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FOREWORD

This report, Technical Report No. IITRI-Cl91-33, describes
the thermodynamlc and computational phases of a research pro-
gram entitled "Study of New Materials Related to the Develop-
ment of Radiant and Thermal Sources.” The report covers the
period from April 15, 1962, to August 14, 1963. The investi-
gation was conducted at the IIT Research Institute and its
predecessor organization, Armour Research Foundation, Technology
Cunter, Chicago 16, Illinois, under the sponsorship of the Aero-
nautlcal Systens DlViSlon Wright-Patterson Air Force Base, Chio.
Mr. Jason W, Sarnow of the AF Avionics Laboratory served as
Project Engineer. The work was performed under Contract
AF 33(616)-7835 (IITRI Project Cl9l).

Dr. Sidney Katz, Scientific Advisor, was the Project Leader.
Dr, Elliott Raisen served as Group Leader of Thermochemistry and
as Task Supervisor. Administrative direction was provided by
Dr, J. I, Bregman, Assistant Director of Chemistry Research.
Other participants in the work include Paul Ase, Robert H. Boes,
Karl Franson, Richard Snow, Betty Isakson, Pat Llewellen,
Roberta Patzer, Loretta Lucek, Gertrud Matuschkovitz, and Martha
Williams.
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ABSTRACT

SURVEY OF THE THERMOCHEMISTRY OF HIGH-ENERGY REACTIONS

This report describes the thermodynamic and computational
phases of a survey of exothermic chemical reactions. The
purpose of the survey was to ascertain the utility of these
chemical reactions as radiation sources for a variety of
applications.

All currently available thermochemical data were surveyed.
Computer programs were prepared and enthalpies were obtained
for all inorganic reactions for which data were adequate.
Tabulations included reactions of metals with oxides, fluorides,
chlorides, sulfides, phosphides, azides, nitrides, silicides,
carbirdes, nitrates, nitrites, chlorates, perchlorates, chromates,
and borides. Data for a total of about 20,000 reactions were
obtained. The data for the individual reactions included a
balanced chemical equation, and enthalpies and heats of reaction
per unit weight and volume. Supplementary tabulations included
listings in order of energies of the most energetic reactions in
each class, graphical presentations of the reactions of all the
metals with various oxidizing agents plotted against enthalpies,
similar plots for the reactions of all the oxidants in different
classes with various metals, and a total recapitulation of all
the reactions in each category in grid form in descending order
of energy per unit weight and per unit volume. An extension of
this survey to include the detection of the free energies of the
reactions is proposed.
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SURVEY OF THE THERMOCHEMISTRY OF HIGH-ENERGY REACTIONS

I. INTRODUCTION

The use of pyrotechnic reactions for the production of
radiant and thermal energy has generated an interest in high-
energy reactions in this laboratory. As a result; we have been
conducting theoretical and experimental studies of high-energy
reactions for the past several years, The theoretical studies
were concerned with systematic examination of the reactions of
metals with different oxidizer systems in order to establish
logical criteria for choosing reactions to be studied experi-
mentally. The experimental phases were concerned with the
chemical and radiative properties of the reactions and included
manipulative studies to establish control over the burning
properties of the reactions, calorimetric studies to compare
experimental enthalpies with theoretical values, burning-rate
studies as a function of the ambient atmosphere, differential
thermal analysis and thermogravimetric studies to aid in the
interpretation of the kinetics and mechanisms of the reactions,
and situdies of the spectroradiative properties in the visible
and infrared regions of the gpectrum,

The most important property of the reaction is its enthalpy,
which determines the maximum amount of heat available after the
reaction occurs, If the reaction is carried out adiabatically,
this heat will raise the temperature of the products to a value
which is determined by their specific heats. If the reaction
is carried out isothermally, the thermal energy can be used for
processes involving enargy absorption. The reactions exhibiting
high negative enthalpies were therefore of most interest.

Much of the present study was concerned with calculating
reaction enthalpies and correlating them with the properties of
the resctants and the prod “ts and with relationships in the
periodic table. The periodic table and the rapidly increasing
body of thermocherical data on heat capacities, entropies, a&d
heats and free energies of formation provide a framework for
examining and correlating the theoretical behavior of thermo-
chemical reactions. For our practical purposes it was most use-

ful to conpare the energy content of the reactions on a volumetric
Since

basis, because most of our applications ave volume-limited.
weight limitations are important too, the gravimetric eathalpies

were also determined.

Manuscript released by authors in August 1963 for publication as
an ASD Technical Documentary Report.
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II. SCCPE OF THE STUDY

A. Reactions Surveyed

In earlier work 2600 reactions of metals with binary oxides
and 50 reactions of metals with fluorides were examined by
using manual computations. On the present program 6G,000 high-
energy reactions were examined by using a kemington-Rand Univac
1105 computer. Of these, about 20,000 reactions were printed by
the computer and 10,000 of them were stored on magnetic tape for
further operatlons° The remaining reactions were discarded
either because they had positive enthalpies or because other
reactions between the same reactants were found with gresater
negative enthalpy. In chlorate reactions, for example, eac. set
of reactants may undergo several different stoichiometric reac-
tions to produce different combinations of oxides and chlorides
of the constituent metals.

The scope of the theoretical survey is summarized in Table 1.
Sixteen classes of oxidizer systems were examined. The data for
oxides, fluorides, and chlorides were the most numerous, being
represented by 145 105, and 102 compounds each. The others
ranged from 68 for the sul:ldes to 5 for the chromates. The
possible reactions ¢f all these oxidizers with as many as 68
metals were examined.

The data compiled for the oxides were also used in the
calculations invelving ternary oxidants such as the nitrates,
nitrites, chlorates, and perchlorates, in which oxides occur
as a product. All the oxide reactions were examined by use of
the computer to produce a more complete set of such reactions
than those caiculated previously: over 20,000 reactions were
examined in 6 hours. It is estimated that the same task would
take about 1 hour by using an IBM 7090 computer and about 7
man-years by using manual methods.

In general, the perchlorastes, chlorates, oxides, and
nitrates are the most energetic classes of reactions, followed
by the fluorides, nztrltes, silicides, nitrides, sulfides, and
carkides. The enthalpy of the most energetic reaction in each
of these classes is listed in Table 2. The results of this
survey were used as a guide in choosing reactions to be studied
in the Jaboratory.

ASD-TLR-63-846
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Table 1

SCOPE AND SUMMARY OF THEORETICAL SURVEY
OF THERMOCHEMICAL REACTIONS

Number of Number of Enthalpy of the
Oxidizer Number of Reactions Reactions Most Energetic
Class Oxidizers Examined Printed Reactions, cal/cc

*
Oxides 145 20,994 9,636 ~8275 to -4949

Fluorides 105 n.r. 10% -5586 to -30Q0
Chlorides 102 10,545 3,061 ~3336 to -2593
Sulfides 68 Nn.r. 2,145 -3169 to -2553
Nitrides 44 -2478 to =1766
Azides 13 n.r. 1,575 -3346 to -1795
Silicides 36 n.r. 302 -5153 . to -480
""" Carbides 30 n.r. 386 -2532 to -1102
Nitrates 18 ~7798 to -3468
Nitrites 8 n.Le 1,226 -4670 to -3476
Phosphides 25 n.r. 500 ~-1254 to -18
Chlorates 7 . ~-7853 to -6100
Perchlorates 9 16,384 800 -9459 to -6099
Borides 8 n.r, 14 -2894 to -110
Chromates 5 2,920 114 ~-3845 to -1915
Organic . s
fFluorides Examined on a limited basis manually

*
The data for 71 oxides were used in the nitrate and nitrite
computations.

n.r. Not recorded.
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Table 2

THE MOST ENERGETIC REACTION IN TERMS
OF VOLUMETRIC ENTHALPY IN EACH CLASS OF OXIDIZERS

Enthalpy,
Class Reaction cal/cc
Perchlorates 8Be + MgClo4 = MgCl2 + 8Bel -9459
Chlorates .3Be + 4 AgClO3 = 2Agzcl + 12BeO + BeCl2 -8103
Oxides 28e + Ru02 = Ru + 2BeO -8279
Nitrates S5Be + 2LiNO3 = LiO + 5BeC + o, -7798
Flucrides 3Be + ReF6 = Re + EBer -5586
Nitrites 3Be + 2NaN02 = Nazo + 3BeO + Nz -4670
filicid.s 3CoSi2 + 18a = 3Co + ZBaSi3 -5153
Chromates 4Be + 2PkCr0, = szo + 4BeQ + Cr203 ~3845
Azides 9Be + BalN, = Ba + 3BeN, -3346
Nitrides 2U + 3Fe, N = 6Fe + U,N, -2478
Chlorides 5Ce + ReCl5 = 3Re + SCeClB- ~3336
Sulfides 8Th + 7Fe52 = 7Fe + 2Th4s7 -3169
Carbides <Ta + L12C2 = 2Li + 2TaC -2532

- e

Ng represents (N3)2
4 ASD-TDR~63-846




B, Computer Input anéd OQutput

All the data used for the computer input were obtained from
the sources shown in Table 3 in the order of preference indicated.
The National Bureau of Standards Circular 500 was used as the
primary source whenever possible. In all cases, the heat of
formation at 298°K was used.

