantities of a vola-
tile oxide, perhaps Br,O, by two methods; (1) by passing
bromine vapor over a specially prepared HgO at 50-60 °C,
and (2) by mixing bromine vapor with ozone under reduced
pressure at 0 °C. A subsequent study by Brenschede and
Schumacher [35BRE/SCH] examined the reaction between
HgO and bromine in a carbon tetrachloride solution. The
method of preparation is given. as well as the self decompo-
sition and the reaction with carbon tetrachloride in light [the
same reaction occurred in dark in a few days]. The decom-
position in light was presumed to be Br,O—Br,+1/20, and
Br,O+CCl,—COCl,+Br,+Cl,. A subsequent study by the
same authors [36BRE/SCH] examined the same formation
.reaction. In addition, they studied the extinction curve of
Br,O dissolved in CCly and the thermal and photochemical
decomposition.

Schwarz and Wiele [38SCH/WIE] studied the thermal de-
composition of BrO,. In addition to the formation of the
elements. the authors also detected a white oxide which they
presumed was Br,O; or Br.Og and a dark-brown oxide,
Br,O. Schwarz and Wiele [39SCH/WIE] continued their
study of the thermal decomposition of BrO,. Their study
showed that BrO, is completely stable at —40 °C. but that
decomposition can be detected manometrically. BrO, sub-

" limes with extensive decomposition. melting in dry air at
approximately —17.5 °C. Br-O is stable at 40 °C. Again
Br O, was suggested as one of the decomposition products
of BrO,. :

Lewis and Feitknecht [3ILEW/FEIL], in examining the de-
composition of ozone in the presence of bromine, detected
the formation of a number of oxides. but not Br,O. The
specific oxide formed was not identified. The remaining
studies dealing with the formation of Br.O are based on
variations of these procedures. All studies involving the for-
mation. preparation and decomposition of Br,O are reviewed
by [34BRA]. [63SCH/BRA] and [72BRI]. as well as in the
Gmelin series discussed in the Introduction.

Anthar and Dostrovsky [S4ANT/DOS] measured the ultra-
violet absorption spectra of Br.O in CCl,. A strong absorp-
tion bund was obscrved at 2800 A {35714 em™ ).

Parrish and Herschbach [73PAR/HER] observed. in their
cross beam experiments. that the reaction of O(°P) with
Bro('X]) vielded BrOt-ITi+Br("P). The authors stated that

this reaction occurred “"via a persistent collision complex
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with large reaction yield and no activation energy, but the
known, stable Br,O molecule does not correlate with the
reactants.”

The IR spectra of the solid was most satisfactorily ex-
plained [68CAM/JON] in terms of a bent triatomic molecule
with C,, symmetry and a v,=504 em™!, »,=197 cm™!, and
v3=>587 cm™!. The assumed bond angle was 113°.

Pascal ef al. [77PAS/PAV] assumed that Br,O was formed
from the decomposition of Br,O;. The authors observed the
symmetric stretch of Br,O to be 504 cm™!, the asymmetric
stretch, 590 cm™!, and assumed the bend to be 197 cm™".
The Raman analysis of Br,O corroborated the previous in-
frared work by Campbell et al. In a later study, Pascal
[78PAS] reported ;=506 cm™! and »;=592 cm ™' values.

The rcsults of Tevault ef al. [7STEV/WAL]J arc in contrast
to those observed by Campbell e al. [68CAM/JON]. It ap-
pears that these authors assigned v, a value of 526.1 cm™!
and they implied that the assignments of v, and v; by
[68CAM/ION] are reversed. Using Tevault's value of v, a
minimum value of 87° was calculated for the bond angle.

Bolander and Baldeschwieler [84BOL/BAL] examined the
dependence of the extended x-ray absorption fine stiucture,
amplitude, and phase on thermally excited vibrations. The
model system the authors studied was Br,O. They assumed
the symmetric stretch and bend occurred at 250 and 245
em™! in the linear structure, while the asymmetric stretch
occurred at 800 cm™". These assumed frequencies were used
to calculate force constants which were then assumed to be
independent of the geometry of the molecule. No experimen-
tal data were referred to and no preferred structure was rec-
ommended. This article provided estimates of the vibrational
frequencies as a function of bond angles.

Epiotis ef al. [84EPI/LAR]. using a MOVB theory, re-
ferred to Br,O in a table but provided no information.

Allen et al. [87ALL/POL] studied the IR spectra of matrix
isolated Br,U and assigned v to be 623.4 cm ' and v, to be
526.1 cm™'. The authors referred to a bond angle of 113° or
87° based on the v; isotopic shift information.

Levason er al. [90LEV/OGD] studied Br,O (cr) by infra-
red and UV-VIS spectroscopy and bromine K-edge extended
x-ray absorption fine structure (EXFAS). This is the first
definitive structural analysis study for the bromine oxides
(Br,Os was definitively analyzed at a later date by others).
The authors’ results are consistent with the IR spectra of
Br,O obtained by Campbell er al. [68CAM/JON]. the 0O
results which demonstrated that solid Br.O is molecular. and
with experiments by Pascal [78PAS] who reported v,=306
em™ and v3=592 cm”!. The data were consistent with
C».symmetry and a bond angle (Br—O-Br) of 112+2° and
bond distance #Br—=0}=1.85 A.

With the aid of ab initio calculations and an extended
basis set. Novak [92NOV] calculated a C,, geometry with
rBr-0)=1.80902 A and a bond angle of 115.69%. This cal-
culation yielded a shorter bond distance but a larger bond
angle than the work of [9OLEV/OGD] and was stated to be
due to the exclusion of electron correlation in the calculation.

Jacox [84JACT. [90JAC]. [94JAC]. in her reviews. recomni-
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mended an a; symmetric stretch of 526.1 cm ™! (Ar) based on
the studies by [78TEV/WAL, 87ALL/POL], and a v; asym-
metric stretch of 623.4 cm™! (Ar) based on the work by
[90LEV/OGDY]. Jacox did not report a value for v,.

Lee [95LEE], using ab initio techniques, calculated the
equilibrium structure and harmonic vibrational frequencies
of Br,O. The results suggested a C,, symmetry with a bond
angle of 112.9° and a bond distance of 1.865 A.

Mueller and Cohen [95MUE/COH], from the microwave
spectra of three isotopomers of BrOBr(g), determined
ro=1.8429 A and a bond angle of 112.24°. Their study im-
plied v,=180+5 cm™'.

Novak [92NOV] estimated the enthalpy of formation,
A¢H°(Br,0, 0 K)=83% 8 kJ/mol from a sum of bond enthal-
pies that were deduced from the data of H,O and HOBr. The
enthalpy of formation corresponds to A, H°(0 K)=399.6 kJ/
mol or an average bond dissociation energy of roughly 200
kJ/mol. The author did not specify the temperature; we as-
sutne T/K—0.

Orlando and Burkholder [950RL/BUR] recorded the UV/
visible absorption spectra and observed maxima near 200 nm
and 314 nm. They also determined the equilibrium constant
for the reaction Br,0+H,0—2HOBr, K=0.02. Using auxil-
iary data, [950RL/BUR] derived AH(Br,0, 298 K)
=138 kJ/mol. '

Thorn et al. [95THO/MON] quoted the enthalpy of forma-
tion value derived by [950RL/BUR] to encompass the range
of 113-159 kJ/mol. From a study of the photoionization ef-
ficiency spectrum of Br,0, along with the ionization energy
and the appearance energy of BrO¥, the authors derived
AHBrO, 298 K)=107.1 kJ/mol and AH(Br,0, 0 K)
=124.1 kJ/mol. The uncertainty was estimated to be *=3.5
kJ/mol.

Lee [95LEE], using the CCSD(T) electron correlation
method in conjunction with the basis set of triple zeta double
polarized (TZ2P) quality, calculated the enthalpy of forma-
tion of Br,O. The author reported a value of 33 kcal/mol at 0
K (138 kJ/mol). :

5.7. Br,O (BrBrO)

There are no gas phase spectroscopic studies on this mol-
ecule. All experimental work is in the condensed phase???:
pure solid and isolated-in an argon matrix. The reviews by
Jacox [84JAC]. [90JAC], [94JAC] summarized these Struc-
tural and spectroscopic studies in which two of the three
vibrations have been observed. The structure and vibrational
frequencies of this molecule are summarized in Table 6.

There are numerous articles which provide specific spec-
troscopic information:

(1) Reaction complex OBrBr follows the O+ Br, reaction -

[73DIX/PAR]. [73PAR/HER]
{2) Infrared spectra in an argon matrix [78TEV/WAL]
(3) Structure in an argon matrix [80VEL/DUR], [82FER/
SMI]. [87LOE/AND]

(4) Reactive scattering of oxygen atoms with chlorine

molecules: observed results which are consistent with
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OCICI with a 3TI symmetry when colinear and A’
symmetry when bent. Browett et al. [81BRO/HOB]
referred to the analogous O-X-X study as described
by [78TEV/WAL] and [73PAR/HER]

(5) The vibrational frequency information (v, v;) was
reviewed by Jacox [84JAC], [90JAC], [94JAC] and
was based on the data reported by [78TEV/WAL]

(6) [93SCH/ABD] used Fourier transform infrared (FTIR)
techniques to study BrBrO in an argon matrix; their
observations supported the conclusions of Tevault
et al. [TSTEV/WAL]

(7) Burdett et al. [SB4BUR/LAW], in a review, discussed
the stability and spectroscopic properties of BrBrO but
referred back to the work of [7RTEV/WAL] as the
only source of information

(8) Lee [95LEE], using ab initio techniques, calculated the
equilibrium structure and harmonic vibrational fre-
quencies of BrBrO.

In examining cross beam experiments involving the colli-
sion of O atoms with bromine molecules. Parrish and co-
workers [73DIX/PAR, 73PAR/HER] proposed the existence
of an asymmetric OBrBr complex with the possibility of a
rather substantial bond angle, 150 °C. However, neither of
the two 1973 studies [73DIX/PAR, 73PAR/HER] provided
definitive structural information. The kinetic studies sug-
gested a triplet electronic ground state.

Tevault er al. [78TEV/WAL] studied the reaction of
atomic and molecular bromine with atomic and molecular
oxygen in argon matrices (photolysis of bromine and ozone
containing matrices). Several bromine oxygen compounds
were stated to have been formed and identified by infrared
spectroscopy—BrO, OBrO, BrBrO, BrOBr, and (BrO),. The
authors observed the spectra of BrBrO in a photolyzed
Ar-Br,—O; matrix. The assignments were assumed to be
v,=804 cm™! (Br-O stretch), ;=236 cm™' (Br-Br stretch)
and the v, value (the bending mode) was expected to be
below 200 cm ™.

Veltman ef al. [SOVEL/DUR] stated that reactive scatter-
ing results were consistent with the long-lived triplet of the
OBrBr configuration suggested by | 78TEV/WAL].

Fernie et al. [82FER/SMI] proposed the existence of a
short-lived OB1Br collision complex with a bent configura-
tion and *A” symmetry with a modest well of an E approxi-
mately 110 kJ/mol.

Loewenstein and Anderson [87LOE/AND] proposed the
existence of a long-lived intermediate of a cyclic BrBrO
structure.

Jacox [84JAC], [90JAC]. [94JAC], in her reviews, recom-
mended an a’ BrO stretch value, in argon matrix, of 804
em™! and a BrBr stretch value. in argon matrix, of 236
cm™'. based on the study by [78STEV/WAL]. Lee [95LEE],
using ab initio techniques, calculated an enthalpy of forma-
tion at 0 K of 47.4 kcal/mol (198.3 kJ/mol).
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5.8. Bl'2 [02]

This oxide has been proposed as an activated complex to
aid in the description of kinetic processes. Although the ma-
jority of experimental studies which refer to Br,0, were in
aqueous solutions, there were some gas phase studies. In
addition, there were two spectroscopic studies in which an
absorption was attributed to Br,O,. Tevault er al. {78TEV/
WAL] tentatively identified a molecule as (BrQ), through
oxygen-18 isotopic enrichment experiments in argon matri-
ces. They suggested that the most likely structures were an
open chain such as OBr—BrO and BrOBrO. Mauldin ef al.
[93MAU/WAH], in their study of the self-reaction of the
BrO radical, attributed an absorption structure to Br,O,, but
assumed a Br—O-O-Br structure.

Epiolis er al. [84EPV/LAS] listed this species in tables
(with many related molecules), but there were no structural
data provided. The article implied that calculations could
have been made on this species, but there was absolutely no
mention of this species in their discussion.

The pertinent articles may be grouped as follows:

1. Proposed intermediate in aqueous solution -
[30BRA], [34SKR), [52EDW], [58SIG], [68BUK/
DAI}], [68EDW/GRE), [72FIE/KOR], [73SOK/
DOR], [76HER/SCH], [78ROV/ZHA], [79NOS/
BOD}, [86THO]

2. Proposed as intermediate in gas phase reaction sys-

tems -

[70BRO/BUR], (70CLY/CRU], [SOJAF/MAL],
[81SAN/WAT], [83BUT/MORY], [86SAN], [90TUR/
BIR}, [93MAU/WAH]

3. Proposed structure -
{30BRAJ: BrOOBr or OBIBrO (possible) -
[52EDW]: Donor-acceptor intermediate BrBrO,
[66SPR/PIM]: Calculation, BrOOBr (staggered or
trapezoidal)
[68EDW/GRE}: BrBrO,
[70CLY/CRU]: Symmetric planar bent BrOOBr
(120°)
[73SOK/DOR}: BrOOBr
[78TEV/WAL): Possibly OBr-BrO or BrOBrO
[BOJAF/MAL]: Possibly staggered or trapezoidal
(Br-0O-O-Br)
[81SAN/WAT]: Trapezoidal (Br-O-O-Br)
{86THO]: BrOOBr
[90TUR/BIR]: BrOOBr
{93MAU/WAHT: BrOOBr

4. Spectroscopy -
{78TEV/WAL], [93MAU/WAH]

5.9. Br,0, (OBrOBrO)
The citations listed in the bibliography for Br,O can be
classified as follows:

1. Dissertations (full copy not available at this time) -
[66CAM], [78PAS], [83ALL]
2. Formation with crystal characterization -
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[74PAS/PAV),
[94LEO/SEP]
3. Comment/formation without characterization -
[87ALL/POL]
4. Patent (labricants) -
[84STE]

The status of the characterization of solid Br,O; is best
summarized by statements provided by Allen et al. [87ALL/
POL]: ““There has also been considerable work on the vibra-
tional spectra of the solid higher oxides of bromine (Br,0;,
Br,O,), but structural conclusions had to be somewhat ten-
tative.”” Pascal et al. [TAPAS/PAV] prepared Br,0; by the
thermal decomposition of Br,O,4. The authors stated that the
vibrational spectrum of Br,O; shows the presence of a
BrOBr bond, but that it was not possible to distinguish be-
tween structural possibilities: OBrOBrO and BrOBrO,.
Chemical analysis established the stoichiometry. Br,O; was
said to be a stable intermediate in the decomposition of
Br,0, to Br,0. A subsequent study {76PAS/PAV], using Ra-
man spectra, indicated that the structure was OBrOBrO. At a
conference, these same authors [77PAS/PAV] summarized
their work by discussing the synthesis of the two isomers of
Br,04, Bry05, and Br,O in a Raman tube and the spectra
obtained at 93 K. The stepwise decomposition of Br,O,4 to
Br,0 was presented and vibrational frequencies assigned. In
summary, analysis of the vibrational spectra of the crystal-
line phase by Pascal ef al. [T6PAS/PAV, 77PAS/PAV] of the
various possible isomers of Br,O, and Br,Oy, suggested that
Br,0; has the structure (OBrOBrO) and that the two Br,0,
isomers have the structure (O,BrBrO,) and (O,BrOBrO).

Leopold and Seppelt [94LEO/SEP] stated that because of
the similarity of Raman spectra, the Br,0O, identified by
[74PAS/PAV] is probably identical with the Br,0, investi-
gated by the crystal structure analysis of [93KUS/SEP] (see
Sec. 5.10).

Alleu et ul. [87TALL/POL] siudied the condensation of
O3/Ar and Br,/Ar mixtures. The IR spectrum was interpreted
to suggest the formation of a Br,/O; complex. However, the
structure could not be unambiguously determined.

[76PAS/PAV]),  [TTPAS/PAV],

5.10. BrOBrO, (Br*BrO;)

Kuschel and Seppelt [93KUS/SEP, 93STI] prepared
Br,O; by the reaction of bromine with oZone at ~50 to
—60 °C. The authors stated that other workers used this same
reaction 35 years ago but, iu contrast, characterized the prod-
uct as BrO,; the identification may have been based on im-
pure material. Kuschel and Seppelt deduced the structure of
the crystal (bond distances and bond angles) by the use of the
EXAFS-method (extended x-ray absorption fine structure)
and the Raman spectra.

The authors compared the structural data of their
Br"BrO; with that described by [92GIL/LEV] for BrBrO,.
The comparison suggested that these products may have
been the same. Thus, there is some question raised as to the
existence of BrBrO,.

