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THE COMPLEXITY OF HIGH ENERGY CHEMISTRY 

Presented at S02 Conference, University of California, Berkeley, 

May 20-21, 1971. (Proceedings of confe!ence to be published in 

special issue of "International Sulfur Journal Quarterly", Gordon-

Beach, N.Y. 1971.) 

Leo Brewer 

Inorganic Materials Research Division, Lawrence Berkeley Laboratory and 
Department of ChemistryJ University of California 

Berkeley, California 94 .. {20 

I hate to interrupt such an interesting discussion to get us off 

the track, but I think it might be worthwhile to look at the problem of 

so2 pollution from a more academic point of view. In fact, I will barely 

mention so2 except to say that I will not talk about it. I would like to 

focus on what I feel are fundamental obstacles to dealing adequately 

with this very difficult problem. There are many reasons for the dif-

ficulty of finding an easy or economical solution. I would like to 

discuss two reasons, one briefly and the other in more detail. 

The first point that I wish to raise is that there is a good deal 

of fundamental information available that isn't being used; in part this 

is due to the fact that the people who are most likely to be able to 

exploit such :tnformation are not aware of it or don't know how to get 

.their hands on it. A very interesting illustration of this lack of use 

of available information was publicized in the newspapers this week in 

regard to the supersonic transport. As you have all undoubtedly read, 

Professor Harold Johnston has carried out calculations on the effect of 

NO emission on the protective ozone layer in the stratosphere. At the 

proposed level of supersonic travel, the calculations indicate that the 
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NO emission will be sufficient to largely destroy the ozone layer, 
· ... 

subjecting everything on the earth's surface to very deadly short wave 

leneth light. The basic information has been known for a long time. '. 

.·;'1 This effect could have been checked at the time that the SST was first 

proposed, but apparently those who had responsibility didn't know that 

the data were available. 

~ ..• - It was not until, almost by accident, this problem was called to 

Professor Johnston's attention that the existing knowledge was brought 
. . . 

to bear on the problem. He was able to show very clearly that one 

' . could make very definite statements about the environmental hazards 

that could arise. I think that there are many other illustrations of 

> e' this type where available fundamental information just never gets to the 

engineers who have·to make the critical design considerations. To over-

come this lack of connnunication w·ill require more than more efficient 

distribution of information, it will require people with a broad 

knowledge of several fields ·or an interdisiplinary collaboration to 

·,·· 

·' insure that all available knowledge is brought to bear on each problem. 

.· TI1e second point that I wish to raise deals with the lack of real-

ization that quite unexpected types of information can be essential to 

solve a given problem. There are always complications that are not 

anticipated. Often the specific information needed to avoid unexpected 

pitfalls is not available, but a broad fUndamental understanding of the 

problem can point to these difficulties in advance and can indicate the 

types of information that are needed to solve the problem. I would like 

to take an illustration from high temperature chemistry to illustrate 

how chemical systems can be unexpectedly complicated. High temperature 
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chemistry is appropriate here because many of .. the processes associated 

with pollution or its abatement are high temperature processes not only 

·.: in the sense of the temperature being high but also in the sense of being 

high energy systems. For example, atmospheric pollution problems are 

related not only to the high temperatures of combustion sources but also 
··; .. : .· 

depend upon the high energy content of the reacting pollutants in the 

atmosphere and upon the effect of the energetic solar radiation. The 
. '·'' . ,''·); .. 