Tzble 3

SOURCES OF DATA FOR THEFMCCHEMICAIL: REACTIONS

Source, in Order

Property - of Preference
Heat of formation at 298°K (&H,qq) Reference 1, 2, 4, 5
Molecular weight Reference §
Density keference &
‘Melting point Reference 1, 3, 5
Boiling point Reference 1, 3, 5

lRossini, F. D., Wagman, D, D.,, Evans, W, H,, and Levine, S.
Selected Values of Thermodynamic Tables, National Bureau ol
Standards Circular 500, 1952,

2Glassner, A. The Thermochemical Properties of Oxides, Fluorides
and Chlorides to 2300°K, Argenne National Laboratoriss,
No, 3750, 1957.

3Hodgman C. D., ed., Handbook of Chemistry and Physius.
Chemical Rubber Publishing Co., Cleveland, 1954-55.

uui’l L. L., ed., The Chemistry and Metallurgy of
Miscellaneous Materlals Thermodynamics, McGraw-Hill Book
Co., 1950.

Shodﬂman C. D., ed., Handbook of Chemistry and Physics,
Chemical Rubber Pubilshing Co., Cleveland, 1960-61.

L% 4]
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The input data consisted of the reactants and products,
their heats of formation, and various of their physical
properties: molecular weight, melting point, boiling point, and
density. Computer programs were designed which combined all
the reducing agents (metals) and oxidizers (oxides, chlorides,
perchlorates, etc.) into balanced equations and calculated the
enthalpy of the stoichiometric reaction. Reactions with positive
enthalpies were discarded. Those with negative enthalpies were
subjected to further computations to determine the gravimetric
and volumetric enthalpies* based on the reactants- weight and
volume . Then each reaction was printed together with the data
for each component. This output was stored on magnetic tape for
the further processing discussed later.

Much of the input data was printed, so that all the proper-
ties for each reaction were conveniently assembled in one place.
Melting points and boiling points aid in determining practical
uses for the reactions. Physical states of the reactants aid
in date mining the feasibility of formulating and storing the
materials. Melting points and boiling points of the products
indicate potentially useful properties of the reactions. For
example, if che products undergo a phase transition at the
temrerature of mrximum radiative energy, the reaction products
will tend to lib rate more or their energy at this temperature
and thus increase the efficiency. Also, if gaseous products
ars desived for radiative or other purposes, reactions that have
relatively low-boiling nroducts can be selected. Conversely, if
solid products ace 3Jesired, reactions that have high-melting
products can he selected. Assembling the input and calculated
data in one place thus increases the versatility of the compi-
lations.

The output consisted .f the following input and derived
data: a balanced equation, the reaction components, heats of
formation at 298°K, the averagad densities of the componants,
the melting points of the components, the boiling points of the
components, heat of the reaction on &« molar basis, the reac-
tants’ averaged density, the heat of the reaction per unit
weight of the reactants | “he gravimetric enthalpy), the heat of
the raaction per unit volume of reactants (the volumetiic
enthalpy), and the atomir aumbers of the components. Output
values were omitted when the data were too limited *c¢ allow the
required calculaticn. For example, if the reactant density was
anknown, the position for volumetric enthalpy was blank.

*

In this work the “volumetric enthalpy" is used to designate the
heat of the reaction based on a stoichiometric mixture of reac-
tants occupying a theoretical volume of 1 cc. Similarly, the
gravimetric enthalpy is the corresponding heat of reaction
based on a gram of reactants.

& ASD-TDR-63~846




C., Theory

A generalized equation for the reactions of a metal with a
binary compound is:

zA+yBC —xyB+ Azcyw (1)

where A and B are electropositive elements (metals); C is an
electronegative element (O, F, Cl, S, C, B, N, H, etc,); and

Z, Y, X, and w are the constants for the stoichiometric reaction
after the coefficient of the last term is adjusted to unity.

The metal A reduces the compound Bxc to form the metal B and
the compound of metal A. In order t¥ calculate the energy per
unit volume of reactants, the following equation is derived:

AR -y 0H ' AH -y OH
A _ Azcyw BXCW on BOx (2)

cc 7%V, +yV Sz VvV, +yV
Bwa A BOx

A

where OH. is the heat of reaction per unit volume of reactants;
V is the gram-atomic and gram-molecular volume of the respective
reactants, i.e., the atomic or molecular weight divided by the

density; and

AHAO and AHBO
X x

are the molar heats of formation of the products and the reac-
tants, respectively.

To obtain a large energy per unit volume of reactants, it is
evident that the heat of formation of the products

&H
Azcyw

*

should be large, the heat of formation of reactants

AN
BxCw

and the gram-atomic and the gram-molecular volumes of the
reactants

vA and VB c
X W

should be small, and the coefficients y and z should also be
small. According to the usual convention, a negative 8H is
considered as energy output. Thus, in this analysis a "large"

7 ASD-TDR-63-846




AHA

ZCYW

in reality signifies a large negative number and a "small"

AR
BxCu

signifies a small negative number or even a positive number:;
hence a large negative value for AH/cc is desired.

The use of Equation 2 can be demonstrated by examples from
the oxide systems. In general, the oxide of the reducing agent
should have a heat of formation

AHA

zcyw
exceeding ~250 kcal and the reducing agent itself a gram-atomic

volume less than 15 c¢, while the oxidizing agent should have a
heat of formation

AH
BCu

less than 100 kcal and a gram-mtlecular volume less than 35 cc.
If the components of a reaction satisfy these four conditions,
the reaction will be highly snevgetic, except tvhen the combi-
nation of valences produces large values of y and z which
nullify the other factors. The y term is especially significant
because of its influence on <he numerator. The value of y is
not a constant for an oxide but is rather a function of the
valence of element A in the raaction, and it can only be found
by balancing the reaction aund adjusting the coefficient of the
AC .. term to unity. Varicas exceptions occur when one of the
fouf" factors is outside the specified range, but the extreme
value of one or more of the other factors compensates.

The reducing agents Be, Mg, La, and Nd and the oxidizing
agents WOy, Fe,04, 0504, and T1,03 are examples of the various
possibilities. éor exampla, thé low gram-atomic volumes of
Be and Mg (4.96 and 14.0 cc, respectively) compensate for the
rather low heats of formatiyn of their oxides (-146.0 and
-148.9 kcal, respectively), while the large heats of formation
of the oxides of La and Nd (.43 and -436 kcal, respectively)
compensate for the high ¢gramn.atemic volumes of the metals
(50 and 46 cc, respectivelv). Similarly, the low gram-
molecular volumes of WO, and Fe,0, compensate for their rather
high heats of formation. On ¢heé Other hand, the low heats of
formation of O0sO, and T1Oy (-93.6 and -84 kcal, respectively)
compensate for tﬁeir relatively large gram-molecular volumes
(51.8 and 44.8 cc, respectively).