J. Phys, Chem, Ref. Data, Vol. 25, No. 4, 1996



1090

5.11. Br,0, (O,BrBrO,)

There is no gas phase or thermodynamic information on
this molecule, however, some crystalline data (structure and
vibrational frequencies) are available. Of the eight articles,
the studies can be grouped as follows:

1. Formation and characterization -
[73PAS/POT], [74PAS/PAV], [76PAS/PAV],
[77PAS/PAV], [87ALL/POL], [94LEQ/SEP]

2. Intermediate in solution -
[8OFOE/LAN], [83FIE/RAG], [91SZA/WOJ].

Pascal and Potier [73PAS/POT] interpreted the Raman
spectrum of the BrO, crystalline form (—180 °C) in terms of
a dimeric structure with a Br—Br bond. They specifically
rulcd out a chain or ring structure with bridging oxygen at-
oms. Tentative assignments were made for some of the ob-
served frequencies. In a subsequent study [74PAS/PAV] of
the vibrational spectra of Br,O;, the authors discussed the
corresponding spectra of Br,O, and suggested the structure
to be O,BrBrO,. In studying the reaction between ozone and
Br,O;, Pascal ef al. [7T6PAS/PAV, TTPAS/PAV] observed
two isomers ol BryO4.  The  asymunpetric  isomer
[0,BrOBrO], was not isolated and rapidly transformed to the
symmetric isomer [O,BrBrO,]. An analysis of the vibrational
spectra of the various possible isomers of Br,O; and Br,0,
suggested that Br,O; has the structure (OBrOBrO) and that
the two Br,0y isomers have the structure (O,BrBrO,) and (O
,BrOBrO). Some tentative spectral assignments have been
made. [94LEO/SEP] questioned the existence of this com-
pound.

Allen er al. [87ALL/POL] mentioned the formation. and
characterization of Br,O, but did not perform any additional
work on this species.

The dimerization of BrO, to Br,O, was proposed to ex-
plain aqueous reaction kinetics:

(1) The Belousov-Zhabotinsky-system-(HBrO,)/BrO; re-
action [SOFOE/LAN],

(2) The pulse radiolysis of the bromine dioxide radical and
hexacyanoferrate (4—), manganese (II), phenoxide ion,
or phenol [83FIE/RAG], and

(3) The pulse radiolysis of the hexacyanoferrate (II)-
bromate cyanide system in aqueouns ethylene glycol

[91SZA/WOJ].

5.12. 0,BrOBrO

There is no gas phase or thermodynamic information on
this molecule, however, some crystalline data (structure and
vibrational frequencies) are available. All three articles can
be classified as formation and characterization: [74PAS/
PAV]. [T6PAS/PAV] and [T7TPAS/PAV].

In attempting to study Br-O. Pascal er al. have examined
the decomposition of Br,O, and the formation of an interme-
diate Br.O;. In the analysis of the vibrational spectra of
Br.O;. [74PAS/PAV] discussed the corresponding spectra of
Br.O, and suggested the structure to be O,BrBrO,. Subse-
quent studies by Pascal er al. [T6PAS/PAV. TTPAS/PAV]
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prepared two isomers of Br,O,. These authors observed a
slow reaction between ozone and Br,O;. The asymmetric
isomer [O,BrOBrO] formed was not isolated and rapidly
transformed to the symmetric isomer [O,BrBrO,]. An analy-
sis of the vibrational spectra of the various possible isomers
of Br,Os3 and Br,0Oy suggested that Br,O; has the structure
(OBrOBrO) and that the two Br,O, isomers have the struc-
ture (O,BrBrO,) and (O,BrOBrO). Some tentative spectral
assignments have been made. [94LEQ/SEP] questioned the
existence of this compound.

5.13. BrBrO,

Gilson et al. [92GIL/LEV] discussed the formation of
BrBrO; by passing a mixture of bromine and oxygen through
a discharge tube. The authors were surprised that with the
hydrolysis of the yellow solid, BrO; was identified in the
solution. Bromine K-edge EXFAS data on this solid detected
vibrations which were assignable to a Br—O-Br bridge. This
is in contrast to the results of [73PAS/POT]. Three distinct
shells were observed corresponding to terminal Br-O, bridg-
ing Br-O. and nonbonded Br—-Br distances at 1.61(2),
1.86(2), and 3.05(3) A respectively, concomitant with the
proposed structure. A Br—O-Br bridging angle of 110=3°
was calculated by triangulation. [94LEO/SEP] supported the
existence of this isomer.

5.14. Br,05

Of the 13 articles, the studies can be classified as follows:

1. Patent (cellulose esterification) -
[47PRA]

2. Preparation -
[39SCH/WIE], [S8ARV/AYM],
[S9PFL], [59SCH]

3. Review -
[63SCH/BRA]

4. Formation with characterization -
[76PAS/PAV?2], [7TTPAS/PAV], [94LEO/SEP]

5. Misclassified (really deal with BrO) -
[88BAR/BOT] and [88COS/TEN], and

6. Archeology/vitrified slag (uncharacterized) -
[88FLE/SWA] and [90OHAR/WHI].

Arvia et al. [S8ARV/AYM, 59ARV/AYM] studied the
thermal reaction between bromine and ozone. Under differ-
ent conditions, they observed BroO5 and BryOg. The authors

[S9ARV/AYM].

" specifically stated that BrO; or Br,Og was not observed, con-

trary to the result of Pflugmacher. Pflugmacher [S9PFL] and
Schumacher [59SCH] responded to this article and further
discussed possible interpretations of the results. These stud-
ies do not conclusively suggest the existence of Br,Os.
Pascal et al. [T6PAS/PAV2] recorded the Raman spectra
of the white solid Br,Os. The authors deduced that the struc-
ture (O,BrOBr0O,) was a symmetric, polymeric structure
similar to 1,O5. Comparison of the observed Raman $pectra
with that known for the ions bromite. bromate and perbro-
mate resulted in the identification of vibrations which were
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attributed to a bromine-terminal oxygen and a -bridging oxy-
gen. Additional assignments were presented by the authors to
justify their selection of the structure. In a later study,
[77PAS/PAV] suggested that in the reaction of ozone with
bromine, whenever Br,Os was formed, it was always mixed
with Br,O; or Br;O,. The authors continued to propose a
polymeric structure (for BryOs) analogous to that of 1,0s.

Leopold and Scppelt [94LEO/SEP] presented a crystal
structure analysis which characterized Br,Os which crystal-
lized with three molecule propionitrile. The structure was
depicted as 0,BrOBrO,. The Raman spectra of solvate-free
Br,Os was in agreement with this structure. The Raman
spectra determined by [94LEO/SEP] differs from that by
[76PAS/PAV2].

5.15. Br,O¢

The available information does not conclusively confirm
the existence of Br.Og. The nine articles listed in the bibli-
ography refer to the preparation of the condensed phase ox-
ide Br,Og (or BrOs). All articles involved the reaction of
ozone with bromine, except Mungen and Spinks [40MUN/
SPI] who were actually investigating the decomposition of
ozone. No property data have been reported. There is no gas
phase information.

Schwarz and Wiele [38SCH/WIE] studied the thermal de-
composition of BrO,. In addition to the formation of the
elements, the authors also detected a white oxide which they
presumed was Br,O; or Br;Og and a dark-brown oxide,
Br,O. Schwarz and Wiele [39SCH/WIE] continued their
study of the thermal decomposition of BrO,. Their study
showed that BrO, is completely stable at —40 °C, but that
decomposition can be detected manometrically. BrO, sub-
limes with extensive decomposition, melting in dry air at
approximately —17.5 °C. Br,O is stable at —40 °C. Again
Br,0, was suggested as one of the decomposition products
of BrOs.

Pflugmacher er al. [55PFL, 55PFL/RAB], in studying the
reaction of Br, and O, in a glow discharge. stated that the
product was BrO; (or Br,O4) but did not isolate the com-
pound.

Arvia et al. [SO9ARV/AYM. 59ARV/AYM] studied the
thermal reaction between bromine and ozone. Under differ-
ent conditions. they observed Br,Os and BryOg. The authors
specifically stated that BrO; or Br.O4 was not observed. con-
trary to the result of Pflugmacher. Plugmacher [S9PFL] and
Schumacher [59SCH] responded to this article and further
discussed possible interpretations of the resulits. Refer to Sec.
3.4 on BrO; for additional information.

5.16. Br,0;,

Although two articles allude to the formation of the hep-
toxide [38SCH/WIE. 39SCH/WIE]. no definitive informa
tion is available to confirm its existence. At this time. we
assume that such an oxide does not exist. as suggested by
[55PFL. 55PFL/RAB].

Schwarz and Wiele [38SCH/WIE] studied the thermal de-
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composition of BrO,. In addition to the formation of the
elements, the authors also detected a white oxide which they
presumed was Br,0; or BryOg and a dark-brown oxide,
Br,O. Schwarz and Wiele [39SCH/WIE] continued their
study of the thermal decomposition of BrO,. Their study
showed that BrO, is completely stable at —40 °C, but that
decomposition can be detected manometrically. BrO, sub-
limes with cxtensive decomposition (to Bry), mclting in dry
air at approximately —17.5 °C. Br,0O is stable at —40 °C.
Again Br,O; was suggested as one of the intermediate de-
composition products of BrO,. According to Pflugmacher
[55 PFL, 55PFL/RAB], Br,O; probably did not exist.

5.17. Br303

There are numerous pre-1960 studies which mention the
preparation of a presumed condensed phase oxide with the
composition Br;Og. Although 28LEW/SCH, 29LEW/SCH,
29LEW/SCH2. and 30LEW/SCH discussed the preparation
of this oxide, 55PFL, S5PFL/RAB, 58ARV/AYM, and
59ARV/AYM repeated the procedure and determined that
the product was BrO; (or Br,Og) not BryOg. No property
information is available. Based on existing information, there
is no conclusive evidence that this compound exists.

Of the articles published since 1975 and indexed (by CAS)
to this oxide, only three (of which two are both patents) may
deal with Br;Og. The other four, in fact, deal with BrO in the
stratosphere and troposphere, and are misclassified.

All citations can be grouped into five categories.

1. Patent -
[90JOO0] and {91BEN/GER]
2. Misclassified as Br;Og (really BrO) -
[89BRU/AND], [89CAR/SAN], [90BOT/BAR], and
[91IMOU/JAK]
3. Review - i
[34BRA], [60GEQ], [63SCH/BRA]
. Formation/preparation/decomposition -
[28LEW/SCH], [29LEW/SCH],[29LEW/SCH2],
[30LEW/SCH], [55PFL], [55PFL/RAB], [58ARV/
AYM], [S9ARV/AYM], [SOPFL]. [SOSCH], [74SOL/
KETI]
5. Sensitized decomposition of ozone -
[31LEW/FEI], [31SPI], [40OMUN/SPI].
6. Reaction -
[90BIG/BRO]

When Lewis and Schumacher [28LEW/SCH] allowed
bromine and ozone to mix in a flask (no temperature was
specified). a white deposit appeared on the walls on the flask.
This solid was thought to be an oxide of bromine, later de-
scribed as Br;Og. Shortly after the formation of the solid, an
explosion destroyed the apparatus. In subsequent work by
Lewis and Schumacher [29LEW/SCH] at low temperatures,
—5to 10 °C. an oxide of bromine was formed which had the
composition Br;Og and existed in two crystalline modifica-

o~
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tions. Two subsequent studies by the same authors [29LEW/
SCH, 29LEW/SCH2] examined the thermal reaction in more
detail to observe the formation and the rate of decomposi-
tion. The transition temperature between the two presumed
crystalline forms was determined to be —35=%3 °C. The ther-
mal reaction between bromine and ozone was studied again
in 1930 [30LEW/SCH] to determine the kinetics of decom-
position.

In a review article, Brady [34BRA] mentioned that the
method used by Lewis and Schumacher [29LEW/SCH] to
obtain Br;Og, was used by Zintl and Rienacker [30ZIN/RIE]
for the preparation of Br,O [refer to the Br,0O discussion for
these references]. The implication is that Br;Og is not a pure,
single compound.

Arvia et al. [S8ARV/AYM, 59ARV/AYM] studied the
thermal reaction between bromine and ozone. Under differ-
ent conditions, they observed Br,Os and Br;Og. The authors
specifically stated that BrO; or Br,O4 was not observed, con-
wary to the result of Pllugmacher. Plugiuachier [59PFL]
Schumacher [59SCH] responded to this article and further
discussed possible interpretations of the results.
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In the 1960 review by George [60GEOQ], the author stated
that the proposal of a BrO; oxide raises doubt about the
authenticity of Br;Og.

The 1963 review by Schmeisser and Brandle [63SCH/
BRA] discussed the numerous experimental studies which
led to the presumed formation of Br;Og. The authors also
referred to other related studies which stated the product re-
ally was Br,Os. It appears that the reaction of bromine with
ozone can lead to a mixture of different bromine oxides. In
addition, part of the problem may lie in the precise charac-
terization of the products.

6. NIST JANAF Thermochemical Tables

NIST-JANAF Thermochemical Tables for BrO(g) (Sec.
6.1), OB1O(g) (Scc. 6.2), BrOO(g) (Sec. 6.3), BrO3(g) (Sec.
6.4), BrOBr(g) (Sec. 6.5), and BrBrO(g) (Sec. 6.6) are pre-
sented on the following pages.



1093

NIST-JANAF THERMOCHEMICAL TABLES FOR THE BROMINE OXIDES

(6)'0%g

(04g) apixQ auruolg

T 1) 9661 PN INARAITD

91€°0— 95795
0£€°0— SOE°LE
ObEO— L9E™SE
19€°0- SHb'6E
8LE0- LeSor
96£°0— 99Ty
PIp0- soL'Th
£EV0— 006'€y
TS0~ |PO'SH
£L5'0- £1T9p
S6v°0— RRE'LY
RIS0- 6L5°8Y
w0~ O8L 6%
1950~ Y66°05
€650~ TS
1290~ £9V°ES
0590 LILYS
0RO~ 086'SS
2IL0- SSTLS
oL 0~ SPSRS
18L°0- OPR'6S
6180- 0s1'19
6580~ 1Lr29
1060~ 96L°€9
Sv60- 95159
660~ £8V'09
9€H' L0
/61°69
ROGOL
SP6'IL
SZEEL
LvL
€019,
R6Y'LL
LOWSL
967°0%
L6918
R60°E8
LoVPR
S6R'GH
16218
189'8%
99006
Shr'16
vIRZ6
£LIY6
615°66
0S%'96
0186
157766
£1L°001
Op6 101
SzI'E0l
95T P01
1287501
SO~ LOE'901
6661~ O0TLOI
0061 TRYG0I
ROI61—  TRSG0I
£TSET-  RRSTUL
Ley0e-  SOS'9T
086'ly—  SS5°0T
691's9—  S9LWT

RI6PEI~  6PU6TL
HLINIANI - SOE'eEl

1y Ao 2'V

06786

6L766

77001
SRZ101
£01°201
864701
69701
817501
£v1°S01
]
£25°901
LLILO]
608 L0
917’801
665501
655601
£6Y0! 1
05011
8&Y11I
i
08511
680214
69L211
vael
it
SoLEll
ROV
ULyl
967'%11
069°%11
RSRP1 1
RSV
s
100511
YOS
€SI
RIEST
0IESI I
LS
owsll
e
LSh
whpll
Se8YI1
Lol
Lwpil
sTril
oty
O ETL
el
oLrEn
Lt
STl
0%’

9wl
RO

SITEle
£06'60T
H99'90T
RKOP'€0T
€£2100T
£IR961
9LY'E61
v11°061
STLORI
01€°eR1
LOR'6LI
L6E9LL
006'TL1
9LEG91
vIRSol
SYTTol
6E9'RS|
LOU'SS1
6vETIS]T
§99°Ly1
966'tr 1
YTITOP
69P°9t 1
69°TEL
S68°8TL
6LOSTL
SrTITl
96E°LE1
LESEH
959601
0LL'SOL
PLRI01
1L6°L6

90'v6

0S1°06

YET98

91¢°TR

R6E'RL

6LY'VL

095°0L

17999

L9

T08°8S

188°%S

LS6'0S

6T0°LY
960°EY
9516t

0000

91—
LRI'E—
69y —
6519~
S19°L—
190°6-

CLoH~H

LEITlE
opSle
1€6°01€
Heore
6LIONE
PEOHOE
LLE'RIE
LoL Loe
YLO'LOE
9TEME
r19°6¢
LRRPIE
bdvdly
9RE'EDE
19°Te
RIRINE
ROO'T0E
6L1°DNE
1€€°65C
£9P'RT
PLSLAT
€99°95C
0EL'S5T
ELLPST
16L°€52
ERL'TBT
/YL I5T
SRO05T
T65°63T
L9y 83T
60C° LT
SLIRT
98R'V3T
919°¢€3T
YOLRT
RY6(RT
YPS6LT
RRO'BLT
R/LS'OLT
600°SLT
LLEELT
SLYILT
006'6T
EP0'RIT
660'NT
090'¥IT
916'19T
659°65C
6LTLST
9LYST
e
ROTHT
09E'WT
ERTEPT
[ANNi.24
WO'LET
1SEHET
IL6'TT
OL6'TET
£LEET
SRO'SET
[89°TrC
vOI' DT
1£9°1EE
HLINENI

959°LbE
SHLbY
£9¢°orY
966'SHE
SIysve
RIRPPE
0T YYe
RLS'EPE
LE6'TYE
697°Tre
LBSTIYE
9RR'OPE
SOLOveE
£V 6EE
@mc,xmm

£9G°EEL
319°7ee
v e
S£9°0¢E
S6S°6TE
OTSRTE
60¥°LTE
09T'9TE
1L0°$TE
OpRETe
996°TLE
SYT'iTE
SLR'61E
YSPRIE
LLEOE
IP7'SIE
wRElE
vLI'TIE
werole
609'R0E
L69°90¢
LBIPOL
896°T0E
9TE00E
LY6'L6T
Tip's6T
66976
6LL'68T
619°98C
SLI'ERT
T6E6LT
661°SLT
08°0LT
9L1'§9T
$S065T
SI6'18T
LYY EvT
TRI'EET
OLETTET
108°Lee
0S0°07T
BRETIT
115661
PEEELL
00

