l c@ fam@ |

i IE)}@;}@: \}h

: : - 3\\; ;?3""“ "» < ’ p
m»’.\ I ‘. Iy Y14 (L
, el ‘e\,; LN &@j‘&ﬁk Sl 4

B ;
/»f\\ e o
| oL j,g‘ D @E}} il },@DL;}({J_)} taL){d a&(ﬁi}(&u}@

*M*<J@wm®a?®%@%%?ﬁwﬁ%v Ve
| gt gty iyt il
i ‘@@( o

N

,,,,,,
ST e e e e e T

RO R IRy
G L inL iy ias

S

G@Km&ﬁ&ﬂ@@iﬁ

’;—_ N N ‘//; =y
@@@?@&@

\\;\ 7,

= \,gk /J@ 53

M\Q@E i s KD el
e }ff Iniversity. blfzu@alulfé?més@@g 3 K

w@i“ %@@@ @a} e
= ;,/?\ e T \N —_ ey

QJ Qéx__JL\%i /»a ;9/ t

@@@m@B@@

e K@M@ %& 1%;;

G

L

/';»-g\

§J@%@%@u

=S
’“’*w%

()

~éu%<m/3@
@ g @3

TWO WEEK LOAN COPY

Thls is a lerary Clrculatmg Copy
- which may.be borrowed for two weeks
For,_g persondl retention copy, call. _‘

~ Tech. m‘fo.»‘ Division, Ext. 5545 E

3M~3f'1%@c?ﬁﬁxﬁ
Q,_) %QGAS%HAS%ELE;EQ; }Aﬁ% rg@@A&. \REQ@

o Lal H@Q&j{rﬁ}@fwﬁr\”' (@L » Em%@@ ;
“ﬁ@%@%@%@W@M@@ Jf

\.._A_/

Ny y %"’5’:‘:\\ ’:;u"\\ |
' ?/ )ﬁ\f_—%@@ K(’{EQ@& {

(gpm n@
\M/‘ Q

I 1
DiieniGe
/';“ﬁ;‘i“\

e f/i

o

;"‘%\\
ﬂ%k

3myﬂ

NE

z,r' gf%ﬁmr o @La
»@_@ “} Jm%% T e

‘ \\f( \Q/_ = ‘2 =55
: ,@@@]QJ%@ ; K
V\\ Call @rp AT e e -
bﬁ&ﬁ/) (LB (RL R,

Lo
X /B"/}(\ggn.b> r’(&l_?

BRI @é\@ m\@nf,.[ﬂ-v

\.__AJ

e S ‘/{& ‘E)K
R N e Ry ;.@\/A?mmd CVND I A P

G e

(Gmokis




DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal 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. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California. '
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" an elementary process, but in a different sense of the word.

" UCRL-18256

A. Introduction

" One should be careful to define what is meant by "elementary

N réaction."'votherwise, a physicist may deny that this reaction is

elementary

N0+ 05 = NOp +0p - - (W

becausé of‘the spread of quantum states of the'reactants. Also,

.'a_ChemiSt'may deny that this is avreactiob

o('p) + Ne - o(®

P) + Ne | - (2)
relative velocity 1 ~ relative velocity 2

‘bécause there is no change of chemical bonding. Each of these is

1,2

Elemehtafy»Physical Reaétiohs. - An ideal elementary physical
reaction is illustrated by?’
0 (32 T, v o= 2 J\='13) + Ne = 01{32 T, v=1, J=15) + Ne (3)
2 g: ‘: \ ‘ Zg’ = i3 . ‘
relative velocity 1 o relative velocity 2

'In principle, the relative véldcity of reactants could be deter-

mined by a rotating~Sthor with crossed molecular beams; and the

precise electronic, vibrationalJ and rotational states of reactants

could be selected and known. ILikewise the detector system could

be such thatwrelative'velocity_and'detailedfinternal states of the';

reactants are determined. Even in this ideal experiment the

reactants”approach each other with a randomxspreadvbf impact

-
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barameter, and thus the observed reéction cross section 1s an
average over orbital‘angulaf momentum.