'o ,•'· 

high temperature example that I have chosen is a good one to illustrate 
•. :• 

the unexpected complexity of high energy systems. If I asked most groups 

of scientists what sort of chemistry they would expect at high tempera-

tures, I am sure that the almost unanimous response would be that high 

temperature qhemistry would be quite simple and uninteresting; the com-

pounds would all dissociate to atoms. In fact the vapors resulting from 

heating solids or liquids to high temperatures become more complex: as 

the temperature is increased. in three respects. Firstly, unfamilar 

oxidation states become important.· Secondly, the molecules can become 

more complex. There are not only diatomic and triatomic molecules, 

but molecules with five, ten, or more atoms per molecule. Thirdly, the .· 

high temperature vapor becomes more complex in contrast to low temperature 
.. i ·> 

vapors in that there may be a substantial number of different molecular 

species at significant concentrations • . ,, : 

In Table I, I have listed some molecules that have been found in 

high temperature vapors. If you remember your freshman chemistry, I am 

sure that you never saw any like these. Most of the molecules found in 

high tempera;ture systems are very unstable at low temperatures, but 

they become increasingly important as the temperattrre is increased. To 
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-scientists unfamilar with high temperature chemistry, the behavior that 

-- -~- . ' .• l~ . " . I have described is unexpected and appears to be a paradox. There are 
'1'.;. • ..... 

· ~ surprises and paradoxes in any field. When conditions are changed, a 

· '·1hole new variety of chemical compounds may have to be taken into account. 
""'··· i., .. 

- .. . 
-.. . 

. . 

.:rf you design a process on the assumption that you have considered all 
-;:::: . .. 

.• :·;.of the important. molecules, and you have not anticipated some of the .. . :- . 
i ,. . - .. 

~ •' ,'.·. 10 ~- ' I ... ·.-~ -. ~ • ·-· 

·. \ ~--·,. ·~,- \ool·e.kules that can play an important role, you can be sure that you are 

. > 
.: : (_:; going to run into trouble • 

Going back to the example of high temperature vapors, I would like 
·; ·-

: ... ~ .. to show that it is possible to anticipate the occurrence of unusual 

: ·,:: molecules from consideration of fundamental principles. Let us first 

. :·~~---;~~':"· ~ c ~s~~er the equilibrium between 

:: ,; .: / · -~~:,.~~or.!'.~r A and dimer A2 molecules 

a liquid A and its vapor in which both 

are found. Table II lists the equations 

for the various equilibria and the corresponding enthalpies of reaction. 

.... ·• ',·,:· . Consider the following two thermodynamic processes. In the first process, 
. ' 

'. ·~·.' . 
two moles of A in the liquid are vaporized to form a mole of gaseous 

;:- .. ~ .. · . dimer, A2, with an enthalpy c.hange t£2 followed by dissociation of the 

":" _ ...... d:irner into two monomers with an enthalpy change li~. The total enthalpy 

: :: ~ c~_a:J.I!.~ is· m2 + ~ for production of two moles of monomer from the 
~-."' -· -:.:- _ _ !·:-.-.. ·.::~ · . > :~- ·.j:iquia.· The second process involves the direct formation of two moles 

.. ~ .': 

' ,. 

- .. ·"!. 

of monomer from the liquid with an enthalpy change 2.6Hi. Since the two 

~rocesses produce the same overall change in state, the two enthalpy 
....... _ 

terms must be equal as shown in the last line of Table II. An examina-

tion of this simple equation will give some insight into why high tempera-

t_m:12 !'>.:apors become more complex. the higher the temperature. There are 

:twC:::c.}~·!SSes Of behavior with the boundary COndition t£
1 

= ~ = t£2• 
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For this condition, the monomer and dimer should have comparable partial . · 

pressure. This comes from Trouton's Rule that the entropies of vaproiza-

tion would be closely the same and therefore the standard free energies 

of vaporization would be closely the same. Since the enthalpies of 

vaporization are the same, the rate of change of vapor pressure with 

temperature >·muld be the same and the proportion of monomer and dimer 

would remain the same as the temperature is increased. The two general 

classes of behavior are (1) that of a very stable dimer for which ~ > 

6H1 and therefore 6H2 < tH1 and (2) that of a dimer less stable than the 

monomer for which ~ < ~l and therefore 6H2 > 6H1 • Let us consider 

the second class in detail. From Trouton's Rule of equal entropies of 

vaporization, we conclude that the standard free energy of vaporization 

. of the dimer is more positive than the standard free energy of vaporiza-

tion of the monomer and therefore that the partial pressure of the dimer 

will be smaller than that of the monomer. The behavior as the tempera-

::.··.:~ ture is changed is illustrated in Figure. 1. ·At lOw temperatures to the 

. right of the figure, the vapor consists mostly of monomer. There is 

only a very small proportion of the dimer, but the dimer has a higher 

heat of vaporization. The partial pressure of dimer must increase more ' 

rapidly with increasing temperature than that of the monomer and the 

proportion of dimer will steadily increase as the temperature is increased. 

