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Molecular‘Beams and a
Chemical Reaction

Results for the reaction of potassium with methyl iodide
show how beam experiments and theoretical work
contribute to chemical kinetics.

In the 13 years that have passed
since the first successful studies of chem-
ical reactions with molecular beams
(), many people have applied these
methods to learn how reactions occur.
Here we illustrate the progress in this
field by selecting one bimolecular re-
action, that of potassium atoms with
methyl iodide molecules, and by de-
scribing for it the experiments done,
the analysis of these experiments, and
some of the theoretical work which
helps us understand them. Several long-
er reviews are available (2—4).

Distributions

Let us consider what happens in the
more usual ways of studying reactions
in gases. In a gas, which may be pure
or a mixture of different chemical spe-
cies, at thermal equilibrium at a tem-
perature T and at a low pressure, the
molecules are far enough apart to be
nearly independent. They interact only
during the small fraction of the time
when pairs of them collide. Collisions
involving three or more molecules are
negligible. The motions of the mole-
cules are random, subject to the re-
striction that the total energy remains
constant. As a result of collisions, not
only the directions and speeds but also
the rotational and vibrational motion
of individual molecules in the collec-
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tion change with time. As a good ap-
proximation we divide E.; (the total
energy of the molecules) into parts
corresponding to energies of translation,
rotation, vibration, and electronic exci-
tation as follows,

Eiot = Etrans + E:o: -+ E.ny -+ Ea (1)

Solid lines in Fig. 1, ¢, e, f, and g
show, for our model reaction, the dis-
tribution at equilibrium of the separate
reactant molecules over the range of
possible values for each kind of energy.
We choose potassium at 405°C and
CH,I at 15°C because these tempera-
tures are near those used for molecular-
beam experiments described below. The
translational quantum levels are close
enough together in energy to be drawn
as a continuous distribution; the rota-
tional, vibrational, and electronic levels
are spaced successively further apart.
Many excited rotational states of CHjl
are populated, but relatively few mole-
cules are above the lowest vibrational
state, and essentially all of both K and
CH,I are in their ground electronic
states.

Polanyi and his collaborators have
made the most significant studies of
reactions similar to those of the alkali
metals with methyl iodide, for which
the reactants were distributed thermally
(5). For example, von Hartel and Po-
lanyi (6) followed the reaction

Na 4 CHsl —— Nal + CH: (2)
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by allowing Na at 250°C and 103 torr
to diffuse into CH,l, while they
monitored the Na concentration in the
“flame” by its scattering of the reso-
nance radiation from a sodium vapor
lamp. They estimated that reaction oc-
curred “roughly . . . at every collision”
between Na and CH,l, so the activa-
tion energy had to be nearly zero.

Reactions in Molecular Beams

Molecules in beams do not have to
have these thermal distributions, but
may be selected, at least in principle,
so that each beam consists of mole-
cules in only one quantum state or per-
haps a small range of states (which we
label i and j for the two reactants).
In addition, when reactions occur, the
relative speed v and the relative orienta-
tion y between the molecules in the
two beams can be selected, and the
states in which the products are formed
can be determined. For our reaction
this can be represented by the stoichio-
metric equations

elastie

—5'K @ + CHI)  (a)
V, 7Y inelastic
K@+CH:I()— K (k) + CH:I{(/) (3b)

reactive

— KI(m) + CHs(n) (3c)

In elastic scattering (Eq. 3a), there is no
change in the quantum states of the col-
liding molecules or in the speed of rela-
tive motion v, although the direction
of their relative motion does change.
Inelastic processes like the conversion
of translational to vibrational energy
lead to changes of quantum states but
not of chemical species (Eq. 3b); re-
active collisions produce new kinds of
molecules (Eq. 3c). Here one subscript
represents all the quantum numbers
needed to characterize the internal
state for that molecule. All three kinds
of scattering show something about
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how the molecules interact and help
us to determine the criteria for re-
action.