8 ASD-TDR-63-846




D, Presentation of Data

Initially the computer was programmed to take each metal-
oxidizer compound in alphabetical order and to treat it as the
product of the reaction. When the oxidized metal exists in
several valence states, each state was treated as a separate
compound., All the other compounds were taken successively in
alphabetical order and treated as reactants. A balanced
equation was computed by using the appropriate metal from each of
the compounds in the reaction. The enthalpy of the reaction was
then computed by taking into account the coefficients in the
balanced equation. 1If the enthalpy was negative, the gravimetric
and volumetric* enthalpies were calculated and all the d&ta for
each reaction were printed. If the enthalpy was positive, the
reaction was ignored** and the program went on alphabetically to
the next compound. This was done for each metal. Later the order
of choosing reactions was based on the reactant oxidizer.

Thus all the reactions of one metal with a series of
reactants which yield the same product were printed. When the
product exists in a higher valence form, the same process was
repeated for the higher valence form. Then the next product was
treated in alphabetical order. This type of output, represented
by 1 in Table 4, was printed and also stored on magnetic tape. 1In
order to make the data more readily available, the magnetic tape
was processed many times with different programs to produce the
other types of outputs shown in Table 4. These outputs all
contain essentially the same data but arranged in different formats.
All the outputs were obtained on volumetric and gravimetric bases.

It would be impractical to reproduce the prodigious amount
of material available from the computer., The results are
summarized and discussed in this report, and representative data
sheets for each type of oxidizer system are included for
illustrative purposes.

4
The volumetric enthalpies were calculated from the density of
condensed phases only.

L2 ]
Reactions with positive enthalpies are not of interest here.
If they were included, twice as many reactions would result.
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IIT. DISCUSSICN OF THERMOCHEMICAL DATA

A. Fluoride Reactions

The molecular, gravimetrie,; and volumetric enthalpies of
about 5000 reactions resulting from the combination of 50 metals
with 105 fluorides were calculated and compiled on the computer,
The reactions cf beryllium with cobalt trifluoride, ferric
fluoride, and stannic fluoride are particularly energetic;
beryllium fluoride is formed in these reacticns.

Table 5 is a list of fluoride reactions with negative
enthalpies in excess of -3000 cal. The reactions are all of
the form:

A +BF = B + AF

where BF and AF are the reactant and product fluorides, respec-
tively, and A and B are the corresponding metals., Each reaction
is identified by the reactant and product fluoride and their
molecular coefficient: the metal reactants and products are
omitted from the tasbulation,

As a group, the fluorides are a highly energetic series of
reactions, Experimental study of many of these reactions should
prove interesting, especially those with very high enthalpies
and those with products that have low melting or low boiling
points., The reactions with the following products merit further
study: mercury, cobalt, tin, iron, silver, bismuth, antimony,
manganese, nickel gallium, cadmium, chromium, beryilium fluoride,
germanium fluorlée neodymium fluoride, praseodymxum fluoride,
and lithium fl.uoride°

Figure 1 illustrates the periodic behavior of the enthalpies
of the flucride reactions, The metals are plotted by atomic
number along the abscissa, and the volumetric enthalpies of their
reactions with cobalt tr*éluoride are shown on .the ordinate.
Cobalt fluoride was chosen as the reactant because most of its
reactions are highly energetic. A representative reaction is:

3Be + 2CoF

2Co + 3IBeF OH = -380.2 kcal

3 7 2’
Here, OH 1s the molar enthalpy. The enthalpy in Table 5 is the
heat of the reaction on a volumetric basis in terms of calories
per cubic centimeter of reacting material, in this case

-5111 cal/cc.

All the available data are plotted in Figure 1, and the
various points are connected by solid, dotted, or dashed lines
to indicate their relationships within the periodxc table. The
solid lines connect metals with adjacent atomic numbers, the
dotted lines connect members of the same group, and the ' dashed

12 ASD-TDR-63-846




lines connect the members of a B group (transition metals). The
three subfigures 1A, B, and C emphasize each of these relation-
ships.

Figure 1A, in which the adjacent atomic numbers are connected,
illustrates the overall periodic behavior of the enthalpies.
In general, the Group II elements (beryllium, magnesium, calcium,
strontium, and barium) establish the peaks in the energy out-
puts (i.e., the largest negative enthalpies) and the Group I
elements (lithium, sodium, pctassium, rubidium, and cesium)
establish the minima. The curve is irregular in the neighbor-
hood of strontium and barium because the Group IIIB metals
(yttrium, lanthanum, and the rare earths) and the Group IVB
metals (titanium,; zirconium, and hafnium) have unusually small
atomic volumes and their fluorides have relatively high heats of
formation.

The elements establishing the peaks in the energy curve are
characterized by one or more of the following:

The electronic configuration of their valence orbitals.
Their outermost orbital has two electrons, and the
next-to-outermost orbital has either one or two
electrons.

Their electronic configuration in the ﬁluorideg° They
all have the rare gas configuration, s® or sp°.

The high heat of formation of the flucoride relative to
the fluoride of their nearest neighbors.

Their low gram-atomic volumes.

Groups IIIB and IVB tend to react more energetically than
Group II. The fluoride curve is similar to the analogous oxide
and nitrate curves, with a few exceptions. Aluminum, for
instance, is less energetic than magnesium in the fluoride
system and more energetic in the oxygen system, because of the
unusually high heat of formation of the oxide.

The relationship of the elements within Groups IA, IIA,
IIIA, and IVA is shown in Figure 1B, Except for boron in Group
IIIA, the energies of the reactions of cobalt trifluoride within
the elements of a group diminish with increasing atomic number.
A group relationship is also apparent. In decreasing order of
energy, they follow the sequence Group IIA, IIIA, IVA, and IA.

Figure 1C shows the relationship of the elements within
the transition metal groups. Groups IIB (zinc and cadmium),
VB (vanadium, niobium, and tantalum), and VIB (chromium,
molybdenum an@  tungsten) are similar to Groups IA, IIA, IIIA,
and IVA in that the energy tends to decrease with increasing
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Table 5

*
FLUORIDE REACTIONS WITH HIGHEST WNEGATIVE ENTHALPIES

Metal Fluoride

Enthalpy, mp., bp., wmp., b.p,,

cal/cc Reactant Product °C °C °C °C

-5586 ReF6 3 BeF2 3147 800

-5206 CF4 2 BeF2 4400

-5112 2 CoF3 2 BeF2 1493 3100

-5015 ReF6 3 YF,

-4960 HgF2 BeF2 -39 357

-4926 ReF6 2 CeF3 1460

-4870 ReF6 2 LaF3

~4830 SnF4 2 BeF2 232 2337

-4820 ReF6 2 NdF3 1410

-4809 ReF6 2 PrF3 1370

-4765 NbF5 5 BeF2

-4683 3 CF4 4 YF3

~-4648 Fer BeF2 1535 2800

-4603 Ang BeF2 961 2193

<303 CoF3 YF3

-4534 3 HqF2 2 YF3

-4527 3 CF4 4 LaF3

-4460 C0F3 LaF3

-4450 3 HgF2 2 LaF3

-4342 3 SnF4 4 YF3

-4272 3 NbF3 5 YF3 2478 3700

-4268 3 AgFZ 2 YF3 .

-4267 3 SnF4 4 LaF3

-4216 3 AgF2 2 LaF2

-4213 3 FeF2 2 YF3

-4202 3 NbFs ) LaF3

-4156 3 FeF2 2 LaF3

-3889 B.\F3 YF3 271 1420

~-3869 BiF3 LaF

-3821 2 SbFS 5 BeF2 630 1440

-3707 2 TaFS BeF2

14 ASD-TDR-63-846




Table 5 (cont.)