Whereas the ideal elementary physical reaction involves
knowledge of all guantum states before and after the transition
occurs, the genéral-term "elementary physical reaction" is
broadened_to include any inelastic collision process With a known
change of any typebof'internal Quahtum.number. Anvexample is
. Vibrational'energy transfer with averaging over rotational states
and over impact pafametef ’

i ' R :

-

lA: Vl,v V.2:v VS) + Ar — 03(

s

0]

|\

3 (
relative velocity 1

relative velocity 2

A simple vibrational energy transfer might involve averaging over
velocities, impactfparaméter,,and rotational étates

2.7, v=1)+Ar = 0,(°2 7, v=0)+Ar (5)

3
("% ‘g

2
Certain interacﬁions of radiation and molecules may be classified

as elementary physical processes, such as,

0,(°5,7) + hv = o,(*a ) | . (8)

2\ g g

Both fluorescence and Raman scattering should be included under

. this term.

Elementary ChemiCal—Physical Reactions. - An ideal elementary

- chemical-physical reaction involves a collision process of known.
relative velocity, With a change in molecular structure, and with

all quantum étates of reactants dnd products known? for example
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3
3 1 _ L :
O("P) + 05(7A, vys Vo, vz, J, K, Kp)
relativévﬁelocity 1 |
= 0. (32— A ‘J) + 0 (‘lA v J) . (7)
2y g2 2 Y AN ' .

relative velocity 2

.Rafely, if ever,iig_the ideal CaSebrealized. Thé term "elementary
éhemical—physical:feactisﬁ" is broadened to include any collision
’ prOCess leading'directly'to a change in molecular structure,'for
‘which some quénfum state df'réacﬁahts and products is known. A
chemical.change-inlvelocity;seleéted;'crossed molecular beams is

_>,an exa.mple,s’s’7

K + HBr — KBr + H
Cs + RbCl — CsCl + Rb g | (8)
N2 + H2 - NZH -+ H

A reaction which forms products in a known vibrational state is an._

elementary chemical—physicél protéss@’g’lo

0(®p) + Wop(2ay) = wo(T} ) + 0,(35, 7 v = 29) ()

2 0(°P) + M — 02(328',;V.,= 12) + M

H+ Cl, = Cl + HC1l + infrared emission
Photodissociation reactionéthay be in this class

(ta_y + o(tp) ()

O, (1A) + hv(30004) - O o

2
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Chemical activation leads to products with a precisely-known, very

‘high internal energy

H+ CpHy — Cplly s | o (1)

Photodissociation with monochromatic radiation magslead to‘pro4

ducts with known translation energy

HI + hv = H+ I J
relative  velocity

(12)

B. 1Elémentary-Chemical Reactions

Examples. - Although it is fairly simple to define the term
“élementary chemical reéction", a'humbef of examples will be
| given beforewavformal definitién is_preéented.ﬁ Bimbiecular
bydrogenwatqm-transfer_reactioﬁs, such as,

€l +H, — HCL+H S (13)

CHg + CD, ~— CHgD + CDg

CpHlg + CpHg — CpHg + CoH,

/o CH50 + HNO = CHOH + NO
occur with a simple second-order rate law, k[A][B]. The second-
order rate conétant'g is a simple function'of temperature, the

Arrhenius equation

k=Aexp(-E/ET) | L (ae)
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5
The_rate"conStanﬁsxdre Smoothly related to molécular properties
of reactants, which can béiexpressed in several simple ways.l4
_:The_Oxides of,nitrogeﬁ,are particularly'versatile in
' illQStrating principles of chemistfy. Bimolecular reactions of -
_oxides of nitrogen have been extensively studied, for example,
NOy + 05 = NOz + O (1‘5)
;NO +:NO3 = 'NOZ + NO,,

3

NO, + NOg. = NO + Oy + NOp

.,NOS + NQB ff:N02'+102 -_l—‘NO2 -

' These reactions follow second-order rate laws, and the rate

‘constant is a functidn'of‘température. The values of the rate
cdnstants.are hot readily eXpreSSedvin terms df simple moiecuiar
properties, but the,Arrheniué‘A-factors are easily rationalized

nin_térms of thermodynamic propertiés of the reactants and postulated-

strucﬁures'of intérmediate'cdllision compiexes.15

| One set of similar bimoleéular reactions seemed to give rate

~ constants that madé no-sensé at all in terms of molecular properfies.