~is simple application of thermodynamics can be generalized to a 

vapor containing a large numberof species. In general, there will be 

one predominant species at low temperature with the many other possible 

species at low concentration. From Trouton's Rule and ~o = ~0 + ~~o, 

the . specj.es at low concentratibn must have larger enthalpies of vaporiza,. 

tion than the major species and will therefore gain o~ the major species 

·I. 
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as the temperature is increased. Thus in any saturated vapor system of 

this type, the higher the temperature, the more important the multitude 

of minor species will become. At the highest possible temperature of a 

saturated system, e.g., the critical point, there will be a very large 

number of species of great complexity and diversity. 

Another sjmple thermodynamic discussion can explain the occurrence 

of unusual oxidation states in high temperature systems. The basic 

thermodynamic relations between the thermodynamic quantities and the 

equilibrium constant are as follows: 

The equilibriun1 constant can be discussed in terms of the two ~ajor 

contributors, l:M.0 /T and M 0
• The relative contributions of these two 

terms depends upon the temperature. At low temperatures the enthalpy 

term will predominate, but, as the temperature is increased, M 0 /T will 

become less important and the entropy will predominate at very high 

temperatures. A reaction proceeds to the greatest extent when K is 

.·large. At low temperature where l:M.0 /T is the predominant term, f:M. 0 

should be as negative as possible to make K large. Thus at low tempera-

tures the stable compounds"are saturated compounds in which all bonding 

possibiiities have been utilized to achieve the maximum heat of formation • 
.:·t:~ 

. . . 
At· :high temperatures, the value of f:M. 0 /T is much less important and it 

is' not necessary to make best use of the bonding possibilities and 

unusual oxidation states are observed. For example, at low temperatures, 

. born and aluminum commonly have oxidatj_on states of three, but,· at high 
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te::mperatures, molecules such as B2o2, B02, AI20 and AlO are found. 

These examples serve to illustrate the more general point that with 

new conditions such as higher temperatures, hj.gher energy conditions, or 

' 
other novel ci·rcumstances, we can anticipate many new molecules and new 

types of reactions that would not be apparent from chemical behavior 

under normal conditions. As new systems are explored under conditions 

of higher temperatures or higher radiation fields, we have to develop a 

whole new body of knowledge. However, there are fundamental principle.s 

that apply to all systems under all conditions that can be used to anti-

cipate some of the new behaviors. Without such use of fundamental 

principles, development in new areas will flounder with one blunder 

after another as unanticipated difficulties arise. 

In summary, my two points are that a large body of information does · 

exist that is not being adequately used in dealing with pollution 

problems and that that there is a large gap in our fUndamental under-

standing of new areas that must be filled in order to carry out an 

adequate job of engineering development. 

Discussion 

Floor 1: What do you mean by high temperature conditions? 

Brev1er: I am always asked that question and there is·no simple answer 

in terms of degrees. · It depends upon the chemical system. The concentra-

tion of unusual molecules. increases as the temperature of a saturated 

system is increase~. For aluminum-halogen systems under reducing 

conditions, appreciable amounts of univalent aluminum are formed at 
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several hundred degrees Celsj_us. For the barium-oxy6en system, tempera
produce 

tures·of about 2000° are required to/appreciable amounts of univalent 

barium. For the boron-hydrogen system, one could say .that high tempera-

ture behavior is already apparent _at room temperature. 