Metal Fluoride

Enthalpy, m.p., b.p., m.p., b.p.,

cal/cc Reactant Product °C oC °C oC

-3704 2 VFq 5 BeF, 1730 3000

-3611 AgF2 2 LiF 845 1681

-3601 3 SbF5 5 LaF,

~-3601 MoF . 3 BeF, 2610 4800

~-3589 3 SbFS 5 BeF2

-3573 2 MnF3 3 BeF2 1244 2087

-3568 NiF2 BeF, 1455 2800

-3564 3 TaF, 5 LaF,

-3544 3 TaF 5 BeFZ

-3502 3 VFS 5 LaF3

-3478 3 VF5 5 YF3

-3427 M0F6 2 LaF3

-3424 2 GaFy 3 BeF3 30 937

-3394 MoF6 2 BeF,

-3392 VF, 2 BeF,

-3376 MnF3 LaF3

-3323 3 NiFZ 2 YF,

-3329 MnF3 YF,

-3322 < SbF3 BeF2

-3320 2 FeF3 Ber

-3259 GaF3 LaF3

-3214 SbF3 LaF3

-3202 FeF3 LaF3 )

-3192 GaF3 YF

-3183 3 VF4 4 Ber

-31%7 SbF3 YFa

-3144 3 AgF LaF3

-3143 CdF2 Ber 321 767

-3109 3 CrF 3 Ber 1900 2480

-3098 3 AgF YF,

-3070 3 Csz 2 LaF3

-30138 3 CrF3 LaF3

ve
The first reaction, for example, is: J Be + ReF, = Re + 3 BeF,.
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atomic number. Groups IIIB (scandium, yttrium, and lanthanum,
and the rare earth elements) and IVB (tltanlum zircenium, and
hafnium) exhibit the opposite behavior and 1ncrease 1n energy
with increasing atomic number. This behavior 1s due primarily

to the small increase 6 or even decrease in the atcmic volume

of the elements in these groups with increasing atomic number,
caused by the lanthanide contraction. Groups IIIB and IVB

are the most energetic. and Groups IIB, VB, and VIB are the least
energetic. '

Similar reiationships for the gravimetric enthalpies (heat
output per gram of reactants) are illustrated in Figure 2 A
few differences are observed because densities of the reactants
vary. Since the volume is not considered. the effect of the
lanthanide contraction is not evident, and Groups IIIB and
IVB exhibit a normal behavior, with their energy decreasing
with increasing atomic number On the gravimetric basis,
lithium is more energetic than beryllium, scandium more energetic
than titanium, and Group I more energetic than Group III. The
gravimetric enthalpies are lower than the volumetric cnes
because the densities cf the reactants are more than unity in all
cases.

Although the volumetric enthalpies were considered more
significant for the present studies, because the establishment
of a maximum energy in a fixed volume is usually desired; the
gravimetric enthalpies were also considered in choosing the
reactions to be studied experimentally. Less information is
avallable on volumetric enthalpies because the densities of the
reactants are often not known.

Figures 1 and 2 emphasized the effect of the metal on the
enthalpy of the reactions. Figures 3 and 4 emphasize the effect
of the fluoride, 7The volumetric and gravimetric enthaipies of
the reactions of the fluorides with beryllium are pictted in
Figures 3 and 4 on the ordinate, with the atomic number of the
metal in the fluoride shown ¢n the abscissa. A periodic behavior
is apparent but is difficult to specify because, fluorides of
each metal can exist in different valence states In general,
within a grcup the energy decreases with increasing atomic
number; since the metals are in the oxidized form, the order
of the groups 1s reversed.- Thus Groups IIIB and IVB are the
least energetic when the metal fluoride, rather than the metal,
1s used as the reactant. Groups V, VI, VII, and VIIIB, represented
by vanadium k6 chromium, manganese, iron cobalt molybdenum
tungsten, rhenlum and DSmMLUm fluorides‘ are the most enerqetic‘
When a metal forms more than one fluoride. the one with the
greatest number of fluorine atoms is usually the most enhergetic.
The iron flurides are exceptions, FeF, being more energetic than
FeF The trends illustrated in the %iqures are similar for the
othér fluorides and metals, except for displacement of the
vertical scale
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B, Oxide Reactions

A toti. of 20,994 reactions involving 145 oxides was
examined, ind the dta for 9636 reactions were printed. Of the
9636 reaccions, about half were pertinent to the present study;
reactiors with positive and negative enthalpies were inadvertently
included in the output. The oxides form a highly energetic
class of reactions, with volumetric enthalpies up to-8279 cal/cc.
The oxide systems, including the perchlorates, chlorates, and
nitrates, are the most snergetic of all the classes of reactions
examined. The oxide parameters tend to dominate and, as a result,
the trends in perchlorate, chlorate, and nitrate reactions are
similar to those in the oxide reactions.

Representative computer outputs, including some of the more
energetic reactions, are shown in Table 6. In this format all
the data for each reaction are assembled in one place. Several
reactions with positive enthalpies are shown. On a molar or
gravimetric basis, they are the same as the reverse reaction
with a negative enthalpy. On a volumetric basis, the results
for the reverse reaction are slightly different, since the
reactants and products have different densities. This is
illustrated by the reaction of silver with cobalt monoxide and
the reverse reaction of cobalt with silver oxide. It is also
demonstrated by the fact that the reaction between cobalt and
silver oxide is more energetic when the cobalt monoxide, rather
than the dicobalt trioxide, is produced. This is not obvious
from Table 6 because only the reaction with the greatest thermal
output is printed when more than one reaction is possible between
any two reactants,

The most energetic oxide reactions are shown in Tables 7 and
8 on volumetric and gravimetric bases, respectively. On the
volumetric basis, the best reducing metals are the lower members
of Groups IIA and IIIA (beryllium, magnesium, aluminum, and
boron), the Group IVB elements (titanium, zirconium, and hafnium),
and the IVF and VF elements (lanthanum, cerium, praseodymium,
neodymium, promethium, samarium, gadolinium, etc., and thorium
and uranium). On the gravimetric basis, the same elements are
the best reducing metals, with a few notable exceptions. Lithium
is one of the best metals on a gravimetric basis but is very
powr on a volumetric basis bhecause of its extremely low density.
On the other hand, the extremely high densities of thorium
and uranium cause them to be much more effective on a volumetric
than on a gravimetric basis.

The most effective oxidizers on a volumetric basis are the
oxides of ruthenium, nitrogen, rhenium, sulfur, silver, osmium,
selenium, manganese, carbon, cobalt, arsenic, lead, and copper.
The most effective oxidizers on a gravimetric basis are the
oxides of nitrogen, carbon, sodium, sulfur, ruthenium, molybdenum,
indium, potassium, and chromium.
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Table 7

MOST ENERGETIC REACTIONS OF METALS WITH OXIDES,
IN TERMS OF VOLUMETRIC ENTHALPY

Enthalpy,

Reaction cal/cc

2 Be + RuO2 = Ra + 2 BeO -8279
5 Be + N,O, = N* + 5 BeO -7987
7 Be + Re207 = Re + 7 BeO =7773
4 Be + RuO4 = Ru + 4 BeO -7616
2 Be + NO2 = N + 2 BeO -7390
4 Be + N204 = 2 N + 4 BeO -7221
2 Be + 802 = S + 2 BeO -6987
4 Be + 10 SO4 = 10 s + 4 BeO -6880
3 Be + N203 = 2N + 3 BeO ~-6820
19) + RuO2 = Ru + UO2 -6815
55U+ 2 N205 = 4N + 5 UO2 -6812
5 Hf + 2 N205 = 4N + 5 Hf02 -6732
HE + Rn02 = Ru + Hf02 -6717

2 Be + Ag202 = 2 Ag + 2 BeO -6637
10 A1 + Nzos = 6 N + 5 A1203 -6613
4 Al + Ru02 = 3 Ru + 2 AJ.203 -6571
HE + N02 = N + HfO2 -6314

5 2r + 2 N205 = 4N + 5 ZrO2 -6266
70 + Rezo7 = 4 Re + 7 UO2 -6246
8 AL + 3 RuO4 @ 3 Ru + 4 A1203 -6235
2 Be + Se0, = Se + 2 BeO . -6227
2U + N204 = N + 2 U02 -6221
4 Al + 3 N02 = 3N + 2 Al203 -5206
2 Be + Mn02 = Mn + 2 BeO -6194
2 Be + CO2 = c + 2 BeO -6185
2 HE + N204 = 2 N + 2 Hf02 -6158
7 HE + 2 Re207 = Re + 7 Hfoz -6153
Zr + RuO2 = Ru + ZrO2 ~6152
Be + NO = N + BeO -6147
20U + RuO4 = Ru + 2 RuO2 -6435

36 ASD-TDR-63-846

O P Y




Table 7 (cont.)