of the reactants.and products. The set was presumed to be

elementary, bimolecular, four-atom, four-center reactions



E(kcal)V';A(cc/sec);:'AH°(kcal):'_y:ﬂ

€10 4+ €10 = C1, % O, ~13

‘/>; S ng_;_:l:_y AT P -iéufrf‘df’w‘l:{' o
| HI,+,HIu_f*.H2 +'12 T 5,% 10-'\a:-k*'f-§z,,ﬂf

_‘Recent re 1nvest1gat10ns have shown that none of these reactlons

is "four center or elementary as wrltten The actual elementary'

'reactlons arels 17 18

B _-5010 + 010 [ 01 + ¢100"
" NO+NO — N20+O
HI + HI - I + H2 + I
I"oThlS relatlon between actlvatlon energy and enthalpy of reactlon
: 1s much more reasonable than that of Equatlon (16) Subsequent
‘reactlons of Cl, O, and I atoms lead to the molecular products :
hShown in Equatlon (16 R | o i o
Elementary unlmolecular chemlcal reactlons at the "hlgh

ld-pressure llmlt" such as}?,zoa ff

CHNC—» e

. UCRL-18256
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follow a first-order rate law ~d{A]/dt = k[A] and the first-order
rate cdnétant,depends only on,tempefature
k=k(T) | - (19)

'On the other hand, these same reactions at the "low pressure
 1limit" follow the first-order rate law throughout a given experi-
ment, but the first-order rate constant itself depends on reactant

'concentration and on the pressure of added foreign gas

k=K (A] + k(M) = K, ([A) + o (D) (20)

~‘whére[dM = ky/Ky- " The "relative efficiéncy" of foreign gas a

varies with_identity-of the gas'M; for the decOmpositio&mgf N5Og

with the'gaSés He, N Co v”CCi4 ﬁhe values of o, are respectively

2’.) 2:
0.12, 0.23; ‘0.40, and 0.55.

M

ihe‘decompoSition of_diatomic_moleculegﬂbccurs with a rate
law like that of a polyatdmic molecule at its low pressure limit.
The rate is second ordér, first order in reactant and first order
in total gas M. The magnitude of the sééohd order rate constant
depends on the idehtity of gas M as well as the temperature T.v
The recombination of‘atomngbllows a'third.order rate 1aw; énd the
rate constant.deﬁends on the identity of the foféign gas and on
the temperafure.‘ | |

An elementary reaction (A — products) has a first-order rate
consﬁant k that depends‘only on temperature at high preSsures but

depends on températufe, concentration of gases [M], and identity
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of added gases M at low pressure, EQuation (20). At intermediateA
‘preSSures the first-order rate constant shows a conﬁinuous trend
between its high—preSSure value and iﬁs loW—pressure}value.
”Thréughout thié_range_of pressures;.thé obSefved,rate constant

dependé’(in a reproduéible manner) on three-macrbscopic variables:
1. Temperature'
2. TIdentity of gases, M’

3. Concentration of gases,»[M];
This dependency may be abbreviated as
k=k(T, M, [M]). - - (21)

The explanation.df this.effept has a 1ong.and interesting histdry,
from Lindemangsin 1922 to the latest leume of the Journal of
Chemiéal Physics?4 The simplest statement of the situation is that
molecules are activated in vibrational modes'by collision a,
deactivated by collisions Q,'ana the activated'moiecule may

spontaneously decompose'by d~unimoleCular proééss g
- 8y ¥ o |
A+M —— A +M | (22)
* - ' EM - ' |
A + M — A+ M
* c . : )
A ——=— products
The steady-state treatment of the intermediate activated molecule

~gives its distribution function as
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%ATJ\ - P o (23)
' The rate of reaction is simply
L  a c[A][M]
- d[A) = C[A*] o M- R (24)
dt - bylM] + ¢

The empiricallfirStéorder réte constant thus may be expressed as

eelu]

k=prve (25)

‘where the.explicit>form of dependence on identity of M (in terms

of a,,

M and QM)’and concentration of M_is'given (realistic forms of

;this theory?4of cbufse, give the rate in terms of individual

vibrational quantum states or density of states at Vafious degrees
of excitation energy): The'éompetition in rate between the
énergyFtransfer éte§ b aﬁdfthé'molecular-decomposition ¢ leads to
& highly non-equilibrium distribution, Equatibn (23), since the

‘ Lk -
equilibrium distribution of A 1is a/b.