HICLDH~01- oS

R66'TE
SETTE
LLY'TE
yTLTE
9L6'TE
ETEE
165°EE
SSLUEE
120'%¢
16T%€
96°pE
SER'PE
ROI'SE
TRESE
¥$9°s€
vT6'se
161°9¢
PSoE
TIL9E
£%°9¢
SOT'LE
65p°LE
199°LE
ILR'LE
ROO'RE
1ST'RE
{Ip'RE
ROS"RE
10L'%¢
LINSE
S16°RE
966'8€
190°6¢
O1r6g
Syi6E
R01°6¢
TRI6E
KR1"6E
GRU6E
681°6E
6R1°6E
Y61°6¢
S0 T6E
STT6E
9sT6E
10€°6€
19¢°6¢
LEV'6E
RIS6E
yE96E

BAN 1°) = o4 = 2Nssaig ae)g [EPURIS

M SI'86T =L =

(LT, )

SNOIATYd

0]
W68
00RS
LS
1098
®SS
(G649
[LexY
zs
001§
000S
06F
008Y
00LY
[Les4
00SH
Wy
00ey
o144
001y
000
406t
00RE
00LE
0809t
60SE
e
00€E
L5243
®ie
000€
06T
G0RT
00LT
09T
00T
[LV¢4

L

Junjesadwa |, 22ua43J3Y Aderuyg

(61 PS—tt (198 “30003dS "OW "L “RIRNIN "M A 'V,

(ZL61)89-LSY “(£)ET "SKUJ 'O 'IFSSNA "N "() PR "PIRSOH °f "8} IDLAY i O UMNOIH W F,

{OL61) $1-60¢ "(1)T§ SAYd "Way) °f K] “H “(1 PUR J9AC] *N of "UOIBULLEY) "V,

*S3NIB[OW JMUOIRIC] JO SWURISUOD) A “IMINNG JE[NIIO PUR R1odg 1nadoN ?Sztf 0 pu 1aqnH d "M,
(TL61) 8P6S (£ )pp ~50122dS “[O [ MIOHH " puR RERUISOA TV COURWY ",

(1861) 91-8061 '(21)6§ "SAUd T "UrJ “Auswuny "V (1 pur uajo)) 'V i weuieg ‘W

(¥861) 6-TLE (TIPOI 250099dS O “[ "RIOIH “H PU¥ tondvamiy ¥ apag T f

(0S61) LOI-"d NIOA MAN 0D PURISON URA (I *SANIION o] jo enads “31q710H4 J

7861 1dag *(a10 7861 1dag (B)0 7861 Sung (aNTI 7861 N[ (BIE SAYR], [AWNPOULALL VNV,
(8661) SE "OE AU [ URD ARSI Y (] DU AM( TV

(LY61) 991 T(7) 208 Avpriey] s SSICT “UOPARL) “£) "y PIR UBWD[OD) “} ;_

ruu:f—.ddv_

"3 0009 MOI3q SUOLIOUNY [EWIAG ) ©O) 3_:_6_ UB1S INQIIUOD 10U OP PUT SIURISUOD [RUOURION PUR [RUOHIZIGIA JO SULK) Ul PAZLIN
Ajny 10U o5 saje)s AL, UABPRE puv ueusingg AQ paAsasqo pue cjn 12 SYUOWN AQ PARLINSD UdDQ JARY SIS PIIXD SNOIANUNN

WY OSpl Aq 01 parumid el v a1 a0y Sunyds 1
3Y) ‘G7I JO 1010BJ M ) SUIS( s PUNOIE Ayl 10§ puUnO) ANBA Ay W ¢*| AR souddr 3 Jo-uids gt

5 v ooyl jo 3
OID 104 213y pardope st AwIs v::Ec a jo Sumrds nqio-urds ayp 105 *, wd woo\ =y W [AMON JO onjrA PAInSEIW 13T A, o n s
umolg ‘«o | WD 06— =V PUR Jp J2 uoIBuLLI) uOL-Eu GIg— ="V moiprs endads xh_ _ ) WO PIALIIP SANRA OM] UO PASRQ IGRIIAR
ue sem (SI9QZIOH puv 19GnH Aq paidope vls FUNOIS [, X 19|GROP PAUIAUL Y1 J0J Y “WFISUOD QIO urds a1 o angea A CA[SN0IAML]

S PRAIIX A uo
UONB(NI[RD $IRIS—IAO-WNS Y} WOY 1joINd AZ1Ud uk apraoid 01 °L yitm uondUNfuOD Ul PAsH St YJIYM ATIS V AL Joj | U1 0968 10 A31oud
UOHIBIJOSSIP B AR o [0 12 NAWRG "PARLULISI SPM RIS PANIXD uE 10§ °(F JO anRA A, P12 JSUIRE WOLY IR RIS VA J0) g 10) N[/
pue aduesIp ._.q.umugEvE_ YL, B Wi \‘u OuRrlly WOl 81 s UE:O\_D YY) JOJ anjeA -’ M\ 2: “UONPINI[RY SI) Ul PAIAPISUOI Jou B %i: mng sqaes
L, X PUR YL X 34} 10} SIURISUOD [RUCHRIGIA uf Ul SIUDIJYIP 21V DIAYY 1S :.W ITRIIAR LR PAQLIISIP 108) Ul é::; ASALL, P 20 N _‘M_
W0y 3l WIS PaIIXI 181i) A 10J 3501 2fIym < \3 12 13[INg] WO AR JIIS PUNOIS AL IOJ 2A0GR dqul S wl :.d>_: N —v 12 7M O 8
‘pasn st u:v::._uu_ SIR)S—IA0-WUNS © suonduny 1.—:.3—: A JO UONBMOID dy) ul CJC: ST ERIL AR L v pur X oyl )_:C
UO2UN) [RULISY N1 JO UO! . i A 0 SO 01
SIUBISUOD JAOQE I} LIdAUOD O) PIsn e é \ysucnepas sidolos) “12w0do30! O,:Ei SU1 10J AR DAOGE PARIAQRY SIS JCOMNONIIS A,
Adoxugy pue Gipede)) weapy

¢SOIQRL [BIIUBYOCIIdY |, VNV d4) WOy U2 31 ‘(JANRO pur (8)O "(Janug puk (8)1g N1 1oy SUOHIUNG UL T *a1y paruasaid
fco:v_su_ﬁu QY JQ) PapadU RIRP [RUONIPPY , _IOW-fY b7 F 8'STI JO ()OI 10) (N C1'8G) IV 0] Injea _C_.._:_:w nnsaad oy
AN[BA JANR] YL *,_jow. Y T F 9 1¢T 0 T:S 007 F TEL6! = 97 JO A31aU3 UONRIDOSSIP 2 Py
v woyj ,‘Arswiey fur sun( 10U MY 67 F OL110 A €10 % §L'] Papuaunuoda Kayn o0z o1 dn Ag By sem wo
*A12U2 UONBIJOSSIP LIS PURCIT ) 0] (IOULE TEIT 0 W 008L] 9AR3 mpp UOpARL) pur URWIIOD) A} JO 1o nejode. :5 1ouodg-adargg
Taul] v (°d,)0 + (g Y_m o1 sam1dossip (3)Qud Jo 1Y, < WIS PAIIXD PUNOY ISIY A Y SAPNIS AOYL 01 1S (1M “ou pnots

auQ (8)oig ‘_8 san[rA K310u2 uONRIOSSIP Pk Keswiey pue aung pur \uop&eey pur urwap) Aq sarpms adossonaads NS oml A,
uonewtoyy Jo Adpeypusy

(6)'ong

(049) 9pixQ auuioig

1=0 =5 dnoary wito
S6'l Yiv'0 ¥£00°0 vIE0 vLO0— 8F Y T lievezl  “HLv
S6'l Viv'o £00°0 P80 vL00— €8] C1I¢ C 1L8LT : v: A%
LI 650 691000 662F'0 - TEOY SOLUL T R8I0 o :nx
LIL] 650 6£9t00°0 66TH 0 - o'y SOLtL < 0 X
V4 o1="a X °q Koo X0 ‘0 s \ o w‘.a_w‘_,.fw. )
° LD (O, 1€],,) SIRISWY) IR[NIIOIN PUE S]AAX| MUONIT]
(oW 7 % 8°5Z1 = (A S1'86T)I'V L oW N0 T L6TT = (O STRGD,S
_IOW-fY ¥ F €l = (1 0)H'V | W00T F Terol =
$€06'S6 ='W seyn jeap) (01g) 9pIxQ aulwolig

J. Phys. Chem. Ref. Data, Vol. 25, No. 4, 1996



MALCOLM W. CHASE

1094

(B):ot4g

(0490) apixo aujwoig

90—
1807 —
00lI'v—
otl'y—
Wwiv—

©Qry-

$90°01 -
SOR°01 -
o811~
wlel~
WRYI--
9Ll -
16L°0T -
RRG-9T—
wrLe-
Y9t TE—
159°0p —
TESPS —
1Ep TR -
95991 -
HLINTANI

'y dop

[P0 1) 9661 PPN - LNI9 a0

“SNOIAHAd

S09'991 £r1°9Z1 LRP'9TY 128°T8¢ OLT'LEY Py RS 0609
PE6'09Y ool £L9'07¢ LO6™1RE 6ST9eh wlss 0068
LTSSy PErLTI 6SRYIE 6LOOKE CoTSer (640N 0ORS
0T9'6vy S19°LT1 SFO'60E SEOORE PSTPER LETRS 0oLy
SLO'EYY 680'8T1 1£T°¢0¢ 9LO6LEY STT'EEy SE1RS 0098
RECREY LSSRTI RIV'L6T LO1RLE LLI'TEY £EIRS 0055
01L'zey RI06Z1 S09'16T OHLLS ey OLIRS 0oFs
160’Ley SLY'6T1 T6L'SHT HoroLe yaooey LTIRS 005
6LV 1Ty RIG6LI 6LE6LT SLO'SLY LIGRZY STIRS 0078
LLR'SIY LLe Ol Lo1vLT OL0'PLY RRULTY 17188 0oLs
€8Ty E£TROLL SSETRIT LEY'oTy KRS 000s
R69V(V 99T 1€ £PS7I9T £9r'STY SRS 0061
el66¢ LoL’ gl TEL'9ST SoOTvLY [E1I'RS 008
966" €6E SY1zel 126'08T woety LOL'RS 0oLy
R66'LRE i8§°CEl sy WLty £01'8S 00op
16P°T8¢ DOE'6£T sisoTy 66(0°RS 00S¥
€16'9LE 16p°€€T 6OT61Y POO'RS 0oy
SREILE IR9'LTT LY LY 6R0RS [$0134
99%'59¢ £LR1TT LOS 91y PRO'RS 00Ty
LSE'09¢€ 91T S LOISTY BLO'RS 001y
RERPSE orrsel LSTOIT €L9ElYy TLO'RS 00y
OLE'6bE LIS'SEl 1SP'v0T £€0T°TY $90'RS 006€
W6R'EVE RO6'SEL Yro'R61 $69°01y HSO®S 00RE
€Tr'REE 68T9E | 6£RT61 Ly1'60y OSO'RS 00LE
$96'CtE LS99¢E! SEO'LYI LSS'LOY [4PR Y 009¢
LIS'LTE 010°LEL 1€ IRl TH'S0y TEORS 00se
6LO'TTE LyeLel RIP'SLL OrTYoy T20°8S (043
05991 ¢ 999°Le | 979691 KR0S TOF TIO'RS 00ee
1ETT I S96LET 9TR'E91 £TLO0P 666°LS 00ze
RS0t EPTRE] LTORST 1R8B6E 9R6'LS [HURY
0P’ 00y 96" Re | 6TTTSI 0R696¢ 1L6'LS 000¢
970'S6T STL'REL £Er ol S1H0S6L SSH'LS 06T
OF9'68T 9T6'8e | RE9'OV | LRO'TOE LEG'LS 00RT
197°p8T 001'6¢1 SPRPE] SLR06L RIO'LS 00LT
LRYRLT LaZz43 b6zl O69'RRE 96R'LS 0097
61S°¢LT 8S6E ] 99T°cT OTr'9Re 1LR'LS 00sT
PSI'ROT (34419 0Rp°LIT KSOPRE EPRLS 0ovT
T6L°T9T L6V 6E1 REQ1TT LOSIRE TIRLS 00re
£Eb'LST 0TS 6E) R/16'SOT RUY6LY OLL'LS 00TT
£LOTST SIST6E 1 wrool 1Pe9LE SELLS oele
TILove 18y°6¢1 ILEYE 6EL°9TE STSELE KRY'LS 0007
6veibe 0Ty 6t SO9'RR LEO'ETE L9S°0LE PLOLS 0061
TRO'SET PEe6el SPR'TR 8IP'1TC £5P°LOt OLS'LS 00%1
019°0£T [xeqinl 160°LL OIRRIC POIyoL S6V'LS OOLI
0£T°6TT 060'6¢ 1 oPeiL 06091 189°09¢ Lov'LS 0091
WR61T LE6RE] 11959 6LTEIS OR6'OSE 10E°LS 00S1
vz YoL'RE| LRR'6S vST 01 1£07EsE TLrLs ool
007607 TLERED LLUFS STHLOS QOR'REY Clo°LS 0ol
90T POL'RY | SRY'RY GEREOL L2443 LIR9Y 00zl
951861 6E1'REL oIyTy LREOOC Ie6ee L95°9¢ 0011
RRO'T61 ROX'LE| YLI'LE 09L'967 PLOEEL HTO¢ 000l
961°LR1 LroLEl 0LS1E 56760 OE0'RTE LIRSS 006
SLIINI SLETLel 109 696817 LRyTe €8Ty 008
0T1°9L1 0oLl 9T8°0T OERPHRT [S2]0 485 Orrs 0L
sTeoLl 0ER9¢1 £elsl 9TY0RY RPR'SOE SEEES 009
RRKTPOL P6SOEL LLK6 9IS 9LY 0LT96T  PLOTS 008
Hrast Lyp'ocl 9IRY Y6 TLY 010'SRT Loy (84
ROGYST 9167161 FRO L EOETILT EladNg 00¢
6LEVST LSG TG 000 L e POrSt  SIRGT
RORVST QTR ez~ OPRILT Ty RRO'CY (V74
679561 010681 Wy - THsLr TOO'PST 6YSOY [$74
965705 06L°651 SRI'9— 9S6'ERY 9TLTT £OO6'LY os1
GOR'LS | LEW1 08 - RLO™ROT OLRLTT 6OLSY 001
0Zy 681 6627191 IeL'6— 108°R60 6ETYOT ROU'EY 03
0087191 0087191 S6LI1 - HLINING 00 000 0

D'V WMV CLoH=-odl LICDH=oD)- S ) WA

10wy S 1our y-f
M SUR6T = 'L = dameaadwd], 2oud1a)ay Adpryiuy

AN 170 = 4 = 23nss31d NS pIRpURIS

(B)onga

(01g0) apixo auywoig

H(S661) G-t 1T WA "Bk BIouR 7 Ilog Y U IR ),

6661 1S 010 1661 WG B0 SAGRL AN FVNVI

we61) "dd [op ¢ *ON YdriBouopy R Jod W) WAUL Cf NOMRL TN,

(RLGT) $ELT T8 WD SAUJ T UXCH Y AN PUE NSMAZPIIEG Y Y CRYIRAL N NBEAQL, E A,

(EL61) LT (ET WL SAYL uay)y tuasi padund§ or pur SIGAH A T

WA "MATUY uk uonedgnd 10 paniuyns udo) "V H PEE DN ) ,._u:.,:mz d S H,

o F g ~NJ-SHUN CKO[Re] AL S PUR MO ] WWNGOS TH Y TN ¢ A TSURATLHL M TS (],

$961) 1 £-OLNI SN ! (LER61) 8EiI-69 £ W) Jaoup tApy CAunquelg A,

(EO61) $5ud f1 "SIDG WA “APY TO[ZSITY f pue dINE Y,

(9961) OF [ =84 "UOPUOT] "PIOWY “SAUUL Y BONIA:]

puk s[enuaod UOHRZIUOY *SATIOUY PUOE “YIAMURLL T 34 PUR AIPIAPAW "V A TAAKIRDUOY N A YA A T n?:ucw} 1 H>.
’ t ) (1S61) 80T '+9T wayd .-:um:: M UTIOUR 7 WY (O PUR 2GS T IIRIUEN ] TV
(S =172 “UOPUOT *SUHOMIINNG *SPUOE [RIIAY) JO SYITHANG AL (200 7L,