Enthalpy,
Reaction cal/cc
2 Be + PbOZ = Fb + 2 BeO -6406
3 Be + C0203 = 2 CO + 3 BeO -6389
U + NO2 = N + UO2 -6379
2 Hf + Ru04 = Ru + 2 Hf02 -6359
5 Be + Aszo5 = 2 As + 5 BeO -6345
Be + Cu0 = Cu + Bed -6330
4 Be- + Co3O4 = 3 Co + 4 beO -6321
HE + N02 = N + Hf.O2 -6314
5 2r + 2 N205 = 4 N + 5 ZrO2 -6266
7U + Re207 = Re + 7 UO2 ~6246
8 Al + 3 RuO4 = 3 Ru + 4 Al303 -6235
2 Be + SeO2 = Se 2 BeO -6227
2U + N204 = 2N + 2 U0, -6221
4 Al + 3 No2 = 3N =+ 2 A1203 -6206
2 Be + Mnoz = M + 2 BeO -6194
2 Be + C02 = ¢ T 2 BeO -6185
2 HE + N204 = 2N+ 2 Hf02 -6158
Be + NO = N o+ BeO -6147
5T + 2 N205 = 4N <+ 5 'I‘hO2 -6123
Be <+ Nzo = 2N 4+ BeO -6098
S Np + N205 = 4N «+ S NpO2 -6083
8 AL+ 3 Nzo4 = 6 N + 4 A1203 -6050
Th + RuO: = Xu o+ ’I‘hO2 ] -6003
14 Al + 3 R3207 = 6 Re + 7 A1203 -5995
loTi + 3 NZOS = 6N+ 5 T1203 -5941
juy b 2 NZOB = 4N <+ 3 UO2 -59133
Np + Ru02 = Ru + Npo2 -5926
Zr + N02 = N o+ Zro2 -5902
43 + 3 RuO2 = 3 Ru + 2 8203 -5889
22r + ‘iuo4 = Ru + 2 Zr02 -5888
Be + NiQ = NL + BeO -5880
3 HE + 2 N203 = 4N + 3 Hfoz -5879
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Table 7 (cont.)

Enthalpys

Reaction cal/cc

2 Be + TeO2 = Te *+ 2 BeO -5831
™h + N02 = N + Th02 -5818

3 Be + CrO3 = Cr + 3 BeO -5799
2Th * RuO, % Ru + 2 ThO, A -5795
2 al + V04 = 2N + A1203 -5780
2 U + 10 SO4 = 10 S + 2 UO2 -5779
4 Ti + 3 RO, = 3 Ru *+ 2 T1,04 -5757
10 Ho * 3 N205 = 6N + 5 H0203 -5751
2 2r ¢t Nzo4 = N + 2 ZrO2 -5750C
U + 562 = S + UO2 -5749
Np * N02 = N + NpO, ~5732
U + AgzO2 = 2 Ag *+ 0o, -5728
2 Hf + 10 SO, = 108 + 2 HfOo, -5716
Np * RaC, % + 2 NpO, -5692
Th + N204 = 2 N + 2 ThO, -5685
HE + S0, = S + Hfo2 -5679
Hf + Ag202 = 2 A t HEC, -5676
4 B + 3 Wo, = 3N + 2 8203 -3668
2 Be *+ WO2 = w ot 2 BeO -5646
4 T ¢t 3 NO2 = 3N + 2 T1203 -5610
8 B + 3 RuO, 3 Ru + 4 8203 ~5607
2 Ta + NZOS = 2N + Tazo5 -5593
8 Al ¥ 3 080, = 30s + 4 AL,04 . -5592
4 Ho + 3 Ruo2 = 3 Rn Ot 2 Hozo3 -5582
2 Np N204 w 2 N + 2 NpO, -5576
4 AL + 3 Ag202 6 Ag * 2 A1203 -6572
7 2 * 2 Re207 = 4 Re + 720, -5562
8 Ti + K RuO4 = 3 Ru + 4 T1203 -5553
10 T ¥ 3 N205 = 6N + 5 Tb203 -5549
4 Al + 3 S0, = 3 s + 2 A.LZO3 5542
Be ¢+ MoO, = Mo + 3 BeO -5828
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Table 7 (cont.)

Enthalpy,

Reaction cal/cc
3 2r + 2 N203 = 4 N + 3 ZrO2 -5510
7 Th + 2 Re207 = 4 Re + 7 ThO2 -5505
4 Ho + 3 NO2 = 3N + 2 Ho203 -5500
2 Be + MoO2 = Mo + 2 BeO -5487
8 B + 3 N204 = 6N + 4 B203 ~5481
3Th + 2 NO, = 4N + 3 ThO, ~-5477
8 Ti + 3 N204 = 6 N + 4 Ti203 ~5457
10 Sm + 3 NZOS = 6 N + 5 szO3 -5449
u + 2 NO = 2N+ uo, -5445
8 Ho + 3 Ru04 = 3 Ru + 4 H0203 ~5443
10 Ga + 3 N205 = 6 N + 5 Gd203 -5412
HE + 2 NO = 2 N + HfOz -5406
U o+ 2 Nzo = 4N + U02 -5395
8Ho + 3NO0, = 6N + 4Ho,0, ~5377
10 s¢ + 3 NO: = 6N + 5 Sc203 -5368
10N + 3 N205 = 6N + 5 Nd203 -5363
HE + 2 Nzo = 4N + HfO2 -5357
3 Be + Fezo3 = 2 Fe + 3 BeC -5355

™ + 3 Ruo2 = 3 Ru + 2 Tb203 -5349
3INp + 2N, 0, = 4N + 3NpO, -5348
l0Lra + 3 N205 = 6N + 5 L3203 -5339
U + PbO2 = Pb + UO2 -53130
2Al + 3 NO = 3N + A1203 . -5323
4T + 3 NO2 = 3N + 2 Tb203 -5316
7Np + 2Re0, = 4 Re + 7Npo, -5304
5 81 + 2 N205 = 4 N + 5 SiO2 ~-5297
Zr + Agzo2 = 2 Ag + Zro2 -5297
10 Pr + 3 N205 = 6N + 5 Pr203 -5293
T™h + Ag,0, = 2Ag + ThO,, -5289
¢4 Ta + 5 Ru02 = 5§ Ru + 2 TaaoS -5284
10 Ce + 3 N205 = &N + 5 09203 -5276
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Table 7 (cont.)

Enthalpy,

Reaction cal/cc

HEf + Pb02 = Pb + Hfjo2 -5274

2 A1 + 3 P = 6 N + A1203 -5273
2 Zr + 10 SO4 = 10 8 + 2 ZrO2 -5266
2T + 10 SO4 = 10 S + 2 ThO2 -5261
4 Ta + 5 N02 = 5N + 2 Tazo5 -5256
2 Ti + N203 = 2 N + T1203 ~5242
8 Tb + RuO4 = 3 Ru + 4 Tb203 -5238
4 Sm + R.uO2 = 3 Ru + 2 SmZO3 ~5236
U + Cuo = 2Cu + UO2 -5238
U + Se02 = Se + 002 -5232

5 Mg + NZOS = 2N + 5 MgO -5227
4 Sm + 3 NO2 = I N + 2 Sm203 -5226
2B + N203 = 2N o+ 3203 -5221
2 Ho + Nzo3 = 2 N + H0203 -5206
4 G4 + RuO2 = 3 Ru + 2 Gd203 -5194
4 G4 + NO2 = I N + 2 Gd?_O3 -5193
8 Tb + N?_O4 = 6N + 4 szO3 -5193
Th + 802 = S + T‘nO2 -5188
U + 2 C°203 = 4 Co + 3 UO2 -5183
5U + 2 A3205 = 4 As + 5 UO2 -5183
HE + SeO2 = Se + HfO2 -5181
Zr + SO2 = S b ZrO2 . -5180
HEf + 2 Cul = 2Cu + HfO2 ~-5180

2 Nb + Nzos = 2 N + Nb235 -5178
4 Na + 3 NO2 = 3N + 2 Ndzo3 ~-5154
4 A1 + 3 PbO2 = 3 Pb + 2 A1203 -5149
4 Nd + 3 Ruoz = 3 Ru + 2 Nd203 -5145
4 Sc ¢+ 3 NO2 = I N + 2 Sc203 -5144
8 Sm + 3 RuO4 = 3 Ru + ¢4 szo3 -5140
4 La 3 N02 = 3N + 2 La203 -5140
14 Ti + 3 Rezo7 = 6 Re + 7 T1203 -5137
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Table 7 (cont.)