Floor 2: What would you expect in an incinerator operating around 1500 

<to 2200°? 

Brewer: An incinerator is an excellent example. With air present, NO 

can form as an example of an unsaturated compound that is thermodynamically 

unstable at room temperature. As the temperature is increased, the NO 

becomes increasingly more stable. Thus, NO will be produced in larger 

amounts the h()tter the incinerator. If the hot exhaust from the incin-

:;. ... era tor is cooled rapidly enough to prevent reversal of the reaction, the 
'• 

NO can be preserved as a metastable substance. Other endothermic 

.: 

' .. ~ · .. _: _. 

compounds such.a~ N02 and N0
3 

can form in high energy systems. N0
3

, for 

) . .. ;._ example', has a fleeting existence even when quenched, but it can pay a 
-~ ?'', ·• 
'· . 

...... 
_':' . 

. . -:.' 

···:: ': 
~ .'. 

~ . ·.· \,' 
. ~\..' .. ! . '· . 

. ;::· .• 

. r. 

~ : 

very decisive role in chain reactions involving nitrogen oxides. In the 

example of the effect of NO and N02 from the exhaust of supersonic jets, 

the catalytic decomposition of o
3 

by NO through chain reactions in which 

on~ molecule of NO can destroy.many molecules of o
3 

was overlooked by 

those who discounted the hazard of nitrogen oxides because they would be 

produced in concentrations much smaller than the concentrations of ozone 
.... _ 

in the stratosphere• 

Meyer: If you deal with pure sulfur vapor, when would you_say high 
• 

temperatures start? 
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Br~wer: Sulfur, '\olhich consists of s8 rines, does· not have to be heated 

very hot to produce s
3 

and s4 that you have been studying as well as 

higher polymers of .sulfur. These species certainly must play an impor-· 

tant role in the reactions of sulfur. 

Meyer: I think if one hea~s so2, for example, under semi-reducing 

conditions he "Vlill immediately have s2o • 

Brewer: Yes, s2o, SO, and possibly s2o2 can be expected. , 

Meyer: .'All of these could have side reactions which become exceedingly 

important if one reacts with hydrogen oxide as with sulfur. 

Brewer: Another effect that is liable to arise is the formation of a 

molecule that is rather minor as far as its concentration· is concerned 

but very important because it reacts much more rapidly than the other 

molecules and thus plays a more decisive role than one would anticipate 

from its concentration. 

Floor 3: Are these high temperature compounds only important at the 

equilibrium temperature or do they stay at lower temperatures? I'm 

talking about the emission at high temperature in which these molecules 

are made. 

Bre"Vrer: I had previously mentioned the quenching of NO. Carbon monoxide 

is another example of one of these molecules that is not stable as low 

temperat~es but becomes stable at high temperatures. If·it is quenched, 
. . ~ . 

it can be retained at low temperatures because of a slow rate of decom-

position even though it is· quite thermodynamically unstable at low 

,. 

·I 
I 
' I 
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temperatures. 

Floor l1: At whnt kind of temperatures does s
2
o and SO and so forth get 

im~ortant1 What do you mean by high temperature? 

Brewer:: It depends upon how reducing the conditions are. Certainly 

the range 500 to 1000° under reducing conditions will produce substantial 

amounts.· 

Floor 5: Are you talking·about 500 to 1000°C? 

Brev1er: Yes, Celsius scale. 

Meyer: If you look into sulfur vapor at 250°, you find measurable 

amounts of _s2. Very definitely measurable. At 600°F, you can see 

spectroscop~cally s3 and s4, 

Slack: Could you tell us what the chain reaction is at high altitudes? 

. Jr< NO reduces ozone. How does N02 get back to NO? 

- . f ... 

.. :. 

...... _. 

'. 

Brewer: There are several processes; it is a rather complicated: chain 

reaction. However, the principle reaction returning N02 to NO is reaction 

with atomic oxygen with some photodissociation of N02 by solar radiation. 