(FS61) 18-17C "uopuoT 'sy. € Spuogy | zoy:u._&um

AV AQOAIY) Xty
2P SanjEA 1 JO sIduinu

Paz1[0IAd OY) JO LONEAUIIUOD Y 10 BUPUdAp * WD G6L—1 6L JO JIPIO I JO I SAN[RA ' 1 12 YnRAR ] AQ P 2 !
JAEM M3) B UINIA 11 ¥4 10§ SNJEA 1311, 59d0I0ST 0M1 JOJ A PUE fa PAIRSEALU dur XLz w ul (g0 paddin sisgjoioqd sy Suisn tampog
PUE Iy :.. 5[NDA[OW PIXO UASOIRY JAYIO A IGLIDSIP YIIYA ISOU) WO PARWINSD S| (T Koudnbazp (PHONEIGIA PAALISGOUN Y], °(, W
00¢) T 10 anfea omwixoidde e pysagins *jn 12 12][NN Aq SDIPMIS QATMOLIW b_::::._u.g,; S ___::3,,_. \.E ,c»%:“y, w,._«,“_,.,m_n.v.._u:?“_ﬂ_._:1
XuIjew uoSm oy JO vndads pamLUL a4} U0 PISEQ SERIRP SIL |, "XON[ A pAsadBas 1w s1 ) Aouanbay MUOTTIGIA Papus .53. z,w:m“?._
XLIRUW SNOFO[RUR 3L J0J PIAIISQO IN[RA A1 01 SO SR SIULL 7 T 01139 OF PAR[NO[R sea djauw xade 2y * Wy 7oy o 01t Bugnans
SEBWWASHUR Ay} JO wonNUAP] sadold Ay BUILNSYY XL UOTIE PHOS B UL TOUE JO DAY PIALRIFUL M) PIALNO [0 J2 JREALT,
) , “SWOW JUIIAIQ PUR AULIORP A} JO HPRI UDRAOD UL USIMIN DUAUILP Y G (R Bun
TOID JO 1P 01 RIIWIS X) O POLUNSSE SEm ANDWOIT SIYL, 9L 1T JO ABUk puoy © pue V' §Zo'[ JO UISLI puoy RALA ANAUAS X2y U8 JO
ANSWIO3 ) (i) pad{oy SINRA PIALISGO YIEM SANRA PACIID[RD JO HOSLIRALOD AL SPUOdUIO) 1IBO[ BIZANO O SN 110} SIUSU0)
Su1jdnos ajodrupenb Jrapanu R[N 01 AI0AN [9YINH PIPUIXI PIAJIPOLL fasn yasi [-1Siedg pur Taaghg ,,»_::_/, 4.:*._: woddns uy
i y YAy ) > 201 =41 " CGLTOE =Y >3 AU Jo siuatuow ediduid dif ], sdpnaapow
or-01 X [9ET €1 =7 PUv ‘. 01 X L8OT01 h:s.,o_ X CLTO'E =1 L (i B ,u: B JO 5) ! pd ud __ v_V _:_H_. u
APIX0 3ULPOT PUR SULIOJYY SUIPUOASILIOD AL BI SPUAN PANIAAXI A} PEM JUNSISUOD ST PUE PAOPE SIS S (1] = (OO r
69" 1 = %4) UMPRNS Uaq B pAsaIEns mep a1 Jo stsAprur ARuLun)alg (3OIEO JO RIS MRMOIIU MY PABSEAU DARY /D 12 D[N
’ Adonusp pue Gpede) jeogp

0

L _low-fy 97 1€ = (O1g )| uosteduiod uf o [OW- Y $'ZT1 =}V pum BOHIO 10, oy 091 =, OV Uiviqo om 7 _::_m_ﬂ
01 = (br T0Ig) DY pur dUAANIP sUp se 7 Yp 1o URWISEAA AQ PIPUINLLODINL  [OUE Y (T J) onra Fus saraads dunoxy atp :._.,m.:ut i
osqe (be)IQ1D) pur (8)TD 10§ Y M1 UL DUUIJIP A1 I} Sununsse Ag pARKILSD X U asryd sed oy ur QIO o :c:E:.:,,.h .,,.c Adpmpua
A sAmnqug 0} SUIpI0dIY IduLTLL FuAo[{o] M) Ul ()OO 10 HonRULIOY Jo Ad[RHID A PAORUNLD 2ARY Ofzse ] Pui JNELINERUOD U]
‘UDAIS sem 2ImeIadwd) WIagIp ¥ SO (FS61) 1190100 AG YoM ) uo pas PG AN{EA POIUINSD UR SLSH], OFOIIE O :c:g:..,._ RUEET
L[OUL IR 0L = (N 86T) HV sem " p 12 ASKDUIPIA AQ pariodar uoneidossip o Adprpuo ;C_,.vr_q_:: :.:f_,:i::i U pasiq anpa ,W—: jo
KUpI[ea Y1 01 S 1GROP PassIAXDd ([0 *, | [OW-[RIY 76 10 A CTT = (O] B PUR 50 22 10dRuipn|jd A4 pauodor C,:.C.J_ JO HOneLo}
3O AdiRtius ay) uo paseg sem angRA SR, T [OUL[Y 28 = (N 0)o 'V OF SH2ALOI NI 7 [ouLRY O :_\.x = (O8O _,v.:.::.,ﬂ Jonio) i
" OWRLY §T T 06 = () b A P61 = (0 S OIRO) 77T WD 2 SO (IO
()1 udamiag diysuonw|ar aepuus v 10y Adde 01 (67 ~) SINWAL I JO 0N AU whope cw dpqrnoseaE Y ::u::Q pae (3 C_;C?: Ay
SaN[RA Y YY) BupUnssy  (SHOIDC) 10§ WP pRuawiadxd pguiar Ajuo stoaaags [ g L) =X QAN (FION() SoHIs Ao
uonrao, jo dpenpugy

JUB 01 X EP80T60Y = FNT TRIUL JO MU0 A1 JO 1IPOL]
, FE =030 W8y puog

V 689’1 = (O 4] Canumg priog

=0 : oy wdnodny g

(1) v
[RXI0]Y
()8

NAN
I
SADRIAITICY PUR SAINDALT PHHONRIGTA

00 1 X
wo s RHGIN
WBIOAY WHHHRIC) PUIT {DAX [ DO

| 1OWY 16T T 0TS = O $ 1860 H'T B, N F T OSRGOS
L oWy [$Z 5 191} = (4 0117 : AR R R R R Rl NI VAN
8206°LLL ='W sey |eap| (04gO) apixQ sunuolg

J. Phys. Chem. Ref. Data, Vol. 25, No. 4, 1996



1095

NIST-JANAF THERMOCHEMICAL TABLES FOR THE BROMINE OXIDES

(6)?0%9

(0048) apixQ aunuolg

TG 1) 9661 WPN - INTUaND SNOIAG N
PSLT— TLEQIE 0sTIR 196°SZ¢ YoL'YSY [11°8¢ 0009
NLT- LSYTIE oL 18 0sL61e RIRCSY LOT'SS 0068
6LL'T— T6SR0E R/T'TR 6E6EIE PIRTSY rO1RS 008S
wLT— ¥59v0E £€hL'TR 6T1°R0€ VRIS 10186 00LS
SORT— 9L O0E 0wer 61£°T0€ ORL'OSY L6O'8S 0098
0T8'T— PRR'96T 769°¢8 016967 6EL'6YY £60°8S 00SS
PERT— £10°E67 LS1pR 00L°06T €LORPE  GROMS 00K
058°T— 0S1°68T R19'7% T6RPRT LSS'LVY  SRORS  O0ES
99R'T—~ Y6 SRT SLO'SR €R0'6LT 18y 9%y 1RORS  00ZS
6t 18C 615°SR £SEShY 9LORS 018
CIoLLT 6L6'S8 £OTYPY FLO'RS 0008
PRLELT $WoR 0L0'evt $90°8S 006¥
$96'69T PLEOR SSRSST LERTPY 090'RS ang 53: 6OL "1 Z:&_ s oy g “dukvg VA PUR RN CA
v$1'99Z LIE'LR 6v0°0ST ROV 'LRE 019°0vy YS0'RE 0Ly s N
$SE'T9T 65L°L8 YTIPT SOURE T9E6E  LPOHS  009p m.ao_ amm *(3)00 u. .m%_ dog ?50._ AR, UAPOULIAY ], *<z<:
£96°96T L6188 0rb'RET GOU'SIE  ONU'RER  OURS  00SY (7661) dd 19 ¢ "ON ydridouopy "mr( Joy WAy AU T YOS T,
£RL'PST £€9'88 9€9'2€T 016°€3¢ TRL9¢EY €EO'8S O0VY (£861) 17 6L AU "W “AMLISEA G 4 PUR "MW0LJRY, 7] “A TAOZOION ] '] ,13 AOYINY TNy
[410n84 §90°68 £E£R'9TT 969°TRE /PP SEY STO8S W0y (0L61) 0TEY € "SAUd way) °f sumg O _: u:)ﬁ:m ARV oCd,
0sTLYT €68 1£0°1TT BN ALy £ROVER LIORS 00TY .Q\m.o_.w L8T1 ‘9T "sAud “wayyy o pav [ pue “jeat)y uang) T Buoag N,
667 EPT S16'68 0ETS1T 681°08€ SHOTEY  ROORG 001 (9£61) LOG “TE "0 ; _Sc>> DA PU2 gRUmOUIGRY r
65L°6¢T 1££°06 0EY'60T SHR'BLE wsTiey R/66'LS 000F Hooo_v bipy _u SAUA WAy f swang 0y pue d] Y Y
RZO'9ET 0L 06 0£9°€0T 1LS°ULE YRU6TY  BRELS  006C $a0UIY
ROE'TEL 6£1°16 TERL61 LiToLe BLURTY LLE'LS D0RE
86$'RTT 8’16 SEOTHL TERPLE TEL9TY S96°LS 00LE . 3 2 30
668'YTT SO6°16 6ET9R1 1yeLe rr1sTy 1S6'LS 009¢ Wi ANRA 1A B pasEsng Iy W 151 £q ioms W ' RIS - .“____u_) _ZEC_Mf u).m_v_“_._\,ﬁ___r“:_uuﬁ:‘
#7122 106 Pt 956108 AT L6l e ut angea la v p oG PUR IBIRIN AQ APMS 3031 Y, RIVP D1IAULY AP YA JBIBISUOD SeA | wd ] Jo Kounbayy duipudq ap
1£5°L1T yI9'T6 59vL oL OLE ER'12h 26ts hobE TRy pAIsadsng s1oune aif, *9|qrUOsEal :3;% 00€ 10§ | _wd £8P [='a sny, AANIASAE W) ¢pp | PUR £8E]) JO SINJEA (Y2218 O~())'a
198°€1T YH6'T6 198'89[ PE6RIE PO1° 0Ty SO6'LS  NOEE aary (3)O0ID pPur ()00:A 001D ho.ﬁ anjea 3uipuodsanod ay) puw LJLAsmazpaug pur anead, g T_::_Z: PIALISQO AP YHM 1DI[FUOD
00017 PTE6 1L0'€91 98¢ ZTERIY oRWLS  00ZE yomym la 10y wazsg 30 Kouanbayy Suryarans ¥ (poyiaw Ogael) ?u:._su__d DUAR PUR [QRIDUA [ TYSMAZPIRIUG puv )rad ], K patpnis se
£55°907 £HSE6 $RTLSH L SE PRYOTY QOR'LS  NOIE [ROIPES PAIVJOST XINPLL UOSTR oY) JO BNddS P2IRJUL A3 1O poseq 31 la sa1 .:_.::3: _E_c:.,ES OO PUR ()01 NP JC PUA PIUNSSE R
H6T0T BOR'EO R6PISH KROPIE LRS V1Y PERLS 200t uo paskq | _wd [og[]=ta puk [pgzl=ta wdope: am ‘uonippe uj 4 Xodrf »L PASIZZnS WP ST 30) LOUINDAIY [RUOHIIGIA PAPUNULODIAL U |
RLT661 05096 SILspl OREDE LT9TIY 6IR'LS 6T Tee- OV X 8THLTTI =21 pue *[,, 01 x Livs 1l =47"1, 01 X 1oz 11=Y7 2m (o § uy)
vS9'S6l1 9Tv6 PEE'6E] wome RESOIY T6LLS 08T BILISUL JO Sjuswout __&_u::n_ Y, pauniog Ajemie /,w\; QIO ‘papnIs su uadxa oy 5ﬁ:l;-: 018K .Z\:_: ISTF MO} :,_ Qg + O
9£0'T61 vr've 9s1vEl OFRRSE LEYROY  €OL'LS  MOLT JO UONIFRI A WEY TOIE JO UoHrUIo) i UiRidxd 01 adwane Uk Ul Amidns spy) paunssit yp 1o zAeysaoyn 1$71 =(0~0)4 pu
e . . . . ot 4, 1 1 ¥ 4V D)4 pur 'y
STY'RR1 vI9v6 TRERTI BIEOOY  6TLLS  009T [0°2] = (O—1g)+ “sp38ua] puoq pur 0 ajsue O-O~ 1A JUDQ 3 01 ANII[OW I Jo untonals i papeunise o eAeysaoying
tewbnl 4843 g b4 el uoer 0'Z] = (O-1g)+ *spSua| puoq pur [¢]1] Jo 2J8ue O—O~Ig ® yim WdQ 3 O} NI o unpnas A pajewnfs. :r ysAoNINg
617181 ) €bRol1 00LI0F  0S9°LS  00PT Adoxyu pue Kipede) eopy
T9LLl £W6'v6 180° 111 1S6°06¢ LYT66€ £09°LS 0LT
> 2 i
RCOPLI 65676 £2€°501 IS WE #89'96¢ 0SSLS  WTT 1-10W [y 0801 JO uonrwio) Jo Adpeiua ue o) pa x? ny | jow-ey |
per 0Ll L1696 ILo¢6 L65°0p% Z10pes 06v'Le  W0IZ Kpwewixoidde jo (00-1g) A812u puog v yum u_c_:,:: 2q 01 W3nowy sem OOIE TO-I¢ 10] 19, 1 (ons) Apoq pang
1v8'991 666 SIN'E6 96T WrE 60T 168 1Zv°LS M0 LUl UB PUR U33AX0 *dUWOIq JWOIR Uddm1aq S{Iulod uonsridut ?BE_G:Q *JP 12 AYR|E CREP IS UO paseg] \: 19 BUOIS PUR _POOA, _:_1
LPTESL oH6'v6 LRO'RR Y06 1P 99T RYE Iwe'Ls = 006! Youmoulqey Saipms J3I[IEI 0OM] 01 13J31 SIOYINK Y], M ,£LT] PUR QO Jo o3ties ameiadiua AN 1240 (uagoni pue :J:TO ::::2 3w
1597651 OF8v6 ASE'TR Piv'eEe ROV'SRE 6PTLS DORY ‘UORU “WINI[3Y) SIAPOQ PIY AP Xis JO U Y Uf SO DUIWOIG JO SIURISUOD LI UOHRUIGUIOINT [} PAUILLID g puw di
1S0'981 €IRP6 HE9OL LIREE 668 18E wi'Ls DOLL E::..P: v_ Jo Adpeyusp
El iyt LILY6 0L60L LOT¥EE REP'RLE LIO'LS Y91
SER'AY | (96 SETS9 ELT'IEE €9LYLE 698795 ST
S1Tyl LIP'Y6 LSS6S SOE'RE SYROLE 76995 00wt . /- .
oRS TH1 S4r6 86R'ES WIRE  T99E  ORPOS gL SB[ 01 X L6vY'88S] = 71¥] ..NEQM__ _ﬁy:W:MS__:.,__“_,%_q_%wmn
. o7 e 8 ASHT=O-O~4 9o
O6LEL vel'v6 £9T8Y o' ite 171 N@r 98 Mzl . Il e 8 "
67 bel w06 9592y SapRIE L0658 0011 Y [ST1]= 070 2y 1072) = O 52aumic) puogy
£29°0€ 16866 PRO'LE 6ORYIE LISSS . 0001 I=o 2 wdnedty utog
9€£6'9C1 149°¢6 SSS°IE L90°11€ [£0°¢S 006
9OR— 0ETETI SHrE6 809 08O L0E TRY'6EE 1Zrys 008 (1) [o91}
LIER= 6657611 €6TE6 9L9°0T 826'WE SOPTEE  LSOES  MOL (1) losz]
9LOOI — LS L€ 95E'SH TLY'ROT 99T vTE 009 (1) L8]P1
§69'11— 3&._ 1 H6'T6 17101 6LV V6T 19Lv1E 008 "
611%1~ PIL'T6 6v0°S 1RL'06T POP EOE §9T°08 nop )1t
K0¥°81— NNF S0l 996°LOT 060" OVRRT 8 1°68T 1068y 00E SAIRIDUIRA( pur sarduAnba,
PSR- 9¢L7S01 Q0801 000" SYR'®T SYR'RRT SLR'RY  SI86T
0§77~ 16¥°901 [l 4n 9T~ 99" ERT LOE0RT £ 1Ry DlY4 3
ETTRI- 1907801 SSpl oTLy— L9T'667 ¥99'697  WZI'Lp BT [z 00 [V IX
9ITRE— £rL601 196°p11 LerL— 19T°80¢ LYe9sT 9LESY 1 3 w T IS
BLTRS— 69 6t°S1 KTZ'6~ ROG'(EE O£9RET  RINIY 001 4 T "
RILRET— 6Lt L6's11 PULI- vrosey 10eie TRESE 9 WA WANRAY PUR {dAY] MO
SLINEINE - L8091 L¥09T1 S ISR - HLINEINT 000" 000 T
'y do) D'V o'V CLH-H  MCDH~D- oS ) WL
-low- \-tout, M- | -tow-rY [ov + 0'801) = (O $1°860).11'Y oty T wRRT =00 $1R6)
B 170 = o = 2anss214 LIS PIEPUEIS N SI'86T =1 = aameadway, dussagey Adeyiuy ow-0} [ov F 1911 = (X 0). /'Y
(B)otg (001g) 8pIxQ suwwolg 8206°LLL =W sep |esp| (00u1g] Axoipowoug