Elementary‘Chemicai Reactiohs,ig'Terms of Elementary Molecular

Processes. - If expressed in terms of individual vibrational and

rotational states of the eXcited.mdlecule?sthevdecomposition of

excited molecules

ANR0g]; — [NOp ), + tNOS]n o ) : (28)

- relative velocity, g




UCRL-18256 |
10

bis an elementary chemlcal-phy51cal reactlon The activatien and
deactlvation of the molecule to a spe01f1c exc1ted state 1 are
examples of elementary phys1cal reactionsk. The actual dlstrlbution | 5
:of reactant molecules. is determined by competltlon between energy—
-Atransfer rates and chemical-physical reaction rates. This actual
b'distrlbutlon over‘ex01ted states is never literally the equilibrium
distribution SOllongras a net”reaction isﬁtakingfplace.s During'
"reaction'the distributiOn“ef'reactantslever internal.excited states
is. _ | ‘ :
A.]l a;lM].
B - [Dﬂ = .p__;_LEM]I_.«.L-gi' ) | e

:tAt equilipriﬁm this distribution-function is
o Al
[

i-
Although P; and (P

eq.

"TKT

eq. ___-E——i o o (28.)

Py. eq are never identically the same, at.a

'suff1c1ently high pressure ‘the- d1fference 1n the two becomes

negligible.' Whereas ‘the actual distribution P depends on tempera-

ture, identlty of’ M, and concentratlon of M, in the high pressure

'region P is excellently approx1mated*by (Ei)eq.3 and then gi

"'depends only on the temperature, Therefore, the rate eonstant of | '\
_a(unimelecular reaction in-the high pressure region varies only
' with‘temperature,[Equationﬂ(l9).

The interpretation of elementary chemical rate constants in

terms,of the component elementary physical and chemical-physical

prodesses may also be set up for bimoleéular reactions, for example.
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NO, + CO = NO + CO, | | o (29)

The'rate of reaction and the rate constant are defined by
-afNo,l - S
—gt - kNoplfcol (20)

The observed rate is a sum‘overcthe actual distribution of

reactants for elementary molecular processes

Nop(1) + 00(1) I TREP, wo(m) + COp(n)

¢ . %

e¥r . T ETp

Here the symbcl i stands for the complete. internal state,

- véiéctronic, Vibratichal, and rotational, of NOz; and similarly

Q, m, -and Q specify the internal states of the other species.
Relative velocity is expressed by the symbol g. The microscopic

rate constant ki i l m np 1S already an average over impact

parameters. Formally, the macroscopic fate is a six-fold summation

SLFTITYY 5aranstomiiony o

l m nop

For each state 1 j 1 of the réactanté, the sum over all possible

states of products leads to the éimplification‘

= S | 53)
Y ) ) MsimapTiin | |
m n p - '
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For each pair of internal states 1 j and for each relative velocity

1l, the rate may be expressed in terms of relative velocity g,
reaction cross section Gij(g),.andvthe actual distribution of .
relative veioeities:" |
-a[N0,] (—— [ o EEE .
—ﬁ——:}:Z oi5(8) gB(g)ag  [NOp) [c0ly;  (34)
o - i.jj. S o ' ‘
The fraction of mbleCuleseof:nitrogen'dioxide in the state 1 is
- defined ds
'vand similarly for earbon monoxide
P, = [cO)./[cO] L o o (36
By = leolyfeo) )
The_maeroscopic,rate is thus
' —d[NOZ]‘ T SR ol SR |
—gr = »[NOZJ-[CO]Z ZfPiPJ. .oij(_g) g:‘P(g)-dg ‘ (37)
e T g . -
"where the mieroscopic,concentratiOns, [N0,1; and [Co]i, are replaced
by .the macroscepic.concentrations; [Noé] and [CO], according to o
Equations (35) and (36). ' The macroscopic rate constant of the >

'elementary chemical reaction is thus expressed as an average over
microscopic réactibn.cross\sections Gij(g) and the actual distribu-
tion of reactants over transletional states P(g)dg and internal'

states, P, and gi;



UCRL-18256
13

K-y Z[ b () eEeds (38)

Studies of ideal elemenfary chemicalephysical reactions in
crossed molecular beams would.give the microscopic, moleoular‘
reactlon cross sectlons o Studles of energy-transfer rates in
elementary phys1cal reactlons establlsh the conditions under Wthh
the‘o;strlbutlon funotlons,vg(g), Py Eﬁf haye essentlally an
eqnilibrium distribution»funetion; flf the equilibrium distribution
is;not malnteined; a‘comp§riSon of moleculer_reection rates and
‘ gnergy‘transfer-rafeS‘permits ealculation'of-the acﬁuel steady—

- state distribution'that‘obtains during the reaction.