]

Enthalpy,

Reaction cal/cc

45c + 3RO, = 3R + 25,0, -5131
8 Ta + 5 RnO4 = 5 Ru + 4 Ta205 -5131
4 La + 3 RuO2 = 3 Ru + 2 La203 -5128
Np + Ag202 = 2 A + Np02 -5125

5 HE + 2 Aszo5 = 4As + 5 Hfo2 -5125
3 HE + 2 C0203 = 4 Co + 3 HIO, -5124
2 Be + GeO2 = Ge + 2 BeO -5118
Th + 2 NO = 2N + Th02 -5117
14 Ho + 3 Re207 = 8 Re + K HO U, ~5113
Be + HgO = Eg + BeO ~-5112
Zr + NO = 2N + ZrO2 -5105
Sm + N204 = 63X + 4 Sm203 -5105

8 Gda + 3 R.uO4 = 3 Ru + 4 Gd203 ~5104
U + 10 SO2 = 108 + UO2 -5095

4 Pr + 3 NO2 = 3N + 2 Przo3 -2093
8 Ta + 5 N204 = 10N + 4 Ta205 -5082
4 Ce + 3 NO, = IN O+ 2 Cezo3 -5074¢
8Gi + 3 Nzo4 = 6N + 4 Gd203 -5073
Th + 2 N20 = 4N + ThO2 -5072

4 Pr + 3 R.uO2 = 3 Ru + 2 Pr203 -5070
2vu + Co304 = 3 Co + 2 uo, -5066
8 Nd + RuO4 = 3 Ru + 4 Nd203 -5063
14 B + Re20.7 = 6 Re + 7 5203 . -50863
4§ AL + SeO2 = 3 Se + 2 A1203 -5063
2Np + 10 SO, = 108 + 2Npo, -5061
ar + 2 N20 = 4 N + ZrO2 -5055%

8 La + RuO4 = 3 Ru + ¢ La203 -5051
2 Al + Cu0 = 3 Cu + A1203 ~5051
HE + 10 502 = 10 S + Hf02 ~ U480

3 Be + WO3 = W + 3 BeO -5045
4 Ce + 3 Ruo, = 3 Ru + 2 Cezo3 ~5Q45
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Table 7 (cont.)

Enthalpy,

Reaction _cal/cc

8 S¢ + 3 Ru04 = 3 Ra 4 SC203 ~-5044
2 Th + N203 = 2N + szO3 -5036
8 Ng@ + 3 N204 = 6 N + 4 Nd203 -5036
2 Mg + NOZ = N + 2 MgO 5029
U + 602 = C + UO2 -5028
La + 3 N204 = 6 N + 4 L3203 -5026

4 Ho + 3 AgZO2 = 6 Ag + 2 H0203 ~5024
1G Vv + 3 NZO5 = 6N + 5 V.,O3 -5020
Sc + 3 N204 = 6 N + 4 80203 ~5¢018

4 Ti + 3 Ag202 = 6 Ag + 2 'I‘1203 -5018
51+ N02 = N + Si02 ~5015

2 HE + Co3O4 = Co + 2 HfO2 ~5006
8 Pr + 3 Ruo4 = Ru + 4 Przo3 -4997
2 Mg + Rqu = Ra + 2 Mgo ~-4989
10 a1 + 2 A5205 = v As + 5 A1203 -4988
2 a1l + Co,D. = 2 Co = Al.0 -4983

273 273

8 Pr + N204 = 6N + 4 Pr203 -4873
8 Ce + RuO, = 3 Ru + 4 Ce203 -4974
HEf + C02 = C + HfO2 -4973
Np + 2 NO = 2 N + NpO2 -4964

3 Ho + OsO4 = 3 0s + 4 H0203 -4960
Ce + 3 N204 = 6 N + 4 Ce203 ’ -495?

2 Sm + N203 = 2N + omzo3 ~4955
N+ S0, = s <+ Kp2, ~4931
o~ 1

4B + 3ag0, 6 Ag ¥+ 2 B,0, LTS
31 0+ Rqu = Ru + 8102 2780

3 v A 2 SO3 = 238 + 3 uoz -4949

—— -

& refers to mclecular nitrogen an’ 1s thus 1/2 N?.
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Table 8

MOST ENERGETIC REACTIONS OF METALS WITH OXIDES,
IN TERMS OF GRAVIMETRIC ENTHALPY

e e A e I e s

Enthalpy,
Reaction cal

3 Be + No, = N + 3 38e0 -5064

5 Be + N205 = 2N + 5 Bel -4703

2 Be + N02 2 N + 2 BeO -4686

4 Be + N204 = 2N + 4 BeO -4573

3 Be + N203 = N + 3 BeO -4444

1l Be + NO = N + BeO ~4294
6 Li + NO, = N o+ 3 Lizo ~4246

4 Li + No, = N oo+ 2Li0 ~3870

10 i + N,Of = 2N + 5 Li.0 -3956
8 Li + N204 = 2N + 41Li0 -3876

5 Li + NEOB = 2N + 3 Li?O -3800

2B + NO3 = N o+ 8,0, -3765

2 Li =+ NO = N + Lizo -3726

2al + NO,4 = N+ AL ,04 -3553

4 B t 3 NO2 = 3N + 2 8203 ~3485

10 B + 3 NZOS = 3N + 5 8203 ~3423
B v 3N 0, = 6N + 4 R0, -335¢

4 A1 + 3 NC, = 3N o+ 2 1.0, -3243

10 A1 + 3D N.Qg = 6 L + 5 A7203 ~3309
2 + NLOB = 2N + 8203 ~3297

IMg - NO, = N+ 3 MgO . =3293

2R+ NO = 3N ¢ B0, -3284

B al + NO, ° BH N o+ 4 A1203 ~3259

Be + CG = c + BeO -323G

2 Al + NO, = 2N o+ A1203 -3224

2 AL % 3 NO = 3 N + A1203 -3221

2 Be + COZ = C + 2 BeO -3130

2 Be + Na , = Na + 2 BeO -3151

2 Mg + NC . = N + 2 MgO -3124
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Table 8 (cont.)

Enthalpy,
Reaction cal

Be + N20 = 2N + BeC ~312C

3 81 + 2 NO, = 2 N 3 SiO2 -3083
4 Mg + N204 = 2N + 4 MgO -3051
Mg + NO = N+ MgO -3045

3 Mg + N0 = 2N + 3 MgO -3030
Si + NO2 = I} + Sio, - 2881

5 81 + 2 N205 = N + 5 SiO2 -2824
Si + 2 NO = 2N+ 3102 ~2821
2Li + W0 = 2N 4+ Li 0 -2796
2 S¢ + N03 = N + Sc203 ~2790
281 + N204 = 2N+ 2 SiO2 -2787
3 81 + 2 N203 = 2N + 3 Sio2 -2776
2 L1 + Co = Cc + LizO -2769
4 Li + NaO2 = Na + 2 LiZO -2693
2 Be + 302 = 28 + 2 BeQ ~2092
4 S¢ + 3 N02 = I N + 2 Sc203 ~2662
4 Li + co, = c + 2 LiZO -2657
6 Li + SO, = S - 3 Lizo -2650
2g; + 3 NO = 3N + 3c203 - 2644
4 Be + RuO4 = Ru *+ ¢ BeO -2616
10 Sc + 3 N205 @ 6 N + 5 Sc203 -2617
S Be + MOO5 = Mo + S BeC ., =2601
2 8¢ + N203 = N + Sc203 -2597
§ ¢ + 3 N204 = € N + 4 SCSO3 - 2597
3 Ca + NO, = N+ 3 Cao -2571
4 Be + K204 = 2K + 4 Bel -2524
Ca + NO = N + Ca0 -2475
Ca + NOZ = N ¥ 2 Cal -2471
Al + 3 Nzo = 3N + A1203 -2459
Be =+ .80 =2 S + Bel ~2452