The dashed curves in Fig. 1 show
to what extent selection has narrowed
the ranges of states for K and CHjyl
in some molecular-beam experiments.
As yet no real experiment can give
the perfect selection indicated by Eq.
3, but many details of chemical reac-
tions are becoming clearer through
partial selection.

We can ask two kinds of questions
about experiments: (i) What can this
experiment tell us directly, what is the
measurable quantity? (ii) What can we
deduce from the results?

For molecular-beam experiments, ex-
amples of the first kind of question
are: (i) What is the chance for a K
atom and a CH3l molecule to interact
at all as they pass each other, or what
is the total cross section Q(v) (com-
monly given in units of square ang-
stroms per molecule) at a particular rel-

ative speed, and how does this vary with
relative speed or energy? (i) What
chance is there of scattering to a par-
ticular solid angle o, or what is the
differential cross section ¢(ve) (com-
monly given in units of square ang-
stroms per molecule per steradian),
and how does it vary with energy?
(iii) In what internal energy states are
the products formed, and with what
speed do they separate after the re-
action? (iv) What is the chance for re-
action at a given relative speed, or
what is the total reaction cross section
Qr(v)? What is the threshold energy,
and what is the variation of the total
reaction cross section with energy?
(v) How does the inelastic and reactive
scattering depend on the initial rela-
tive orientation of the colliding mol-
ecules?

We now show how some of these
answers to the first kind of questions
are found and how they in turn help
to answer some questions of the second

kind, such as: (i) Is a collision complex
formed; and, if so, what is its lifetime?
(ii) What is the relation of the inter-
actions and the scattering to the elec-
tronic and geometric structure of the
reactants?

Important features of the necessary
apparatus are: beam sources-—usually
small boxes of gas from which mole-
cules escape through a small hole; col-
limating slits to reject all molecules
moving in unwanted directions; a ve-
locity selector to reject all molecules
moving with unwanted speeds; an orien-
tation selector to reject molecules of
unwanted orientation; a scattering re-
gion where the two beams cross and
the molecules can interact; and finally
a movable detector to record the num-
ber of molecules of reactants or prod-
ucts which are scattered to a particular
angle (Fig. 2). We omit both a velocity
analyzer to measure the speed of the
products and any device to determine
the rotational state of the products
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Fig. 1. Distributions of direction and energy for K and CHsl. Solid lines for thermal equilibrium, K, 405°C; CH,I, 15°C. Dashed
lines enclose shaded area to indicate distribution after selection for a molecular-beam experiment. The symbol N(i) indicates the
number of molecules in state i; N, is the number per unit solid angle; N, is the total number of molecules, E, is the energy of
the s kind. (a) Direction of K velocity in laboratory. (b) Direction of CHsI velocity in laboratory. (c) Translational energies of
K and CHsl; the corresponding speeds v, for i = K, CHsI are also shown. (d) Translational energy of relative motion for a pair
of molecules K—~CHl. The relative speed v is shown also. (¢) Rotational energy of CH:l approximated as a rigid, diatomic molecule
with rotational constant B — 0.28 cm™. The rotational quantum numbers J are shown. (f) Vibrational energy of CHsl for the lowest
fundamental mode (533 ecm™) taken as a harmonic oscillator. The vibrational quantum numbers V are shown. (g) Electronic energy
for K and CH:l. Only the ground states are appreciably populated. (h) Orientation angle ¥ of CHsl with respect to the relative
velocity of K and CHiI before the collision.
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because results based on these parts
of a more complete apparatus have
not yet been reported for the reaction
of K with CHzl. Each of these selec-
tion processes works essentially by re-
‘jecting unwanted molecules and hence
reduces the number of molecules in the
beam. Thus in each actual experiment
one or more of these parts had to be
omitted to avoid reducing the intensity
of scattered molecules so much that this
signal would disappear in the back-
ground of noise. In each diagram giv-
ing the experimental results the inserts
show the components of Fig. 2 used
for that experiment.