Definitioni - The definition of an elementary chemical reac-

tlon readily follows from the examples given above. An elementary
chemical reactlon is a given elementary chemlcal—physical‘process
averaged over a steady distribution of reactants where this
distribution can be reproduced by fixing a small number of macro-
scopic variables,'such as, temperature, identity of foreign gas,
and pressure of foreign gas. To reviem the examples cited above,
the distribution over states may be adequately reproduced by
control of temperature alone for unimolecular reaetions at hlgh

pressures and for bimolecular reactions

A—=Bor A—B+ C;:high pressure o -~ (39)
A+B=C+D |
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In thesé casés the raté'copstant depends‘only on temperature

.E=_1£(‘T) . S o (40)
The third-order rate constant for atom recombination and the
“second dfder cdnstant fgr dissociation of a.diatomic.moiegu;e

A + A }_M-ﬁ;Az + M | '_' o ,‘ : (41)

M+ Aziﬂ-M'+ A +{AI |
deperid. on both tempefatﬁre'ané identiﬁy Qf:M

R T

The first-order rate constant for a general unimolecular reaction
" and the second-order rate constant for a bimolecular association

of polyatomic radicals

A-—*Br+ Q,'low pressure -~ V V o (43)
B+ C—A, low pressure |
depend on three macroscopic Variables
k= k(T, M, [M]) = (44)
‘Under extreme'conditioné_of high temperéture,'short time,
"~noh—unif¢rm pressure, high turbulence, etc., the actual distribu-
tion of reactants over'quahtum States may be irreproducible in .
“terms of controllable macroscopic variables. In these cases the

concept of»elemehtary chemical reactions breaks down, and the

situation must be treated in detail for each special case.
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C. Chemical Reactions

An overall reaction-aS’enceuntered by a chemist is only
rarely an elementary chemical reactiogs(some examples are given
by_EquatiQns l, 18, and 29)} The usual situation is that a
chemical reaction involves reactive intermediates, and the overall
"process in&olVeS ﬁwe or more elementary chemical feactions The |
27

decomp051t10n of ozone has been exten31vely studled, and it

1llustrates the general 51tuatlon - The overall reactlon is

2 05 = 3'02» (45)
 change

This chemlcal %eaet—en 1s brought about by three elementary

- chemical reactions ‘

v . Ei . | | | ‘

O + M —= 0, + 0+ M ' - (486)
O2 + 0+ M — O3 + M
0 + 0 3, 20
3 2

The steady-state concentration of the active intermediate, oxygen

atoms, is

o] - k,[0z1[M] (47)‘
and the rate expreSsion for the overall reacfion»is
Cdlog] 2k kS[O ] []

F& 7 Kyl0,1[M] + E5[05] (48]
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The rate of the'chemieel reaction is a complex function‘of the
- rates of the component elementary chemical.reactions.

A particularly instruCtive example of the role of elementary
chemical proceSSesiiu predieting:overall ehemical reactions is
glven by a set of reactlons 1nvolv1ng the ox1des of nitrogenZB'The

follow1ng chemlcal reactlons ‘have been studled very extens1ve1y

1. szzos'; 4 N0, + 0 .-»-t R (49)
gQ NO + N205 3 Nop.

3. 21N02 *,03 = Np0g + 0,

rg. 2.0‘v+‘N 0g = 3 05 + Ny0g

3 “2_5>
The observed rate of. reactlon 1 is flrst order in NZOS over a wide
range of temperature and pressure However, at extremely low
pressures a very strange.“fall—off" with‘pressure is observed.