S Ca + N205 = 2N + 5 Ca0 ~2430
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Tablie 8 (cont.)
Enthalpy,
Reaction cal

3 Ca + N203 = N + 3 Cal -2423
4 Ca + NzO4 = N + 4 Cal -2417
Mg + N20 = N + MgO ~2389

3 Be + Cro, = Cr + 3 BeO -2358
2B + NO . = 6 N + 1 5203 -2345
8 Li + Ru04 = Ru + L120 ~2339
Be + Sio = Si o+ BeO -2331

4 Li + SO2 = s  + 2 L120 -2328
2 Ti + 3 NO = > N + T1203 -2323
2 Al + 3 CO = 3 ¢Cc + A1203 -2318
4 T1 + 3 NO,, = 6N + Tizo3 -2300
4 Be + Nb204 = 2 Nb + BeO - 2284
2P -+ NO, = N o+ P04 -2282
10 Li + MoO5 = Mo + 5 L120 -2269
271 + N203 = 2 N + Ti203 -2252
10 Ti + 3 N205 = 6N + 5 TLZOB -2247
4 L1 + 3 Na02 = 3 Na + 2 A1203 -2244
Mg + co = c + MgO -2244

8 T4 + -N204 = 6 N + 4 T1203 -2237
8 Li + K204 = 2K o+ 4 Lizo -2203
2P + NO = 3N ¢+ P,0, -2202
2 Li + SO = S + Lizo -2201
2 Al + 803 = S + A1203 -2197
2 Be + L1202 = <« Li + 2 BeO ~2195
2 Mg + NaO2 = Na + 2 Mgo -2178
4 P + NO2 = N + 2 9203 -2154
4 Al + C02 = C + 2 A1203 ~2150
3 Mg + 803 = S + 3 Mgo ~-2136
2 S¢  + NzO = 6N o+ Sc203 ~-2114
2B + co = 3¢C + 8203 ~2108
Si + NZO = ¢ N + SiO2 -2104
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Table 8 (cont.)

Enthalpy,
Reaction cal

2P + N203 = 2N + P203 -2101
4 Be + MoO4 = Mo + 4 BeO -2094
2 Mg + C02 = c + 2 MgO -2089
10 P r 3 N203 = 6 N + 5 P203 -2082
8 P + 3 NZO4‘ = 6 N + 4 P04 -2075
2 Li + Si0 = si + LiZO -2073
3 Be + K203 = 2K+ 3 BeO -2042
6 1i + CrO3 = Cr + 3 Li20 -2038
Ca + NZO = z N + Ca0l -2037

7 Be + TC207 2 Te + 7 BeQ ~2026
8 al + 3 Ru04 = 3 Ru + 4 A1203 ~2020
3 Zr + 2 NO3 = 2N + 3 2r0, ~2013
4B '+ 3 NaO2 = 3 Na + 2 8203 -2008
Zr + 2 NO = 2N + Zr02 -1992
Mg + R,uO4 = Ru + 4 MgO -1990
Al + 3 SO2 = s + 2 A1203 -1950
28 + SO3 = s + 8203 ~-1940
Zr + NO2 = N + Zr02 ~-1940

3 Cc o+ 2 NO3 = 2N + 3 CO2 -1925
2 Be + MqO2 = Mg + 2 BeO -1924
2 Al + 3 80 = 3s + Al.,0. -1923
2 Mg+ so, = S + 2MgO ~1922
10 A » 3 MoO = 3 Mo + 5 A1203 . -1918
J 4r + 2 Nzoq = 4 N ¥ 3 Zx:O2 -1913
2 S¢ + 3 CO = 3¢ + Sc203 -1907
C + 2 NO = 2 N + CO2 ~-19Q5
Mg + SO = S + Mgo -1904

S Mg + MoO5 = Mo + S Mgo ~1895
2%Zr N204 N + 2 ZrO2 -1890
5 Zr + 2 NSGS = N + 5 Zro, ~-1890
3 Ti + N03 = N + 3 TiO -1870
2 TL 0+ 3 NZO = 6 N + T1203 -1867
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Table 8 (cont.)

Enthalpy,
Reaction cal

§ Be + As,0; = 2As + 5 BeO -1860
8AL + 3 K204 = 6K + 4 A1203 ~1859
2V + 3 NO = 3N + V.0, ~1848
2 v o+ NO3 = N O+ V203 ~-1848
Sc¢ + 3 NaO2 = 3 Na + 2 SC203 -1845
Ca + co - = c + Cal ~1843

4 Mg + K204 = 2 K + 4 MgO ~-1842
8 Li + MOO4 = Mo + 4 LiZO -1838
4 B + 3 co, = 3¢ + 2 B0, ~1835
2 Be + SeO2 = Se + 2 BeO -1826
sSi + 2 CO = 2C + Sio, -1814
8B + 3 R0, = 3 Ru + ¢4 B0, -1802
2 Sc + SO, = S + Sc,04 -1802
6 Li + K203 = 2K + 3 Lizo -1800
14 i + Tc207 = Tc + 7110 -1794
2Ca + Na02 = Ra + 2 Cal -1789
2 Al + 3 Si0 = 3 81 + A1203 ~-1785
2 Be + Na202 = 2 Na + 2 BeO -1785
8 Be + Re Cq = 2 Re + 8 Bel -1780
Mg + Sio = Si o+ MgO -1778

3 Be + Tco3 = Te + 3 BeO -1775
4V + 3NO, = 3N + 2V,0, -1787
c + NO, = N o+ 002 -1760

3 Ca + 803 = s ¥ 3 Cao . -1752
2 v o+ N203 = 2N+ V.0, -1742
8 S¢ - 3 R.uO4 = 3 Ru + ¢ 5c203 -1736
4 S¢ + 3 CO;Z i 3 cC + 2 SCZO3 ~1731
8 Li + Nb204 = 2 Nh o+ 4 LizO -1725
2Cr # 3 NO = I N + Cr203 -1723
2B + 380 ® 385 o+ 3203 -1712
I+ 2 N,Oy = 4N+ 3 co2 -1712
g v + 3 N204 = & N + 4 \1203 -1707
5 Ja + RuQ, = Ra + 4 Ca0 -1704
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Table 8 (cont.)

Enthal?y,
Reactiecn cal/g
lov + 3 N205 = &N + 5 V203 -1703
2 Cr + NO, = N o+ Cr203 -1702
2Nb + 5 NO = 5N + NbZOS -1700
Be + InO = In + BeO -1695
3 Mg + CrO3 = Cr + 3 Mgo ~-1694
2P + 3 N20 = 6 N + P203 ~-1693
2 Al + CrO3 = Cr + A1203 ~1693
4 Be + OsO4 = Os + 4 BeO ~-1690
4 Be + Rb204 = 2 Rb + 4 BeO ~-1689
2Ca + CO2 = c + 2 CaQ -1689
2 S¢ + 3 80 = 38 + Sc?O3 -1678
6 Nb + 5 NO3 = 5N + 3 szOS -1676
3 81 + 2 SO3 = 25s + 3 SiO2 -1665
4 B + 3 502 = 38 + 2 8203 -1661
Zr + 2 NZO = 4 N + Zr02 ~1657
Ca + SO = S + Ca0 ~1655
10 Li + A5205 = 2As + 5 L120 ~1649
4 L1 + SeO2 = Se + 2 LiZO -1646
10 B + 3 MoO5 = 3 Mo + 5 B2O3 -1642
2C + N204 = 2N + 2 CO2 -1641
4 Sc¢ + 3 802 = 3 s + 2 Sczo3 -1637
5C + 2NQy = 4N + 500, ~1630
4 Cr + 3 NO2 = 3N + 2 Cr203 -1628
10 S¢ + 3 MoO5 = 3 Mo + 5 Sc203 ~1626
16 L1 + R@ZOB = 2 Re + 8 L120 . -1620
2381 - Ruo4 = Ru + 2 SiO2 -1617
4 LI + Mg02 & Mg + 2 LizO -1616
2 Ca + 302 = s + 2 Ca0 -1614
2Ll + InQ = In + Lizo -1613
2Cr + N203 = 2 N + Cr203 -1609
4 Nb + 5 NO2 = S N + 2 szos -1606
5Ca + MoO5 = Mo + S Cao -1605
27T + 3 CO = 3¢c + T1203 ~-1600
2 Be + Mn02 = Mn + 2 BeO ~1595
S Nb * SNP3 = 10N+ 3 NhOg ~1568