J. Phys. Chem. Ref. Data, Vol. 25, No. 4, 1996



MALCOLM W. CHASE

1096

(B)*oH1g

(€04g) apixo aujwoug

[(Fq 1) 9661 PN - INIgA10 “SNOIAHAd
R6L'R— L19°0101 0sTITT SERPOY SLY' IV Lr1'61§ KPOCR 009
1ER'R— L9°L66 PLYITT 0£5°95y ELE OV 1SLL1S FrOeR 0068
SOR'R - £1EPRO 8/L971TT 9T 8vy 806t ee91s 1P0'ER ORS
006'8— SOU'ILG £9R1TT 668y ROL'LEE KERPIS LEOER 00LS
9L6R — TTO'8S6 [4XVxaraa RIO'IEP £PEott RIPEIS £E0'ER [V
YL6'R— 6LYYP6 §R1°TTT SIEETy $S6'veL we'lls 6T0°ER 0esS
€106~ WL 1E6 YT 1061y rrSTEer K6E°01S STOER oS
£50°6— 909°816 1S¥°7CT 0IL 90 601°TEE PAROS 00ty [10%Y
9606 — 1Lp°S06 §9s°CTT 60P'ROE /9oLt 9T LOS S10°ER (1749
6E16— OveTZen 0L9'Tee LO1°06¢ wlrett £69°08 010°¢R o1
SR1'6-~ 01T 6LR vIL'TLT LOX 18€ #PO'LI 600705 SOU'ER  060S
£ET6~ T80'99% 6Y8TLT 908°ELE LOI'OTY £EE°T0S 666'T8 00514
TRU6— $S6'TSR 9T6'TT 07°$9¢ 1972 " 66 . . . ooy iQ oy o - “uap -G “wnd .
S wetrte  W0gose SiTh  boawes  Swiw iy (OL61) 816 *9 20§ "WAUD "[ "SUOIS 3 "D W pur 'RMITLIBIANS 7§ WASSH "y
RRE'6— S0L'9T8 £S0°€2T 609°8PE SoeTT 6ROLEY  6LETR (0O . | (8361) 616 “(1)€8 SAud waud f 1mm_:m_ a°,
Prre- PRSEIR Tove WO6ls  99TS6r  TLE6TR  Oish (8L61) EL1 (LG "SAUQ “f UTIPUL ‘URIOW 'S PUY WPURQUIBSEIRISIML. |,
£97°008 S10Tee EVO'LIT 10p" €67 P96TR (004 . e - mNho: NNM (21)8¢ u_:.U 1S v .v_ .U 5
SPELRL HILETE 01791t vor16h  9S6'T8  (0EY ($961) LLY (TYIEE "PS WILINY "RWRYIURG " PU® OBY Y "D "D,
€TTYLL yIrsie iyl WEERY  OV6TR  00TH ((£961) 08¢ ‘1 "SAUd "1dCY aang “f URIFU[ ‘FuysyuRlRy A "M PUE DLRMSIBHUIA "M,
pOLI9L 60T£TT 0E1LOE yE9TH EPCLRY LEGTR 001 (9S61) 081 “69V (UOPUOT) 08 *SKid “D01d ‘WRIEPUNS 'S PUR NLIEMSARYUIA "M
ROL'6~ VRO LYL LOT'€TT LERRGT 8L 0T 96F'SRY  9TETR  MOF (8Y61) £6-988 (691 "SAUJ "WIyD [ ‘UM S " pur seym] T
w6~ SORYEL 061°£7T SPS06T R6R'ROF 96 ERY S16°TR 06t ‘. SIDUIIPNY
126'6— SPLITL RS1'€TT PSTTRT $96'90t vl 18y £06'TR (08E
poool~ LeosoL 60162 Po6ELe RAGTHOE LEO6LY  GaRTH OOLE “SUOIFAIISGO [RIUAWLIAAXS itm JUASISUOD 2 pjnom
16001~ :cm.mmo protee 919 $9¢ weTor 1oLy m».x.Nx o€ YOIyMm PaISIBINS 219m $IN[PA “AI13W03S U} OF B IIUIPIAS SANIUJIP OU 1 213U "$ISEI AL U] "UOHN[OS UL Y 99°] JO YIZUD| pUOq 1 pARINIIED
YLETRY 086727 6RELST LRRO0 LWLy 6SRTR  00SE : s 3 alUUAS M S » pa1sa8ns Aphis SISKIOPRL B Ul 1 12 WnSag
157699 pradass POL6HT 6oL '%68 sty ORIE o0 Juag pue 97 ‘sytys aseyd dtwoie Bunwnoped uf Andwwks ) Y | | JO [I3u3] puoq k pasoas ph OIpES ® Ut [y 12 p
§11'969 R69'CLT 1Z8°0rT 9LS 968 USST69F  PTRTIR  OOEE ISenU0d Ul "V £§'[ JO YIBU| puoq pur ,Z| | JO 3|Sur puoq B gim AnawwAs 1 pry anadjow paisooons Apms dde v, c__w% 4 J
6L6'TPS 65T 6ESTET SECPOU 0L PORT8  (0ZE ° O X TEELYI =27 PUB ‘. O X 9G1TTI ="', 01 X 961T°T1 = 7J am (D B i) rruoul jo .r_:u.E_OE ediouts
RER'6TO 9£E'TTT 09TvTT £EO'TAH SLEYOY 18078 0lE AU, "$I[MIOU IPIXO UIZO[RY IYIO NI IGUISIP YOIy SIURISIOD 3010 SYt WOL) PRALIIP v sapuanbayy :Eo_::n; YL O E.: ay
889919 801'27T ER6S1T L99°68¢ 199'19% LSLTR. O00E Jo asoy ‘urd ur aq 01 weadde san[ea S *$a[0UANDALY [RUOTIPIGEA DY JO SIUAWANSEILL KIS 0) 1921 SIOYINE A} YSNOYNY "*Of PUr Qe
1£6°€09 Lv8'1ZT 60L°LOT LT LR OSK'RSY  OEL'T8® (06T Q1D - s9|nosjour [rprurIAd 3311 Y JOJ SHULISUOD III0J PUE SAIUINDAIJ [RUONRIGIA A 1IN dIYSUOHRIAI 3] PIUILIRXD SIOYINE J) “3{ M
S9£°06$ Les1ze LEv'661 9LL'Y8E Ye6'ssy  OOLTR 00K .s1o8peg SuIsn} YO] PUR TOLg OID J0j IJSUR PUOq PuR JIMIONIS WS A PIW LURLOIA] PUE WEPURQUIESRURISTINLL, PUE ORY ,‘PALIRYL
L81LLS Lleize sorlel Eplizut Lr6Tsy Loges - ooLe -UBS PUR OBY [TWIYSYE[E(EY PUE NLIEMSAENUIA ,‘WILIZPUNS PIE NLILMSARYUDA 'SIANIDJOUW IPIXO JUIPO] pukz AULIOIYD Sutpuodsauiod ayy
966°£9 or8 07T YO6'TRI 08P'6LE LTwehy  0£9TR 09T i ASofeue uf 'y [89°1] Jo nSua) puog v pue [¢g] JO ABUE O-1g—0 ¥ Uil RPIWEIA DG CF PAIRWESI St N0 SIY) JO JUNANS L,
06L70SS o' 0TT £POvLL 0ELILE LRSOPY  BRET® (ST : R Adonyug pue fpede) el
995°LES LB6'61C LRE991 O8R'ELE LITEYY 114%4 ] [0,
YIS 66t 61T SEIRS] 1S6°0LE SOL'6EY 8RYTR 00€T . o . . .
090°11§ IL6RIT  GRN'6PI R06LOL  OVOOSY  RTVTR  O0TC ) ) N 1O 1Y 1£7 = (OI)Rq uosLIudwio) 1y -, [out 1Y 467
OLL'L6Y NY'RIT 059°1%1 Y$LPOL LOTTEY RSETR  MIT J0 AS15u3 puoq 38rISAR UE 01 SPUOdSILIOd SIYL *_fOIE PUR FOLg PISURYDIANUL DAY SIOYINE J1 1Y) 15V) ) PUE SIUIWIINSLIU EIUIWLISAXD
[84:4 SOR'LIT Riveei 18p19¢ 061RTY 6LTTR 00T 34} JO SULIA) UL YIOq ‘ONfRA SIYE Ul AJUIRLIDUN JGRISPISUOD SI Y, "SUOHNIOS UL SUOL LUOIQ JO SWAUIINSEI rapads uondiosqe woy
yolUiLy 81T s61°sTl ORO'RSE w6ETY LRITR (061 PIALIIP SEM ‘(| _[OW-[Y 9G) , _[OW-[BIY T “INJRA SIYL, "UID[H PUF SEYIL] Aq pauodal uaaq SRy (Y S1°86T W) ANRA UOHRILIO JO Adjepus uy
fzLLsy REV'OLT 186911 Wwepst TES61Y OROTR 0081 (0386 0=£/8'01G), 4V JO dIYSUONRIDI PAUINSSE UR UC PISEQ ST [DNYW dN[RA UOHRULIOY JO Adpyua ue adope ap
Q0L iy LOL'SIT 6LLRO] 9SR0SE YRV Iy €66 1% 0OLI uoneutioy Jo Adjeyuy
LEROEY LIU'SIT 165°001 O10°Lye ORR'60F £ORI% 091 )
LZELlY 0T £66°TH 909vOr  €Z9IR  00S1 wy g % - — D7) RIUBUL JO SUAUOIN ) JO 1NPOIL]
LOLE0p 89T 16L°%ET TREREE POVIR OO S8 4101 X LT6LBOIT = 1] _Nx_ L Omg-0 a3ty puog
61°06¢ opioL 68E°PEL 656°T6E 00g ] V8911 = O-J1 Dousic] puog
6OV'9LE £r0°89 SLL'6TE RBLY'ORE 108°08 00T . M M~y sdnolr WO,
61L'T9¢ ERE'6S SE6'PLL SOV6LE LLEOR [LI0] g=20 D RN
TOR'APE ROTOIT we'ts RER6IE OER'ILE 6TR6L 0001 (
6L6PEE OF£'60T £L0'PY Wwsvlf 96P'E9E SOI'6L 006 ! Nvmwwm_
696°07¢ 991" 0T 651°9¢ S66°ROL v61PSE STI'RL 023 (Dlost)
GPR90E 665'L07 LIP'RE £97°E0L OSR'EPE 65L°9L 0L (DIoo8]
LO9°T6T L9L'90T Sr'L6L YOITEE  l6LVL 009 WMlzpr]
£ETRLT PTOO0T SIR160 SRLRIE 6YR1L 00S W a
RTL'E9T RV SOT S96'98T PTe0E 00E°L9 0oy o AT N .
91908 IRLOTT [y OR®PRT 910 00g SAIRIGUIZAQ U $UINDIALY [RUONIRIGIA
TEP'0ST 180T 608'PR 6OSPRT 66665 SIR6T
090°9%T 9G1'LTT FLY SRi YSEPLT 05T . ¢
186272 071'82T PRO"ORT £99°79T 002 Izl 00 I'v,]
1L6'RET 6LT6TT OSR008 9L 6YT sl Y wy 3 B
69T €T — T66'SET 9£9° 0T KepToe] 6TLEET 0ol | N N |
TPPT—  6SLEET ELO'TET 1LT %t 078607 0 WBIaM WENG PUR [AAI] JUONIE]
FLINEINI - 000°€€T OO0 EET ALINENE 000
'y do 5244 oH'V  CLoH=oH  ICLDH=oDl= oS Wi L . ]
- lour- £ i-lour,_y-f ,low-ry [0g F 122] = (M S1'R6DH'V plowt N [T F ersT) = (4 $17860,
BAI 10 = od = 2Inss21g AEIS pavPUEIS M SI'86T =L = amesadwia), uasgey Admpuy | 10wy [0 F €671 = (1 0. H'V plowe ey [0S 5 6291 = O ST86D.11"Y
(B)rotig (f01g] apixo sujwoig  gz06'Lek ='W sep jeop) (f04g) apIxQ aulwolg

J. Phys. Chem. Ref. Data, Vol. 25, No. 4, 1996



1097

NIST-JANAF THERMOCHEMICAL TABLES FOR THE BROMINE OXIDES

(6)0ug

(1804g) apixo aujwoig

7®q 1) 9661 PN -INHGAND ‘SNOIASYd
iLs'E- |LIDIY RECRS ST0'62E 0L6"Sop 808'09% PLURS €009
186°€— TR0 L5789 ROT'ELE 650°S0y OE8'6SY  £LI'RS (065 . . . - . . . . o
165°¢— 16L°86€ 8€L'R9 06¢°L1E £11°pop IER'RSY LIRS (08§ (LL61 "and) 1-0T1 “LypOIT ON ‘(9L61) WIS 7SONYAS URWIRY JUOD U] 301 ‘1ANOd 'V PUR “INOJ [ ‘BiARd "D 'V ‘18dSed 1 T
W09€— T01°€6€E 0€5°89 €LSTTE 91°E0p YTRLSH 1L18S  (OLS ($561) 08-FLOS1 ‘66 "WAYD “SAUd [ ‘99T [ "L,
Y19°€— 9P'L8E $E1°69 95L'50¢ S61°20p Y6L'9SY OLI'8S (09§ (8961) 888 “(ST) UNWILOD "WYY ‘IBUINY, °f °[ PuR ‘Sauof ‘W *d T ‘I1Iqdwe) "Dy,
wmw.mu me%m Nmm.mw 6€6'667 LTI 9PL'SSY  691'8S (0SS (8L6TI €€LT T8 .EEAU .i:n_a.% X04 'g ‘M ﬂ:nm. NSMIzpIPWS "y Y ,bz_s,» NCWNBASL 'H °d,
'€ — A €85 £TIH6T Tz 00 6L9¥SY LOI'8S  (O¥S “(F661) "dd 19 ‘¢ ‘ON ydeidouop ‘eieq 3oy "Wy sAyd [ ‘Xode[ “H "
059'€— PREOLE 67369 90E"R]T Y61°66€ T65°ESY 9918 (0€S ( )1t RRURIN ‘£ JAWAL “f [ PUR ORI N UV ‘Ql
99'€— SILPIE 880°0L 68P'28C 65 1°86€ VRIS O18 (0TS § wr s0c w300 1 L8 ST L aP LR HOEd W BNy ',
LoE- €508t 7970, £L9°9LT SOI'LE  PSEISy  €9I'BS (OIS (06616101 “ZIT *208 "W “Wry ‘[ *BUNOA 'y N P 120l "d W WPBO S T WOSEAYT "M,
5 e | . e . wsy) sAyq ‘[ ur uonedI|qnd 10j patnwgns ‘UaYo) "y g pur I3[JaNN "d 'S ‘H.
269°€— S6€°€SE 0$9°0L LSYOLT 1€0°94¢ €07°0sy T9I8S (00§ o (2661) 6-LLE (9)E “WAYD) 1OUNS “YPAON ‘I,
loUe-  ebLLve £55°0L 190567 8E6P6E  BLOGHE  09I'BS  (O6Y 61) 6 LLL sk e T
£2LE— L60'THE oLvIL . - g 8¢ (ssaxd ul *9661) way) “sAUd °f (S661
L STT6ST €TR'E6E RIRLVY  RSI'RS  (O8p . . . o . e arme e $66
6EL'C— REY'OEE an 60" €57 LR9'T6E POOSVE  9SI8C  (OLY ddy '9Z1T9# "INg ‘AI0IIOQET] [RUONEN URARINO0I] ‘wwdly g "y puw Suryz ‘Z ‘OnY =S ‘JANS ' T ‘SYUOW 'S “d “If WOYL d Y,
LSL'E~ 9TR0LE i iL €65°LYT 625°16€ €SE'SHY  VSIRS  (09% '$661 unf “(ENGOH SIQRL, [ENWIYOUIIYL, JYNVS,
SLLE~ 20252 661°TL 8LLIPT LYE06E SLOYYY S8 (0SY (S661) 0S—¢H11 ‘66 WA "SAYd *f “13p[oyying g [ PUB OPUBRLQ °f °f,
V6L'E— 9RG61E 999'TL £96'SET OF1°64€ 89L°TVP  OSI'8S  (Obb SDUIYIY
ME.T mmm.m_m uww.mn 8P1°0ET 606'L3E [ ated 8PI'RS (0L