At very high temperatures in a shock tube, the highly reactlve -
:'radlcal NO3 is observed spectroscoplcally to be an 1ntermed1ate
The observed rate»of;reactlon z 1s,the complex expression

_d[N205] o o - fNO
—gE = k2[N fNO] + é[NO ]

- (50)

‘ At_‘,_highv-raftios_of-NO2 to NO, the'oonstent_a can be found. Under
most conditions a[N02]<<[NO];_and the‘observed rate giVes the

constant ks, Reaction 3 is simply second order

= k5 [NO,][05] ,r R o 5"‘ “(51)
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Reaction 4 has been studied over an extremely wide fange of both
reactant ozone and catalyst dinitrogen pentoxide. The empirical
rate expression is precisely given by the following, unusual

. rate law

o - ko) Pt (52)

The first’threevof’these overall. chemical reactions can be
3 Quantitatively explained in terms of-sik elementary chemical

reactions

- A(M) 3 o |
Np0g —=iy N, + NOg - o (53)
)
NOZ- +.N03 .-:_—_.H N205

e

NO + NOz =4 NO, + NO,

NOg + NOg — 2 NOp + 0p + NO,

h .

The elementary stepé in' reaction 1 are A, B, e, f with NO; and NO
-as intermediates.presenf in very low, stéady;state concentrations.
In reaction g the presence of high concentrations of NO as a
reactant makés the rate of step g.hegligible in comparison to

step £. Thus the mechanism is A, B, f with NO; as steady-state .
intermediéte. Reactionvé occurs by way of two elementary chemical: f

reactions; h and B, with Nos as steady-state intermediate; all

other reactions are negligible when both NO2 and 03 are presént in
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maeroscopic amounts. 'From.studies,of thesé three chemical reac- \
tions under a wide variety of'oonditions, all six.elementary rate‘
constants have been evaluated, A, B, &, f, & and h.

Reactlon 4 1nvolves ‘ozone as reactant and di- -nitrogen
- pentoxide aslcatalyst. _Undervthese conditions the concentration
of nitrogen-dioxide‘is»suppressed to a'very'low value. - Both NO2

_and NO are active intermediates,'present,in low steady-state

3.
'concentrations Under these condltlons one can. use the values of
'the rate constants A, B, e, f, 5, and h to dlscover that reactions
€ and f are-negllglble in thls-system Thus.the mechanism is

t.'found to be the four steps A, B, & and h | The straightforward

appllcatlon of the steady state method to NO2 and _NO3 in this.

‘ mechanism gives exactly the followlng rate expression

_-dgzsjlé (gh)ZZS (Zg)}/s [QS]2/3N[N205]?/3 | (54)
- Thds_the meohanisn'p}edicts:thetstrange fourfthirds ofder-rate

' expression If the values of the fateiconstants,hé, B, g, and h,
‘as determlned from studles of reactlons l, g,-and.i are inserted
1nto ‘the theoretlcal rate expres31on (54 the predicted rate
constant .at 300°K 1s-0.052 in unlts_of.moles/cc, sec. The

observed value»frOm studies of'reaction % itself is 0.054 in the

same units. ' The activation energy of reaction 4 based on activa-

,tion:energies observed in the systems l, 2, and 3Iis 20.7T + 1

kcal/mole The value observeiin a dlrect study of reaction

o

'fis also 20 T+ 1 kcal/mole

-
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fﬁis'example.iiluStrates how rate constants of elemehtary

reactions can'be:tfahsfefred frbm one environment,to another to
pfediéﬁ tﬁe f&te_df'anofhéf chemical reaétion;r In facf, this
transfer of elemehtary'rate constants td:new situations provides
‘ thevmdst poweffu1 prediction that chemical kihetics can make.
The science of gas-phase chemical kinetigs has some interesting
_ parallelsvwith the science bf chemical thermodynamics; In
chemical thermodynamiés the.fundamental entity is the pure”chemical‘l
'vSubstahce;'élementary,-mOIécular, dr‘crysﬁalline. It ié useful
to tabﬁlaté'in hahdbdoks the thérmochemicalApropertiés of pure
chemiéél subSﬁanceé; For any_chemical‘réacficn, these properties
of'individﬁal’reéétanﬁs‘and pfoduéts can be combined to predict
the thermochemical changes thaﬁ'the'reaction will bring about.
'(In'chemical thermodynamids it is not useful, in general, to
tabulété thé thermbchemigal proﬁerﬁiés of an.impure, unanalyzed
substancé;) In chemicai kinetics, the fundamental entity is the
elementary chemiéal réactioﬁ. It is useful to tabulate ih,
handbooks the kinetic properties of elementary chemical réactioné,
and the National Bureau of S%andards of'the-United States now Has
an active program underway of preparing such ha.ndbooks.z9 For any
complex chemicél sysfem, the properties of the individual elemen-
tary chemical reactions can'be.combined-to predict thé kinetic
'propérties of the system as a whole (in chemical kinetics it is‘
not useful, in general, to‘tabulate'the kihetic properties.of a
complex reaction, whe;e theiméchanism isvnof analyzed in terms of .