{

iy n s e vann e v - — e i e A s

*
Refers to molecular nitrogen and is thus 1/2 Nz.
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The oxides of nitrogen are excellent oxidizers because they
uniquely combine the characteristics of a slightly positive heat of
formation, a small gram-atomic volume, and small values of z and
y in their stoichiometric equations. In addition to the
unusually large thermal outputs, their reactions are unique in
other respects. For instance, with many metals either gaseous
nitrogen or a metal nitride is produced:

+ BeO

Be + 1/4 N2O -—> 1/4 N

4 2

—> 1/4 Be,N, + BeO

7/4 Be + 1/4 N20 3N,

4

Only the reactions producing gaseous nitrogen were considered
here.

The periodicity of the enthalpies is illustrated in Figures

5, 6, and 7. The periodic behavior demonstrated by the oxides
is somewhat different from that of the fluorides. Energy peaks
(actually minima in the curves®' occur at every ninth atomic
number, forming the series beryllium, aluminum, titanium,
gallium, zirconium, indium, and hafnium. Except for beryllium,
these eiements comprise Groups IIIA and IVB, In this analysis
the elements from lanthanum to lutetium are considered as one
unit. The rare earth elements, lanthanum to holmium and
probably thorium to element 103, also form a broad energy peak
within the peaks separated by nine units, The elements at the
energy peaks are characterized by the electronic configur ition
of their valence orbitals. The elgcgronic configuration in
t&e OT&des is the rare gas s or s p or the pseudo rare gas

p6d » Other characterizing features of the energy peaks are
the high heats of formation of their oxides relative to the oxides
of their immediate neighbors, their low gram-atomic veclumes, and
their low values of 2z and y due to the stoichiometry of their
oxidation states,

The high volumetric energy outputs exhibited by the
reactions with beryllium are due to the extremely low atomic
volume of the metal, It also exhibits a high gravimetric
energy output because its atomic weight is low. Because of these
factors, the heat of formation of the oxide per unit volume and
per unit weight is comparatively high. The heat of formation
of magnesium oxide is about the same as that of beryllium oxide,
but the atomic volume and the atomic weight of the metal are
greater. Magnesium reactions are therefore not as energetic as
beryllium reactions.

A similar situation exists between boron and aluminum.
The smaller atomic volume and atomic weight of boron tend to
increase the volumetric and gravimetric energies of its
reactions. But aluminum reactions are much more energetic
because aluminum oxide has a muchhigher heat of formation than
boric oxide. These factors are discussed more thoroughly
under nitrate reactions.
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Titanium, zirconium, and hafnium occupy peak positions
because their gram-atomic volumes are relatively low and the
heats of formation of their oxides are relatively high.

Although gallium and indium have very low energy outputs, they
are higher than their immediate neighbors because of their

lower gram-atomic volumes and because of the higher heats of
formation of their oxides relative to those of their neighbors.
The extremely low gram-atomic volume of beryllium placed it in a
peak position, in spite of the relatively low heat of formation
of its oxide.

The peak positions of the rare earths lanthanum to holmium
are due to the reverse phenomenon. Their relatively large
gram-atomic volumes are compensated by the extremely high heats
of formation of their oxides. Although data are not available,
it seems that the energy outputs of all the membecs of the rare
earth series should be comparable and therefore they will
establish a horizontal position in the curve between lanthanum
and lutetium. The volumetric energy for erbium is based on a
questionable value for the density of the metal--4.77 g/cc.S The
anomalous position it occupies in the volumetric curve indicates
that this density is probably in error. The interposition of
the rare earth elements between zirconium and hafnium plus the
lanthanide contraction cause hafnium to have a gram-atomic
value comparable to that of zirconium even though its atomic
weight is much greater.

The trend of the enthalpies within the various groups of
the periodic table is similar to that of the fluorides (Figure 1B).
The energy decreases from lithium to cesium. Group IIA energies
also decrease from beryllium to barium. The Group II values are
higher than the Group I values because all the factors -- AHAOX,
gram-atomic volume, 2, and y -- are more favorable Group III
elements exhibit a similar trend, but their outputs are lower,
because the less favorable z and y values predominate even though
their AHpQ. s and gram-atomic volumes are more favorable. This
relationship is best illustrated by comparing calcium and gallium,
which have gram-atomic volumes of 25.8 and 11.8 cc and AHAOx's
of 152 and 259 kcal, respectively. In spite of ‘these decided
advantages, the thermal release of calcium is superior to that
of gallium because of the more favorable z and y values. Because
of the unusually high heat of formation of its oxide, aluminum
occupies an anomalous position above magnesium. '

The trend in enthalpies within the transition metal groups
in the periodic table is also similar to that of the fluorides
(Figure 1C). The first two groups, copper, silver, gold,*
and zinc¢, cadmium, mercury, exhibit a decrease in enthalpy with

b
Copper, silver, and gold are not shown on the plet in Figure S
because their reactions yield positive enthalpies.
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increasing atomic number. Their enthalpies are all very low
because of their low 8Hpp_ 's. The energies decrease both because
the O0HAQ_'s decrease and Eecause the gram-atomic wvolumes increase
with increasing atomic number,

Within Group IVB (titani.m, zirconium, and hafnium), Group
VB (vanadium, niobium, and tantalum,) and Group VIE (chromium,
molybdenum, and tungs.en) the enthalpies increase with atomic
number because their gram-atomic volumes and the heats of formation
of their cxides beccme more favorable. In comparing cne group
with another, however, the normalized enthalpies decrease with
increasing group number. The reasons for this differ between
Groups IV and V and between Groups V and VI. Even though the
gram-atomic volumes and AHAQV‘S of Group V are nore favorable
than those of Group IV, theil energies are lower because of the
predominant effect of the unfavorable z and y values, Whereas
the gram-atomic volures and the z and y values of Group VI are
more favorable, the unfavorable AHpo.fs cause Group VI energies
to be even lower than those of Group™Vv.

Curves of the type shown in Figure 5 were drawn for the
other oxides. Similar trends werc exhibited, but the curves
were displaced vertically because of the difrerences in the
parameters of each oxide.

The volumetric and gravimetric erthalpies of the reactions
of the various oxides with aluminum metal are shown in Figures
6 and 7, respectively. These curves appear as an inverted version
of the curves in Figure 5 because the metals that act as effective
reducing agents form oxides that ace poor oxidizing agents and
vice versa. Thus the maximum volumetric energy outputs occur
with the oxides of nitrogen, arsenic, sulfur, selenium, tellurium,
the transition metals (chromium, manganese, iron, cobalt, nickel,
copper, molybdenum, ruthenium, silver, rhenium, and osmium’
and lead. The gravimetric behavior is similar, with the notable
exception of the alkali metals. They exhibit relatively high
gravimetric outputs; but their volumetric outputs are relatively
low because of their very low densities. These curves enable one
to detemine the best oxide that can be used with aluminum metal
for applications invclving different parameters., Similar curves
were drawn for all the metals.,

The volumetric and gravimetric enthalpies of 9636 reactions
of the oxides are summarized in Tables 9 and 10, respectivsly.
The most energetic reactions are in the upper left portion of
the tables., The most effective oxidizers are on the left and
the most effective reducing agents are on the top. The orders
of efficacy mentioned previously are confirmed here.
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