€8'€— "80€ LTEL VEEWIT 159°98€ £90°0vY SvI'gs  (0Tb *SUOLIBINDIED ) UT PIPR[DUL 10U ST RIS SIYL, RIS JIUOINIID PaIOX 1s11) 3y Jo uonisod Yyl 0) $13Ja1 SR wWnsse I “(,_Wd H1/6¢)
858'e~ _mh‘uom BITEL 61817 $9E°SHE 998y Twige (Ol V 008 & PAAISSQo e purq uondiosqe 3uons v [ ur OUg JO v110ads uondiosqe 12[01EN[N ) PAINSEIW |, ANSA0IIOC pie iy
188°¢~ HeLee pIUvL soLTIT 080v8€ LTT'LEY 6€1°8S  C00% ° “SUOROUNJ [RULIDY dY1 133JJ8 10U S0P SIYI “PISIAAL O “I1 12 19qdwe)y Aq pawodar fa pue la 12§ sanfrA oy ey
wmmmm "mwwmw M"M.MM wmwn_xﬁww wwmmm mwwwmw wm“mw %mm Patels 17 42 JINEASL Y3no[ Y "IUSWISIISE S[GRUCSEI UI Ik YOIM fa PR la 10§ SIN[PA uuv_o;m_%?_.:ﬁc 10 PAsUIPUOd) SAENIS ddads |1y
096°¢— 2ES08T LOF'SL $97'S61 076°61¢ Y69 TEY 621'8¢  (OLE “(V S98'1 PR 61 1) SUONBPUSILIOIAI INO IIM JUAWIRISE Ul 2IMINNS B papjaik 997 AqQ suonenojed
066'6— Y66VLT 86uSL o681 oLbsic 201 1ch oTime  009€ Ie[rui§ “sanjeA paydope ino yum waufoarde S|qEUOSEal Ul Xk YOIym A»-Eu €19 pue 081 ‘€IS) wo_uzuwcu.c [RUOnRIGIA PALIP — (1L)ASDD
20— SOb69T 1879 0vO'€R1 966045 yov 6Ty 0LIRs 0SE - zco:«_:o_nu onur qe Juisn | ‘937 (¢ ) ,_Wd 08 .ub_ potjdun Kpnis gUAYOD PUE ID[PRIN U3 “IINIMOH ' [D 12 1pqdwe) jo Apms
SS0'Y— 6V6'€9T PSIOL RTR'LLY LLY'Si€ 08L'LTY SII'RS  (ObE enodads Yj pios ayyu1 papodal (WD LG =1 JOIN[BA Y D 12 UOSBAY] v:_w* “IP 12 URJ|Y 77 12 YNRAIL, AQ PAIPNIS SB [BIIFRI PAIR[OS] XLIPUS
160'v— Tr'8sT TI69L LIOTLT R16°€LE SPOOTP O11'RS 0gE uogre ay Jo enoads Pareyjur 3yl uo paseq I SN IS, ._.xOQn_. Aq pa1sagsns asoyp axe (ta la) .f.u_uco:_uwt JRUONBIQIA PAPUSILLLIOIDI JY |,
621y — LY6TST pSULL 90T'991 LIEUE LSTYTY YOI'8S  (OZE "6c_01 X LL99'Y9 =D Pue ‘(. 01 X 681179 =9 ‘(. 01 X 88pGT="Y[ 2m (Jwd>
oLy — [£2 444 LLSLL 96£°091 1L9°0e [Ata4a4 8608 (OIE ur) viaul jo syuswout fediound sy, v 21 JO Sue puoq & pue v 608°[ JO WiSua| pUOQ B PauiuLIdlep ‘SUOTIR[NI[ED Offul Q¥ JO P18 Ayl [im
eIy~ 986’1V LLYLL L8S'VSY 8L6'8IE L0S°0Ty 16086 (00€ » YBAON ‘uosiredwiod uf “s)iys 3dolost WOy PAIRWLNSS Seam ¢ ]| JO IN[RA B 2U3Ym ,SAPNIS Y] XLURW WIOL] PIALIIP In[RA ) YA JUdWIISe
09Ty~ 125°9€T TSI'8L BLL'8YT SET'LIE RESRIY £8O'RS (06T Pood ul st ofFue puoq YL 'Y 100 F S$8'1 SBa iSud] puoq O—ig 2 pue 7 T g1l JO 2Jur 1g—O—id ® PIm U sem J[NI2J0W S1yt Jo
_mwm.wm wwwmmw mﬂmm m%mﬂ Mmmwm %m.w“w M%MM %mw SIMONNS Y, 1P 12 UOSEAY ] JO APMIS SAVYXH 98pa-3 FUIL0IQ WO PIALISP skm UPIAS Suiioddng 1dope am (pIYM *pTT1 T = goIg)>
£Tr'p— SLI'0ZT LOYRL LSEIEL SL9°16¢ LOITW  pSO'8S (09T PUB Y 6Zp81 =1 DIUMLIAPP 3ARY ‘(B)ECHE JO siowodolost dauyp Jo wndads dATmoIIW O Emmc ._m..”u;o_os mwwuuwh_unwu
Wry— vz €95'8L zZs°sTl 66966 02660 THOBS  QOST WE pue Apede) JeH
955y~ €1€°60C LE0'6L GrL611 969°LSE ISS'LOV  620'8S (0T - - .
0£9'% 688'€07 6L 6L L6 0pS See ZROSOP  ¢108S  Q0ST A0, [OW-PI8 F £8 3 0 PIINIED e
iy~ K9P°R61 6EU6L o 1801 opeEsE £0S 0t 966'LS  (0ZT uoneuLIo} Jo Adjeyua ay ‘(195 SIseq PIpUAXd UB PUB SUOLIE[NO[ED ONIUT QB uo paseq Led ur) PIPAON JO JWIdYJS UONBWINSI oY} Suisqy -onfea
08y — 6P0'E61 6976L LYETOT 690°15€ 908°66¢ oL&’LS 01T poidope N0 (1m JUOWISE PoO3 Ul 1 Yoy |, _[ow-[Y H1 [ JO an[RA B PIIA pinom sl (8)1g0g pur (8)0Ig usamiaq diysuoneal miuuis v
0067~ 1€9'¢81 69U6L 155'96 0L'8E 8L6'96E  E€S6'LS (00T 10y A1dde 01 (zg*1) s19quInt Y1 JO OBk Yy AEdINUE PINOM Im *I|qrUOSEII 31k (8'0[D0)e H"V PUP (O1D)IQ SaN[vA 23 ey} Sulunssy "anjeA
600°S— 21TT8l wWi6L LSL06 6£T°9tE 900°v6¢ LT6LS (D61 paidope Ino suoddrs anfeA SIUL ", _[OW-[Y §'¢ F 9°L01 = (S1°86T *3°QUH), H'V 2NIALI am ,*JYN V[ £q USAIS (8)1gOH J0j SUONOUNY [PULIdY}
Oels— " 16LLl 68 6L 99618 1L9°¢t¢ SLRO6E  96RLS (ORI pue 9[qe) sy ul pauasaxd suonduny feuLR Ay SuIsn *_jow- P OL'6 = (N 867), D'V pAUILIRP K], IGOHT=0'H+(M1g uonarar ayy
Mow.ml o nwm.mh" m?.mi xm 6L Moo.o: Sw.w%m 6s8'Ls (OLL 10} JuEISUOD WNLIQYINDS I PAINSEIW | IPIOPHrg PUR OPUBLIQ) “UONRULIOY Jo Ad[e1ua U 01 SuIpea] SIIPNIS PAR|AI 19410 314} I 313y L,

! .nl € . ° o1 " v w.mn f.ﬁm ooo xw. w:ﬁ.n oo “1dope am gorym Llow-p 6 X [Pl = (1 0 '0%g) H'V uotrwio Jo AdeYiua 2y) JO anfFA B PIALIAP vy
6BG'S— 1057091 006'8L S19'L9 psTsee O£E°0RE €9LLS (01 ‘A81aua souereaddepur uoneziuol ayy yum Juole ‘olig jJo wnnoads Aoualdijys uoneziuoioloyd woyy synsal [eiuawiiadxa Sulsn -~ p 12 wioy|,
S8L'S— LSO'SSI 99.'8L w19 YLITEE LYE'9LE 00L'LS  Wpl : : : : R " oneuno'y 10 Adewnu
1100 " T09'6v1 919'3L 9LO'9S 6€6'81C PLOTLE  1T9°LS  (OEl hewlo] jo Adieipuy
YLT9— o SEI'VPI 1S'8L 8IE€°0S PES'SIE 99b°L9€E €T6°LS 01 5 .

PRS'9— PSOREL 1LT8L USvy 96 17€ 99¥°79¢ L6€°LS 11 SWI.8 01 X P8C8'8ETOI = 7//Y[ BIISU] JO SIUBWOW Y1 JO 1onpoId
$$6'9— . 9SI'EEl LLOSL ObR'8E £91°8IE £00°LSE PETLS OO FTTI =19-0—1d [y puog
80v°L— LET'LTL 69 LL LTEE oLI'yie $RE0SE olyLS 06 Y 6T¥8'1 = O3 3oumsi puog
UEL—- - S60°TTI |YILL ovy'LT 9RE'60E SRTPPE LIL9S (08 =90 23 :dnoiny uog
S69'8— $ZSoll LrLL 88L°1T ¥19°S0¢ 6EL9EE €629 (0L
959'6— 0T6°011 €8I°LL 881°91 8T1°10€ SOI'RTE  ¥99°SS (09 ) ¥€29
86601 — LLTSO1 194°9L L9901 LIL96T ¥PO'RIE S8IYS s {1) 081
900°€E1— 6566 L8.°9L wes £ER'TOT €10°90¢ 890°tS  (OF 1) 1926
19891~ S£8'96 yL5°LOY 60 YT806T €€1°16C BETOS  (OF
LLEOI— 70696 000" £TR06T £TR°06T 890§ SIR6T . (Wt
CLUOT—  EEr6s LogT— QL9167 LRy (ST sa1oRIaUaga pue sarduanbasg jeuonviqip
LLOLT—  SLY'E0I YOLY — LT ST YoUSy (0T
WYLE-  60TROI S8R'9— 921°50¢ RZT'65T 8161y (S I 00 v, X
€80°65—  TIlEN PER'8 126°1¢€ RLE'THT 08p'8E 001 " -
ROR'E€CI-  TISRIT $TLO1— [414414 €LLLIT 6ISvE (5 (W Qv
HLINIANL - 00Tv21 L66£T1— SLINENT - 0007 000 ¢ WS1oA, WMURNY) PUB [9AY] JIUOLIIIF
‘¥ B0t D'V HY CLGH=-oH  UICDH=.0]- oS o R 4 )
| pw _tows,_y-f jow-f} §'¢ T 9401 = (A S1'860)o H'V (oW N 7 F 0 = (A $1'86T),8
BJIN 1'0 = o = 3anssaug 3jelg plepuels N S1'867 =L = aunyesdadwiay duaiajey Adeyny ow-ry '€ ¥ 1'4Z1 = (A 0)oH'V (A0UY ¢ T 3GE = (N 01"V
(6)'0%g (1g01g) apixo sumosg HL08'SLL =W seo (eap| (180:4) apix0 aulwoig

J. Phys. Chem. Ref. Data, Vol. 25, No. 4, 1996



MALCOLM W. CHASE

1098

(6)'ousg

(041g4g) 9pIxo aujwoig

*SN0IAZEd

0009
006§
0055
0018
0095
008§
00tS
0055
00iS
00ls
0005
006
008y
00y
008
00sy
00t
001t
00ty
0¥
0007
006€
003€
00.€
009€
005€
00rE
007€
00%€
00'€
000€
005
0082
00.2
0092
005Z
007
00T
0072
00z
000z
0031
0081
001
0091

00L
00

003
007
00z
SIT46T

082
00z
0s1
oot
0s

0

ML

[(F4 1) 9661 UWBIN -INJaI 1)
BE6'T— 6TV LEE ryatl LTI'6TE S8ty ROOERY ELIRS
LS6'T— PS6'EEE 210621 [y x4 TETLY 1£0°TR/Y TLI'RS
9LET— Y OLE 61°6T1 £6P°LIE 9679V 90" IRy [LI'8RS
L66T— €10°LTE PRE6TI 9L 11E SYEsTy STO08Y OLI"8S
]10°€— BYSETE 685°6T1 658°50¢ LLEYTY S66'RLY RI1'RS
oro'e— 980°0TE LOR'6Z1 WO00E voe'ely LY6'LLY LOI'RS
£90°€— 67991€ REQ'0E 9TTY6T €6£°TTY 0OBR'ILY 9IRS
LROE~ OLI'ElE v8T0C! 607" 88T 9LE [Ty T6L'SLY §91°8¢
Hre— LTL°60€ €S0l £65°TRT [ax144 PROPLY £91°RS
Lere— PRT'90E LIROEL SLL'ILT SRU61Y SSSELY 91°%S
yore— 9PRT0L 096'0LT LTIy €OvTLY O1RS
wle— SIF' 66T ¥P1°69C LITLIY RITILY BEI'RS
170~ 6R6'S6T 6TE°65T 20091v 620°0LY LSI'RS
wsTe— 0LS'T6T 960°ZE L £157¢ST 998 I¥ SO8'89Y SSI'RS
€8TE— RS1°68C o0r el R69°LYT LoLey VSS9 €518
Lige— SSL'SGRT 9GLTEL £88°1¥T visTiy LTI 0S8
e e~ 6SE7TRT Treel 890'9€T RICTIY 696'F9 | 1°8S
6REE€— TLO'RLT 66V EET £6T°0LT SRO0IY TE9'e9Y I 1'RS
Le— £65°6LT PRREE] REY'PTT LTRROY YoUIov €8RS
/WP~ YToeLe SLTYEL YI9'RIT 0bS'LOY £9%°09Y Or1°8S
11§°€— Y98'89C 1L9v¢E1 1IRZIT STT0Y RV 6SY LET'RS
965°¢— Y1569 0LO'SEL L66'90T 088'Y0 9S6'LSY 122819
V09t~ SLI'T9T 691°6E1 PRIT10T £0S°E0V Bl g OE1'RS
¥S9'e— SYR'RST SOR'SET ELE'S61 £60°T0V 968 PSY 9TI'RS
ROLE— LTSSET 96T 9t 655681 RPS OOV €0L7ESY TTI'RS
PoL'E~ 61T°TST 0r9otl LYL'€R1 L91°66€ 999'I§¥ LIRS
PIRE— TTE'RPT €10°LEL SE6'LLY LY9'L6E 1866V 4% 1Y
/RYE— 9E9'SYT weLel vzreLl RYO'96E TR LOV'&S
956'¢— 19€°TvT vIL'LET P1£°991 S8/ P6E [3S4%a4 10186
620'P— 960°6£T LEO8ET 05091 BERTOE (4 244 POO'RS
W01y— 1P8'SET LECBET S69¥S1 P 16¢ 60L Yy LRO'RS
681y — S6S°TET £19°8¢1 L3RR 00" 68¢€ ObLOVY 6LO'RS
6LT Y — 65€°6LT 198°8¢ 1 6LOEY L T09°L8E TOL8EY 0LO'RS
SLEY— 1€1'97T 0R0°6€1 ELTLEL 6PL'GRE 1659¢y (090°'8S
KLYy — 016'7¢T 69T°6€1 Lov'lel SER'ERE [Co 2434 6Y0°RS
0657 — L696IT 9Ty 6t1 £99°6T1 RER'IRE €Ty LEO™RS
ZiLy— 88Y°01T [US ) 098611 TIR6LE YSL6TY £TORS
YRy — SRTEIT £r96El 650%11 P69LLE SRTLIY LOO'8S
RRE'Y — SRO'0IT YOL'6E1 657801 REY'SLE LOLYTy 6R6LS
op1°6- 988'90 PEL'6EL 1997201 6ITELE 01Ty 696°LS
0ze's— 689°€0T SEL'6E §99°96 6YROLE 86ty We'LS
TIss— 06b° 00T BOL'6E 1 ILB06 £RCROE 01791y 8I6'LS
STL'S— 06T°L61 LSY'6E1 180758 TIRG9E 0801y LRRLS
P96'S— 9R0V61 8$6¢1 S6T6L RT1°€9¢ TLL' 6Oy OYR'LS
1£2°9— LLRO61 9RY6E1 TISEL 17€°09¢ 99790 SOR'LS
$€679— 799°L81 1LE'6€1 vEL'L9 1RELSE T6LLS
188°9— REPYRT 8ET'6E °96°19 LOTYSE LBY'LS
18T°L— PO 181 6R0°6E1 L61°9S PSOISE ROY'LS
oL L- RSE'LLY STE'RED 08 WoLYE 608°LS
96TR—~ REIPLI LyL'ReL 969'FY PrOvre VRE'LS
$6'8— oTr1Ll VSO RE S96'8E 0STOPE SIT6LE wTLs
RSL'6— €T1°891 LreRel €6TEE 6YT'9EE LOVELE BOO'LS
09L01 — 08%91 LTI8el 996°LT 1vO0'ZEE 66¥°99¢ 61L798
/0Tl — €SP 101 SORLED €16'1T Lyo'LTe 1$6'R6E 91£'9¢
1oL €l — GHYRST 9¢9°LEL 60791 erete €1E08¢ SEL'SS
951'91—  9P9HS| wyLEt oLLOT 9LI'RIE RTTOVE  BOKPS
L6l - sl RIT'LED 1SE°S 0SLYIE RTIRTE  OF
97T9T-  €19°051 ¥T6'L91 60" SOL'TIE oElE EErIS
LOV'9T— 0eL0s1 Q00891 OO0 POL'TIE YOL'TIE SRETIS
WTTE-  60EHSI 9T ORI W £PSEIE SLLEOE  L66'6Y
RRO'IP—  619°6SI 6V 1R 668 — TITLIE SIRTOL  LvT8Y
WS'LS—  €R1SO1 26T T8I 65T L~ LY9'LTE SSTOLT P10
ovEeR—  LYOILE oTI'¢RI 6LY6— 060°95€ R6T19T  6TH'TY
6ETSRI—  SIELLE RYR €81 Loy 1i- 67T59Y ORTHET  * PIRSE
HLNENL - €1L€81 £1L7ERL REIEL— ALININT 0007 000"
2y 3o 'V oH'V  Cd)H—oH LCLH=:Dl~ S J
| Jour. [ Jlow .
BdW 1'0 = ,d = 3nssaig je)§ prepuels M S1°867 = ‘4 = aameaddwa ] DuIJIY Adjepjuy

(6)'0o%g

(04gag) apixo aujuolg

AWN\O: £ELT .Nm wa) ‘mh_._h— X0 H M ﬁ—:w ISMIZE WS Y Y A M N THYNEAQ ], gl ﬂ_.
"(b661) “dd 191 *¢ "ON ydvaBOIOW TIRC “JaY WAy “$AY *f TXORL H W,

(5661) 08—PLOS | "66 WA “SAUL [ 20| T
SDUIIIPIY

W (07 01X 3G 01 padadxa sem (pott Butpuy

Y1) SNJRA T4 AU PUB (YANS Ig-Ig]) |_WI 9ET = ta (Yans O-1d) | W o8 ='a 29 S__Z:: SP a1am Olgag J0) SHudwuSisse |, s wu

8'7€9 Yl pazKjo10yd a1om $OLNEW FQ-TIG -1V Uy pareaddi yoiym | Wwd gEg pur pg I spuig asudiut K19A PAAIISQO "D 20 3 [NRAI]

~UBLIUIOD3] INO YA JUIWINTE 1US{[IXD UL AT ISIYL 7, (I §]7 PUR £5] "£6L 3 OF SAUNDBILY [FUOLRIGIA AU} PAALIOP S
237 "0O0ID YiMm $312U2nba1) [BUONRIQIA 31 JO SUOSIIILLOD UO PISEC PARWINSD ST 11 * |10 12 JNRALL, Aq papas s

qe Suisn

RIGARUIHIN]
prr pawjost

Xurew uofm ayy JO P11 PARIJUL D1 UO PAsE] AT SHNSII ISIY , X0dRf AQ PaNdsEns 250U 2 $21509nDIJ RUOHIQIA PIPUALUIOINL M|,
"0l X £916°9¢ =27 pue ‘. 0l X 80816 = iy 01 X 6L0L'7 = ¥J 21w (un 2 w) viaut o siuatuow ediuid g, dope oa yogm Y

069°1 = (O-1g)4 PUB Y 057 = (1g—I€)4 SOOURISIP pUOq PU® 1°¢l | JO 9jSue puoq v PaALIdP — (L)(ISI) — Suonwn, 23t

' (ow-ry 1'19) |

,997 "uonruLoj Jo Ad[Ryiud Ay 01 paw[I vIkp iuawIadxa ou 12391} 1g 10 ol = X AAgm DHOXX $12ads apixo u RO[RY ANOJ MY IO,

[ow- ey 9'p| Aq IOIg uryl Aqel
PUR DILISIPOWIOY ‘DIIBWOS | [2D11DI03N) JO HOLRUIQUIOD ¥ B!