~elementary steps). In chemical thermodynémics, the thermochemical
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properties are*usually‘listed_in'terms of the standard state of
the pure substance, but in an aCtual'system of chemical interest *
'one must cons1der actual concentratlons or relatlve amounts of

different components Slmllarly in klnetlcs, the handbooks llst

rate constants for elementary reactions, but the rates depend on

rate. constants and'reactant cOncentrations.
D. Central Role of Elementary Chemical Reactions

Elementary_phySical orAchemicalaphysical_proceeses involve an
“enormous number'of:sets of quantum‘StateSQ .Molecular beam}%
‘kineticists and others who work in these fields undoubtedlywnave
._llttle ‘interest in accumulatlng vast tables of data as ends in
themselves. These" studles_are_prlmarily focussed on the
principles involved, not the subétances'studied. To some extent,
the study of molecular beams is a fleld 1n 1tself - To a
con31derable extent molecular beam and related studies are
devoted to establlshlng the detalled molecular basis for theories
of elementary chemlcal reactlons | |

Standard ‘theories of elementary chemical‘reactlons have been
forced to make exten81ve assumptlons about the mlcroscoplc |
molecular rate constants and the dlstrlbutlon functlon overv ' v
‘molecular,quantum states. The Rice- Ramsperger Kassel theorfzgede |
the (plausible) asSumption that the relative molecular rate
constant of an excited molecule varied with degree of excitation

according to a particular combinatorial formula. Activated complex
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theorf“ﬂade the (plausible)vaSSQmption that somewhere between

,reactanté'and products thevcollision complex caﬁ be expresséd in

terms of a set‘of coofdinates such that the advancement of the
reaction ¢an all be expressed in one coofdinate,,and the other

coordinates are orthogonal to this "reaction coordinate." Simple

'~ collision theory assumed that the reaction cross section varies

with energy in a_particulafﬂ(plausible)'wdy. In terms of Equation .

-38,7the_standafd‘thébries have been. forced to assume distribution

functions, Pys By g(g)dg, and molecular reaction cross sections,

?ll(g); and.to sum over all such Yariables to geﬁ a number to
compare with experiment.

‘The modern kinetiéist'using crossed molecular beams has as
ohe of his goals the direét evaluation of enough molecular reaction
cross sections (éompare'éii(g)in Equatioh 38) to establish the
law of the variation of reaétion'éross section with molecular
states. The_various stﬁdies of elémentary physicalvreactions can
lead to a quantitative understanding of when the assumption of an

equilibrium distribution over states is a good approximation and

when it is a poor approximation. When the equilibrium approximation

is poor, these studies can lead to the actual distribution function,

the P's of Equation 38. Thus it is to be'anticipated that a
major product of étudies of elementary physical and elementary

chemical-physical pfocésseé will be a firmer logical base for and

‘improved quantitative predictions from the theories of elementary

chemical reactions.
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As mentioned abo?e, the field of elementary chemiéal reactions
has now become so mature that it is.worthwhile,to produce hand-
books of data on the rate constants of elementary reactions in
~‘ terms of the appropriate.macroscbpic variables, k(T), k(T, M),
‘or.E(E; M, [M]).v These rate constants are uncoupied elements
that can be freely transferred from one chemical system to
anbther.i Cdmplex rate phehoména éan'be'underst00d in terms of the
elementafy éteps, and new rate.phenoména can bé predicted from
:sets of élémentary reactions.-»lﬁ‘this way tables of elémentary
raﬁe conéténts and the theory 6f'eieméhtary chemical reactions can
make an: imbbrtént”cohtribﬁtioh'to oﬁher aréas of chémistry,
including chéﬁical_problems 6f the most praétical sort. Thus
elementéry chemical reactioné are'dentrai to the entire field of

'kinetics} This_relationship-is indicated by the'diagram

v),_ Elementary

Clarify and ~  . chemical- ' Predictions
develop theory -  ‘‘reactions of chemical
o : : interest
. _ , - | | N
Elenmentary \ : Chemical

physical and ' : ~ reactions
chemical-physical ' ‘
reactions
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