There are other reactions involving an N0
3 

intermediate. There will be 

a paper by Professor Johnston in SCIENCE at the end of July in which he 

will give all the details of the reactions that play a role. He presents 

the steady state calculations and the rate of destruction of ozone. 

Although it is a complex reaction with 1nany steps, virtually all of the 

rate constants have been established for some time. If someone had taken 

the time to put these data together and to calculate what would happen, 
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the peril to the protective ozone layer would have. been predicted a 

long time ago. 

Slack: Some reducing agent, I assume, converts the N02 to NO. What 

is this? 

• < ·:.·~.::·:~:.:: S n: Brewer: 
~- . -.. 

The N02 is largely reduced by atomic oxygen. The net result of 

- ''. . 
. ~ ,·. ~ 

:··· . ... . . 
. t 

the complete chain is the conversion of o
3 

t~ 02 with all of the initial 

NO restored. 

Floor 4: In this boiler, the temperature, as I understand it, in the 

hot region of 2 to 3 or 4 seconds, is 2800°F or some such thing. Does 

s2o
2 

and things like that have anything to do with explaining why the 

. . . . .·, ;; .\:\ ·\'-;", 
. .· • ·, .. -.\ .• r., dry lime processes are 'erratic in their performances? 

... ~.- . ,, . 

~:: .. ·: : ...... ~ 
.... · ,··; 

=- ···.,·,,.,·: Brewer: Well, I would have to go through the details of the equilibrium 
...• ·'· -•· }. ' 

calculations at that temperature. The species are there, but I am not 

sure what their kinetic effect on the lime is. 

Floor 5: The simp.le minded thought vlas that the S02 is picked up by CaO 
·, 

... ;·. .. ·.: -· .. -\ and then we are in business . 
!"' .-•••• 1 

o• • ::I 0 l.flt 

- -- ... -.. 
\ ·.· ... '- . Brewer: You certainly are going to have to consider not only the thermo-

dynamic equilibria involving the various species but also their kinetic 

. _ effects • . ::- . 

.. _.. 

. •· . Meyer: A very interesting case of a mixture of kinetics and thermo-

·-:·. 
·:' 

dynamics interacting. I think .that EPA or APCo (AVCO?) has done a very 
- ._, 

; 

.- -· 
' .: . ( 

.... ·. 
-::bea.utiful job in-house on studying some of these reactions, and there are 

r .;., 

I 
i. 

r 
I 
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all kinds of side reactions occurring. For example, you .have decompo-:-

sition of carbonate to oxide and at the same time you haveeutectic 

melting oh the s·urface of the particle and you have kinetic limits in 

the process. Has that. actually been published yet, M:r. Harrington, some. 

of the work you have done electron microscopy and all kinds. 

Harrington: Well, someof it has. I guess you are referring to some of 

the work at Battelle. 

Meyer: I think you nave an entire group of people. You had also some 

in house absorption studies. 

Harrington: As far as ~ know that hasn't been published yet. 

·• Meyer: It;s actually a fascinating system. As the entire coal 
-. ' ... 

combustiohprocess~ .· Depending on from where you look, it's either a 

· ·pain in the neck or it's a big challenge as a high temperature chemist 

.. , could "1ish for. Anythings in there. Any temperature you wish. You can 

do your reaction at any temperature you want. 

.'. '. 
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Table I - High Temperature Gaseous Molecules 
J . 

·.,. .. -
Ba2o Mo

3
o

9 
Ba2o3 Mo4012 

B~P2 Mo5015 r· 

B02 V6°14 

SiO Al2C2 

Si2o2 cu
3
c1

3 
AlCl LiO 

.· 

. .. 
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Table II - Vaproization Equations for Monomer and Dimer 

.'. 

' •. 

A(£) ~ A(g) ~l 

2A(£) = A2(g) ~2 

A2(g) = 2A(g) ~ 

2till = M2 + ~ 

............. 

LBL-132 
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r------------------LEGALNOTICE---------------------. 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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