JIRER S|
1
Adoayuyy pue KHipede)) jeaf]

A S1R6T
3] S1.OIGIG WY PASIZENS SUNSA PARI[LI ALJ, “SABIIUD UONIEIL MWSIPOS]
n spunodiwod supuvag JIUOIRLI AL JO UOHRILIOY O SA[RIIUD ) PAuIUMap

uonewo, Jo Ldpyugg

S0, 3 _:To_ X OT16PSLET] = 2F7% R1uau] JO SUIMOWN A1 JO 1INPOL[

¥

\-fowry [0Z F 8911 = (X S1'86D).II'V
\-towry [T F L'g81] =1 0)u11'V

VvI08'SLL=W

J1E11) = D-ag-ig dj8uy puog
v [167) =196 'V [69°1] =D -1¢ madurisi(| puog
’ : >3 1dnoxy o

(1) 9¢2

) [og]

(1) v08

UMY
$210112u82(] puk saduINbaL]

LIGA

[¢] 00 Lv,]

, o ‘y e
WSIAL WNUENE) Puv [JAY [ MU0

L oW T T LT = OFSER6D.S

Sey |2ap| (041g1g) ap1xQ aunwoig

J. Phys. Chem. Ref. Data, Vol. 25, No. 4, 1996



NIST-JANAF THERMOCHEMICAL TABLES FOR THE BROMINE OXIDES

7. Conclusions

Of the bromine oxides mentioned in the literature, only
nine have been prepared (as a single crystal, or in the gas
phase, or a matrix) and (at least, partially) characterized:
BrO, BrBrO, BrOBr, OBrO, BrOO, Br,0;, O,BrBrO,,
0,BrOBrO, and Br,Os. Only early studies exist which men-
tion Br,Og and Br,O-; it would appear that these species do
not exist. BrO; and BrO, are proposed as intermediates in
solutions or crystalline environments, with only an absorp-
tion maximum as a characterization.

Early references to Br;Og are undoubtedly incorrect. Dif-
ficulties in the experimental determination of the true iden-
tity and composition of the solid oxides caused difficulty for
all the condensed bromine oxides in the period before 1970.
Recent references to this oxide are also incorrect in the sense
that they should have been indexed to the monoxide—BrO.
Thus, at this time, there is considerable uncertainly as to the
existence of this compound. Finally, even recent evidence
suggests that the characterization of the various isomers of
Br,0, may not be correct.

In the following table, a summary of the recommended
thermodynamic properties at ambient conditions for six bro-
mine oxides are given. The brackets indicate estimated val-
ues. The recommended values contain significant uncertain-
ties. In all cases, experimental enthalpy of formation data are
needed. However, due to its importance in atmospheric
chemistry, the prime effort should be directed at determining
experimentally the enthalpy of formation of OBrO(g). Fur-
ther ettorts should be directed towards confirming the disso-
ciation energy of BrO and the enthalpy of formation of BrO-
Br(g), and establishing the enthalpies of formation for
BrOO(g), BrBrO(g) and BrO3(g). For any of the polyatomic
gaseous species, except BrOBr, spectroscopic measurements
for the geometry and vibrational frequencies would greatly
reduce the uncertainties in the resulting thermal functions.
Confirmation as to the existence of the various condensed
phases is needed, although this is a much lower priority.
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Heat capacity and enthalpy are not necessary at this time.
(See Table 7.1.)

TaBLE 7.1. Thermodynamic Properties of the Bromine Oxides.

0K 298.15 K

AH° AHO AGY ¢t S
Compound kJ mol ! Jmol™! K™!
BrO(g) 133324 125.8%24 109.6 342 23297x0.1
OBrO(g)  [161.5+25] [1520+25] [155.0] 454  271.1%2
BrOO(g)  [116.1240] [108.0+40] [105.7] [489] [288.8%3]
BrOsg  [233+50]  [221%50] [2504] [60] [284.5%2]
BrOBr(g) 124.1*+3.5 107.6%3.5 96.9 50.2 290.8+2
BiBrO(g)  [183.7+20] [168=20] [150.7] [514] [312.7%2]
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G. Herzberg, Molecular Spectra and Molecular Structure.
I Spectra of Diatomic Molecules, 2nd ed. (Van Nostrand,
Princeton, 1950); spectroscopy.

E. Abel, ‘‘Halate formation,”” Monatsh. Chem. 82, 7514
(1951); CA 46 3890g; intermediate in aqueous solution
(does not specifically mention Br,0,).

A. Pflugmacher, R. Schwarz, and H. J. Rabbin, ‘‘Oxides of
bromine. III. The heat of formation of bromine dioxide,”” Z.
Anorg. Allgem. Chem. 264, 204-8 (1951); CA 47 6752i;
enthalpy of formation.

J. O. Edwards, ‘‘Rate laws and mechanisms of oxyanion
reactions with bases,”’ Chem. Rev. 50, 455—-82 (1952); CA
46 8482f; in aqueous solution, review.

L. Brewer, ‘“The thermodynamic properties of the oxides
and their vaporization processes,”” Chem. Rev. 52, 1-66
(1953); review, dissociation energy.

A. 6. Gaydon, Dissociation Energies and Spectra of
Diatomic Molecules, 2nd ed. (Chapman and Hall, London,
1953); dissociation energy.

N. P. Kanyaev, “‘Bromination of unsaturated compounds.
III. Reaction of addition of hypobromous acid to
allytrimethyammonium  perchlorate,””  Sbornik  Statei
Obshchei Khim. 2, 1172-7 (1953); CA 49 5087f;
formation, bromination with HBrO.

A. Pflugmacher, ‘‘Bromine oxides. IV. Trinitrobromo
dioxide,”” Z. Anorg. Allgem. Chem. 273, 41-7 (1953); CA
48 489f, compound with NO,, questions if the compound
is not BryOg.

M. Anthar and I Dostrovsky, ‘‘Ultraviolet absorption
spectra of some organic hypohalites,” J. Chem. Soc. 1105-
8 (1954); CA 48 6827h; spectrum in CCly,.

T. L. Cottrell, The Strengths of Chemical Bonds
(Butterworths, London, 1954), pp. 221-81; estimated bond
dissociation energy.

A. Pflugmacher, *‘About bromine trioxide,” Angew. Chem.
67, 524 (1955); discussion of reaction scheme.

A. Pflugmacher, H. J. Rabben, and H. Dahmen, *‘Bromine
oxides. V. Bromine trioxide,”” Z. Anorg. Allgem. Chem.
279, 313-20 (1955); CA 49 14550f; preparation,
properties.
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STSTR/CHI

58 ARV/AYM

58BRE
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58SIG
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59SCH

60BRI/MAT

60GEO
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K. Venkateswarlu and S. Sundaram, ‘‘Evaluation of force
constants from Raman effect data: molecules, radicals, and
groups of pyramidal XY, type,” Proc. Phys. Soc. (London)
A 69, 180-3 (1956), CA 50 16345h; vibrational
frequencies. e

D. A. Ramsay, ‘‘Electronic spectra of polyatomic free
radicals.”” Ann. N 'Y Acad. Sci. 67, 485-98 (1957); CA 51
16094a; review of electronic spectra, only passing reference
to BrO (no data).

R L. Strong, I. C. W. Chien, P. E. Graf, and J. E. Willard,
“‘Studies of iodine atom and bromine atom recombination
foliowing flash photolysis of gaseous I, and Br,,"" J. Chem.

“Phys. 26, 1287-95 (1957); CA 51 13580d.

A. J. Arvia, P. J. Aymonino and H.-J. Schumacher.
“‘Formation of solid oxides of bromine in the thermal
reaction between bromine and ozone,”” Anales Asoc. Quim.
Arg. 46, 55-65 (1958); CA 52 18048i; refer to CA 53
7849c; formation from Br and Os.

L. Brewer, “‘Dissociation energies of gaseous oxides,”
UCRL 8356, 4 pp. (1958); critical evaluation of
dissociation energy.

R. A. Durie and D. A. Ramsay, ‘‘Absorption spectra of the
halogen monoxides,”’ Can. J. Phys. 36, 35-53 (1958); CA
52 4315b; absorption spectra; rotational and vibrational
analysis, dissociation energy.

W. D. McGrath and R. G. W. Norrish, ‘“The study of
energy transfer and cnergy distribution in fast chemical
reaction by flash photolysis and kinetic spectroscopy,”” Z.
Phys. Chem. (Frankfurt) 15, 245-61 (1958); CA 52 11591f;
dissociation energy.

J. Sigalla, ‘‘Reduction of bromates by halides and the
mechanism of oxidation-reduction reactions,”” J. chim.
phys. 55, 75867 (1958); CA 53 7851a; in aqueous solution
(Br,0,-H,0).

A. P. Zeelenberg, ‘‘Absorption spectrum of the OBr
radical,”” Nature 181, 42 (1958); CA 52 10717c; absorption
spectrum.

A. J. Arvia, P. J. Aymonino, and H. J. Schumacher,
“‘Formation of solid oxides of bromine in the thermal
reaction between bromine and ozone,” Anales Asoc. Quim.
Arg. 46, 55-65 (1958); Z.-Anorg. Aligem. Chem. 298, 1-8
(1959); CA 53 7849c; solid formation from bromine and
ozone.

A. Pflugmacher, ‘‘Formation of solid oxides of bromine in
the thermal reaction between bromine and ozone,”” Z.
Anorg. Allgem. Chem. 298, 9-10 (1959); CA 53 7849e;
response to Arvia er al.

M. Schmeisser and K. Joerger. ‘‘Reactions with ozone
solutions. I. Synthesis of BrO,,"’ Angew. Chem. 71, 523-4
(1959); CA 54 5315e: preparation from Br, and ozone in
CFCl; solutions.

H. J. Schumacher. “*Formation of solid oxides of bromine
in the thermal reaction between bromine and ozone,” Z.
Anorg. Allgem. Chem. 298. 11 (1959); CA 53 7849f:
response to Pflugmacher.

N. K. Bridge and M. S. Matheson, **The flash photolysis of
halate and other ions in solution.”” J. Phys. Chem. 64.
1280-5 (1960): CA 55 7006¢: formation in hypobromate
solutions.

J. W. George. “‘Halides and oxyhalides of the elements of
groups Vb and VIb,”" Progr. Inorg. Chem. 2, 33-107
(1960): CA 57 10507c: review.

M. S. Matheson and L. M. Dorfman. “‘Detection of
short-lived transients in radiation chemistry,” J. Chem.
Phys. 32. 18701 (1960): CA 55 1150c: pulse radiolysis
H.  Guenebaut and P. Goudmand, ‘*Molecular
spectroscopy—on the excitation in shock wave. of a
resulting gaseous mixture of the action of H,SO, on
KBrO;." Compt. Rend. 253. 1926-8 (1961): CA 36
15056¢: shock wave. formation.

62BOY/GRA

62GUE/PAN

62SVE

63BUR/NOR

63SCH

63SCH/BRA

63VEN/RAJ

64RAO/SAN

64TRE/YAA

65GLU/MED

66BUX/DAI

66CAM

66CAR/LEV

66CHA/BOY

66SPR/PIM

66VED/GUR

67CAR

67CAR/LEV

1101

G. E. Boyd, E. W. Graham, and Q. V. Larsan, ‘‘Recoil
reactions with high intensity slow neutron sources. IV.
Radiolysis of crystal alkali metal bromates with y-rays,” J.
‘Phys: Chem. 66, 300~7 (1962); CA 57 313h; radiolysis.
H. Guenbaut, G. Pannetier, and P. Goudmand, ‘‘Excitation
of gases or gas mixtures in a shock tube,”” Bull. Soc. Chim.
France 1962, 80-6 (1962); CA 57 1753a; formation in
reaction of H,SO, and KBrO; induced by shock waves.
R. A, Svehla, “Estimated viscosities and *thermal
conductivities of gases at high temperatures,”” NASA Tech.
Rep. RI32, 140 pp. (1962); CA 57 79¢; thermal
conductivity, viscosity.

G. Burns and R. G. W. Norrish, ‘“Mechanism of the
formation of halogen monoxides during flash photolysis
of halogen + oxygen mixtures,”” Proc. R. Soc.
(London) A 271, 289-95 (1963); CA 58 4076d; flash
photolysis.

C. J. Schexnayder Jr., ‘‘Tabulated values of bond
dissociation energies, ionization potentials and electron
affinities for some molecules found in high-temperature
chemical reactions,” NASA Tech. Note D-1791, 62 pp.
(1963); dissociation energies.

M. Schmeisser and K. Brandle, ‘*Oxides and oxyfluorides
of the halogens,”” Adv. Inorg. Chem. Radiochem. 3, 41-89
(1963); CA 60 7657b; review.

K. Venkateswarlu and K. V. Rajalakshmi. *“Tlrey-Rradley
force field and thermodynamic properties: pyramidal XY}
type molecules,” Indian J. Pure Appl. Phys. 1, 380-2
(1963); CA 60 4823e; vibrations.

C. G. Rama Rao and C. Santhamma, “*The mean square
amplitudes of vibration in BrOs, 103 and SiBry,"" Current
Sci. 33(22), 677-8 (1964); CA 62 600le: molecular
vibrations.

A. Treinin and M. Yaacobi, ‘“The electronic spectra of the
halate ions -in solution,”” J. Phys. Chem. 68, 2487-92
(1964); CA 61 10192¢; rejection of Matheson e al. (1960)
data.

V. P. Glushko and V. A. Medvedev, **Thermal Constants of
Substances,”” Volume I (145 pp.), Academy of Sciences,
Moscow (1965).

G. V. Buxton, F. S. Dainton, and F. Wilkerson, *“The BrO
radical in aqueous solution,” Chem. Commun. (11), 3201
(1966); CA 65 8231a; formation and reactions in presence
of ultraviolet light.

C. Campbell, *‘Spectroscopic studies of bromine oxides.
Ph.D. thesis, Cambridge, England (1966); full citation is not
available at this time.

A. Carrington and D. H. Levy, **Electron resonance studies
of free radicals in the gas phase. Detection of ClO, BrO.
and NS J. Chem. Phys. 44(3), 1298-9 (1966);
CA 64 15218a; magnetic resonance absorption. ESR of
BrO.

J. W. Chase and G. E. Boyd. *‘Radiolysis of the crystal
alkaline earth bromates by cobalt-60 y-rays,”™ J. Phys.
Chem. 70. 1031-6 (1966): proposed formation of BrO, .
R. D. Spratley and G. C. Pimentel, *'The [p—7*]o and [s—
7*]o bonds. FNO and O.F,." J. Am. Chem. Soc. 88.
2394-7 (1966); CA 65 3106b; structure.

V. L Vedeneyev. L. V. Gurvich, V. N. Kondrat'yev, V. A.
Medvedev, and Ye
lonization Potentials, and Electronic Affinities (Edward
Arnold. London, 1966). p. 33 (English transiation of
Russian 1962 publication): dissociation energy. review.

A. Carrington. “‘Electron resonance of gaseous free
radicals,”” Proc. R. Soc. London, Ser. A 302(1470), 291—
304 (1967): CA 68 109411q; ESR.

A. Carrington and D. H. Levy, *‘Electron resonance of free
radicals in the gas phase,”” J. Phys. Chem. 71(1), 2-11,
discussion 11-12 (1967); CA 67 69326m: EPR.

L. Frankevich. Bond Encrgics,

J. Phys. Chem. Ref. Data, Vol. 25, No. 4, 1996



1102

67CAR/LEV2

67CAR/LEV3

67CAR/LEV4

68BUX/DAI

68CAM/JON

68EDW/GRE

63GAY

68WAG/EVA

69AMI/CZA

69BAR/GIL

69BRE/ROS

69CAR

69TP/BUR

69JEN/ZIE

69POW/JOH

TOAMI/TRE

70BEG/SUB

MALCOLM W. CHASE

A. Carrington, D. H. Levy, and T. A. Miller, ‘‘Stark effect
in gas-phase electron resonance. The dipole moments of
ClO, BrO, SH, and 'A SO,”” J. Chem. Phys. 47(10), 3801-9
(1967); CA 68 34133q; EPR, dipole moment.

A. Carrington, D. H. Levy, and T. A. Miller, ‘“Double
quantum transitions in gas-phase electron resonance,”
J. Chem. Phys. 47(11), 4859-60 (1967); CA 68 64047q;
EPR.

A. Carrington, D. H. Levy, and T. A. Miller,
‘‘Stark-modulated gas phase electron resonance cavity,”’
Rev. Sci. Instrum. 38(8), 1183-4 (1967); CA 68 64426e;
EPR.

G. V. Buxton and F. S. Dainton, ‘“The radiolysis of aqueous
solutions of oxybromine compounds: the spectra and
reactions of BrO and BrO,,”” Proc. R. Soc. London, Ser. A
304(1479), 427-39 (1968); CA 68 110274d; radiolysis,
formation, Br,0O, as an intermediate.

C. Campbell, J. P. M. Jones, and J. J. Turmner,
‘“‘Spectroscopic studies of bromine oxides: the infrared
spectrum of solid bromine monoxide,”” Chem. Commun.
(15), 888-9 (1968); CA 69 81958t; force constants, IR
spectrum, structure, also for Br,'%0.

J. O. Edwards, E. F. Greene and J. Ross, ‘‘From
stoichiometry and rate law to mechanism,”’ J. Chem. Educ.
45, 381-5 (1968); CA 69 24473g; proposed structure
(BrBr0O,), aqueous solutions, review.

A. G. Gaydon, Dissociation energies and spectra of
diatomic molecules, 3rd ed. (Chapman and Hall, London,
1968), p. 265; review, dissociation energy.

D. D. Wagman, W. H. Evans, V. B. Parker, R. H. Schumm,
I. Halow, and S. M. Bailey, ‘‘Selected values of chemical
thermodynamic properties. Part 1. Tables for the first 23
elements in the standard order of arrangement,”
NBS-TN-270-3, 31 (1968); enthalpy of formation reported.
O. Amichai, G. Czapaki, and A. Treinin, ‘‘Flash photolysis
of the oxybromine anions,”” Isr. J. Chem. 7(3), 351-9
(1969); CA 71 118332d; formation in photolysis of bromate
and bromite.

F. Barat, L. Gilles, B. Hickel, and J. Sutton, ‘‘Flash
photolysis of aqueous solutions of halate ions,”” J. Chem.
Soc. D (24), 1485 (1969); CA 72 61336x; formation in flash
photolysis of aqueous bromate.

L. Brewer and G. M. Rosenblatt, ‘‘Dissociation energies
and free energy functions of gaseous monoxides,”” Adv.
High Temp. Chem. 2, 1-33 (1969); review.

A. Carrington, ‘‘Electron resonance of gaseous diatomic
molecules. Magnetic and electric interactions in 11 states,””
Proc. Collog. AMPERE (At. Mol. Etud. Radio Elec. 1963)
15, 2341 (pub. 1969); CA 71 130594y, EPR.

J. K. K. Ip and G. Burns, ‘‘Recombination of Br atoms by
flash photolysis over a wide temperature range. II. Br, in
He. Ne, Ar Kr, Ny . and 04,77 J. Clicwn. Pliys. 51, 3414-24
(1969). CA 71 129273m; rate constants.

P. W. Jennings and T. D. Ziebarth, ‘‘Mechanism of the
modified Hunsdiecker reaction,”” J. Org. Chem. 34(10),
3216-7 (1969); CA 71 123267r; intermediate in
Hunsdiecker reaction.

F. X. Powell and D. R. Johnson, "*Microwave spectrum of
the BrO free radical,”” J. Chem. Phys. 50(10), 4596 (1969);
CA 71 34844j: microwave spectrum, °BrO and *'BrO data.
O. Amichai and A. Treinen, ‘‘Oxybromine radicals,”” J.
Phys. Chem. 74(20). 3670-4 (1970); CA 73 104276t
formation in the photolysis and radiolysis of bromate.

A. Begum. S. Subramanuan, and M. C. R. Symons,
~*Oxides and oxyions of the nonmetals. XI. Electron spin
resonance study of the bromate radical in y-irradiated
potassium bromate.”” J. Chem. Soc. (6), 918-21 (1970);
CA 72 138214r; EPR in potassium bromate during
radiolysis.
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70BLA/BRO

70BRO/BUR

70CAR/DYE

70CLY/CRU

70CLY/CRU2

70COL/COS

70DAR

70SER/ZAK

70TOM/STU

71BYB

TIBYF/CAR

71CLY/CRU

71KAU/KOL

7IMIL

710LS

71SHE/TUR

72ADL

D. A. Blake, R. J. Browne, and G. Bumns, ‘‘Interaction
potentials involving Br atoms,’” J. Chem. Phys. 53, 3320-3
(1970); CA 73 113370w; enthalpy of formation.

J. Brown and G. Burns, ‘‘Decomposition of bromine
monoxide studied by kinetic spectroscopy,”” Can. J. Chem.
48(22), 3487-90 (1970); CA 74 25483a; kinetics and
mechanism of decomposition.

A. Carrington, P. N. Dyer, and D. H. Levy, ‘‘Gas-phase
electron resonance spectra of bromosyl iodosyl,”” J. Chem.
Phys. 52(1), 309-14 (1970); CA 72 49474h; ground state
configuration, splitting, rotational constant, EPR.

M. A. A. Clyne and H. W. Cruse, ‘‘Rates of elementary
reactions involving the BrO (X*I1) and 10 (X*II) radicals.
1. Formation and decay of the BrO radical,”’ Trans. Faraday
Soc. 66(9), 2214-26 (1970); CA 73 70238q; kinetics of
formation and disproportionation, structure.

M. A. A. Clyne and H. W. Cruse, “‘Rates of elementary
reactions involving the BrO (X?IT) and IO (X°IT) radicals.
2. Reactions of the BrO and IO radicals,”” Trans. Faraday
Soc. 66(9), 2227-36 (1970); CA 73 70239r; reaction with
nitrogen dioxide.

M. A. Collins, M. M. Cosgrove, and G. P. Bettertidge,
“‘Bromine dioxide center in irradiated zinc bromate, " J.
Phys. B 3(5), L48-L52 (1970); CA 73 50570p; ESR in
y-irradiated zinc bromate, °BrO, and 5'BrO, .

B. de B. Darwent, ‘‘Bond dissociation energies in simple
molccules,”” NSRDS-NBS 31, 1-48 (1970); CA 72 9385c;
review, dissociation energy.

L. V. Serikov, Yu. A. Zakharov, and A. A. Vasil'ev,
‘‘Radiolysis of alkali metal halates,”” Tr. Mehvuz. Konf.
Radiats. Fiz. 1967, 321-5 (1970); Ref. Zh., Khim. 1971,
Abstr. No. 21B1193; CA 77 95304d; EPR study, formation
of BrO; during radiolysis.

R. E. Tomalesky and J. E. Sturm, ‘‘Bromine monoxide
from the flash photolysis of bromine-nitrous oxide and
bromine-nitrogen dioxide mixtures,”” J. Chem. Phys. 52(1),
472-3 (1970); CA 72 61332t; formation.

J. R. Byberg, “‘ESR spectra from paramagnetic centers in
irradiated potassium perbromate,”’ J. Chem. Phys. 55(10),
4867-72 (1971); CA 75 156727b; EPR in potassium
perbromate.

C. R. Byfleet, A. Carrington, and D. K. Russell, ‘“Electric
dipole moments of open-shell diatomic molecules,”” Mol.
Phys. 20(4), 271-8 (1971); CA 74 147751g; dipole
moment, EPR.

M. A. A. Clyne and H. W. Cruse, *‘Studies of ground-state
2p,, halogen atoms using atomic resonance absorption,”’
Trane. Faraday Soc. 67, 286985 (1971); CA 75 145664c;
kinetics, cross-sections.

M. Kaufman and C. E. Kolb, ‘‘Molecular beam analyzer for
identifying transient intermediates in gaseous reactions,”
Chem. Instrum. 3(2). 175-89 (1971): CA 76 76557b:

detection:
T. A. Miller, ‘‘Alternative explanation for anomalous
molecular  parameters  from  electron  resonance

experiments,”’ J. Chem. Phys. 54, 315661 (1971); CA 74
118155k; questions earlier EPR spectra value of XT3,
state.

K. J. Olsen, ‘‘Radiolysis of frozen solutions containing
oxybromine anions,” Trans. Faraday Soc. 67(4), 1041-8
(1971); CA 74 132925t; stability in aqueous solution.

P. M. A. Sherwood and J. J. Turner, ““The reactions of
hydrogen atoms with solids at low temperature. Part L
Apparatus, hydrocarbon, and hydrogen cyanide reactions,”
J. Chem. Soc. A 1971, 2474; no bromine oxides data, only
a reference to another study.

T. Adl, “Electron resonance study of gaseous bromine
oxide,” Ph.D. thesis, Pennsylvania State University, 92 pp.
(1972); Diss. Abstr. Int. B 33(12) [Part 1], 5710; Order No.
73-13945; CA 79 131120t; EPR.



72AMO/YOS

72BRI

72BRO/BYF -

72BUN

72BUN2

72FIE/KOR

72RA0

T2RAO/SYM

T2YAN

73BYB/SPA

73DIX/PAR

73PAN/MIT

73PAR/HER

73PAS/POT

73SOL/DOR

NIST-JANAF THERMOCHEMICAL TABLES FOR THE BROMINE OXIDES

T. Amano, A. Yoshinaga, and E. Hirota, ‘‘Microwave
spectrum of the BrO radical. Equilibrium structure and
dipole moment,”” J. Mol. Spectrosc. 44(33), 594-8 (1972);
CA 78 50058f; molecular, constants, *BrO and *'Bro,
microwave spectroscopy.

B. J. Brisdon, ‘‘Oxides and oxyacids of the halogens,”" Int.
Rev. Sci.: Inorg. Chem. Ser One 3, 21551 (1972); CA 76
R120933x; review.

J. M. Brown, C. R. Byfleet, B. J. Howard, and D. K.
Russell, “‘Electron resonance spectra of bromine monoxide,
iodine monoxide, and selenium monofiuoride in J=5/2

_rotational levels,”” Mol. Phys. 23(3), 45768 (1972); CA 77

107377v; EPR.

N. J. Bunce, ‘‘Mercury salt pathway for the degradation of
carboxylic acids to alkyl halides using halogen and
mercuric salts,”” J. Org. Chem. 37(4), 664-9 (1972);
CA 76 98849z; reaction with mercuric oxide and pivalic
acid.

N. J. Bunce, “Free radical bromination of saturated
hydrocarbons using bromine and mercuric oxide,”” Can. J.
Chem. 50(19), 3109-16 (1972); CA 78 28887d;
bromination of alkanes.

R. J. Field, E. Koros and R. M. Noyes, ‘‘Oscillations in
chemical systems. II. Thorough analysis of temporal
oscillation in the bromate-cerium-malonic acid system,” J.
Am. Chem. Soc. 94(25), 864964 (1972); CA 78 48508;;
formation of Br,0; in aqueous solution.

C. G. R. Rao, “‘Centrifugal distortion constants in bromine
trioxide (BrOs), iodine trioxide (I0;), and silicon
tribromide (SiBr;) molecules,”” Sci. Cult. 38(12), 522
(1972); CA 78 166312p; molecular centrifugal distortion
constants.

K. V. S. Rao and M. C. R. Symons, ‘‘Oxides and oxyanions
of the nonmetals. XV. Electron spin resonance spectra
of selenium and bromine radicals,”” J. Chem. Soc., Dalton
Trans. (2), 147-50 (1972); CA 76 66023k; EPR.

V. M. Yanishevskii, ““On certain regularities in the
variation of the fundamental stretching vibration
frequencics of diatomic molccules,”” Opt. Spektrosk. 33(4),
636-41 (1972); Eng. transl., Opt. Spectrosc. 33, 349-52
(1972): CA 78 64392x; correlation vibrational frequencies
and dissociation energies.

J. R. Byberg and J. Spanget-Larsen, ‘‘Relation between
molecular geometries and nuclear quadrupole coupling
constants for some oxy-compounds of bromine and
chlorine,”” Chem. Phys. Lett. 23, 247-51 (1973); CA 80
125084p; correlation nuclear quadrupole constants and
geometry.

D. A. Dixon, D. D. Parrish, and D. R. Herschbach,
“*Molecular beam scattering, general discussion,”” Faraday
Discuss. Chem. Soc. 55, 385-7 (1973); formation.

A. N. Pandey, A. K. Mithal, M. M. Shukla. and G. C.
Singh, “"Mean amplitudes of vibrational and molecular
polarizabilities for some diatomic molecules.”” Indian J.
Pure Appl. Phys. 11(1), 69-71 (1973); CA 79 47266n;
molecular vibrational amplitudes.

D. D. Parrish and D. R. Herschbach, “*Molecular beam
chemistry. Persistent collision complex in reaction of
oxygen atoms with bromine molecules,”” J. Chem. Soc.
95(18). 61334 (1973); CA 79 129458r; formation, ground
state.

J. L. Pascal and J. Potier, **Raman spectrum and structure
of bromine dioxide,”" J. Chem. Soc.. Chem. Commun. (13).
446-7 (1973): CA 79 98776m: Raman spectra, structure is
dimeric. BraOy with a Br—Dr bond.

D. V. Sokol'skii, Ya. A. Dorfman. and T. L. Rakitskaya.
“Induction period in the reduction of sodium bromate by
phosphine.”” Zh. Fiz. Khim. 47. 59-61 (1973); Russ. J.
Phys. Chem. 47, 31-2 (1972): CA 79 35500w: intermediate
in aqueous solutions.

74BYB/KIR

74CAH/RIL

74DHA/CLE

7T4DHA/CLE2

TALOV/TIE

TAPAS/PAV

74SCH

74SOL/KEI

TATIS

75BYB/LIN

75CLY/WAT

75DAL/LIN

75GIN/SYM

75SRAD/WHI

75WOF/MCE

76CLY/MON

1103

J. R. Byberg and B. S. Kirkegaard, ‘‘ESR spectra of
BrO, and BrO2™,” J. Chem. Phys. 60(7), 2594-97 (1974);
EPR.

R. W. Cahill and J. F. Riley, ‘‘Bromine oxide (BrO)
disappearance in the pulse radiolysis of molecular oxygen
+ molecular bromine and nitrogen dioxide + molecular
bromine systems,”’ Radiat. Res. 58(1), 25-37 (1974); CA
80 151056a; formation, disappearance.

A. L Dhar and F. F. Cleveland, ‘‘Bond strengths and other
constants for diatomic molecules. IV. Calculated values of
the energies at zero Kelvin, energies equilibrionic, and
constants in the exponential part of the Morse potential
energy function, for bonds of the types B-C, B-D, and
B-E,”’ Spectrosc. Mol. 23(268), 42—4 (1974); CA 82
7815w, calculation of force constants, dissociation energies,
and vibrational frequencies.

A. L. Dhar and F. F. Cleveland, ‘‘Bond strengths and other
constants for diatomic molecules. V. Calculated values of
the bond strengths, and of the quantities C; (force-constant
ratio) and C,, (bond-energy ratio), for molecules of several
bond types,’* Spectrosc. Mol. 23(269), 48-9 (1974); CA 82
7814v; calculation of force constants, dissociation energies,
and vibrational frequencies.

F. J. Lovas and E. Tiemann, ‘*Microwave spectral tables. I.
Diatomic molecules,’” J. Phys. Chem. Ref. Data 3(3), 609—
769 (1974); CA 82 104977h; review, microwave spectral
data.

J. L. Pascal, A. C. Pavia, J. Potier, and A. Potier, ‘‘New
bromine oxide Br,O;,”’ C. R. Acad. Sci., Ser. C 279(1),
436 (1974); CA 81 98807p; thermal decomposition.

J. Schneider, ‘‘Internal partition function of two atom
molecules in a polynomial representation,”” Z. Phys. Chem.
(Leipzig) 255(5), 986-96 (1974); CA 82 145259
coefficients, partition function.

I. J. Solomon and J. N. Keith, “*Synthesis of halogen
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H. D. Foersterling, H. J. Lamberz, and H. Schreiber,
““Kinetics of the cerium (3+)/bromine oxide (BrO,)
reaction in sulfuric acid medium,”” Z. Naturforsch. A:
Phys., Phys. Chem., Kosmophys. 40A(4), 368-72 (1985);
CA 102 210074c; redox reaction with cerium(Ilf) in
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disproportionation.
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