Total Scattering Cross Section

To measure the effective size of the
molecules we ask for the chance of any
scattering at all. In principle, for the
apparatus shown in Fig. 2 we would set
the detector at « equal to 0, adjust the
velocity selector to give K atoms of a
particular speed (vg), and record the
flux of K at the detector in the presence
[Nx(v)] and absence [N °(v)] of CH,I
in the cross beam. For beams inter-
secting at 90°, the relative speed v is

x® 4+ veu,r)?

For a representative speed of the CH,I
molecules in the beam we might use,
as an approximation, the most probable
speed of CH,l in the oven (2 RT/
mcHg1) %, where R is the gas constant,
T the CH,I oven temperature, and
Mg,y the mass of CHyI. The corre-
sponding relative Kkinetic energy E is
Y5 uv?; the reduced mass p is mrmcngt/
(mg + memyy). For comparison with
Eq. 1 we have the relation

Etrnns, K + Etr:\ns, Cll1 == E + Ecm

E is the important variable, the energy
of relative motion, while E,,, the en-
ergy of motion of the center of mass,
is constant for the collision.

The total cross section [Q(v)] is de-
fined by Eq. 4:

Nx() =Nx’(Wexp [—QWncuavi]l (4)

Here ncu,; is the density of CH,l
molecules averaged over the length / of
the region where the two beams cross
and scattering would occur.
Although no one has yet done this
experiment, we can make an estimate
of Q(v) as follows. Rothe and Bern-
stein (7) have measured Q(V)x-cug1/
Q(W)g-.ar, and Rothe and Neynaber (8)
have reported an absolute value for
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Q(¥)x . Here ¥ is the average relative
speed in these experiments (7, 8) which
were done with thermal beams of K
atoms passing through a chamber con-
taining either CH3l or Ar. The cross
in Fig. 3 indicates the resulting value of
Qv = 655 m/sec)x—cHz1. The triangles
in the figure show the speed dependence
O(v) measured by Gislason and Kwei
(9) for the similar system Na-CHjl
normalized to Q@#)x-cng. Figure 3
shows that for a relative speed of 655
m/sec the effective area presented to
a K atom by a CH3I molecule may be
expected to be about 10 x 102 A2, To
interpret this result we assume that the
energy of interaction [V (r)] is inde-
pendent of the orientation of the CH,l,
and also that, despite the possibility of
chemical reaction, this energy varies
with the distance of separation r, for
large r, as given by the Lennard-Jones
potential

V() = e [(ru/ 1) — 2(rm/ 1)1, 5)

The parameters ¢ and r,, are defined in
Fig. 4a. For low kinetic energies (E"<
e) the total cross section Q(v) is deter-
mined almost entirely by the attractive
part of the potential, the second term
in Eq. 5. The coefficient of r—¢ in this
term, 2er,,% is related (7/0) to the total
cross section by

Q) = 8.083 Qern®/Hir)t  (6)
where % is Planck’s constant over 2x
and both the values of the factor
8.083 and the exponent %5 depend on
the exponent 6 in the second term of
Eq. 5. Thus the agreement of the slope
of the experimental points in Fig. 3
with the value of 25 required by Eq. 6

confirms that the interaction energy be-
tween Na and CHgl, and presumably
also K and CH;l, does vary as r—¢ at
large r as expected theoretically (/1).
Further, the magnitude of Q(v) gives
us a value for the product r,,% equal to
6.4 X 10—58 erg cm®. Thus, a measure-
ment of the total cross section tells
about the nonreactive interaction of the
two molecules at large distances.

Elastic Scattering

We learn more about the interaction
of K with CH3l by measuring how
much K is scattered by CH I to a
particular laboratory angle o for a
given relative speed v, or relative ki-
netic energy E (differential scattering
cross section) (/2). These experiments
could not distinguish between elastical-
ly and inelastically scattered K (Egs.
3a and 3b), and we assume here that
the latter is insignificant in comparison
to the former (Fig. 5a). In Fig. 5b
we have replotted the same points re-
duced as suggested by Smith, Marchi,
and Dedrick (13). Here 4, the scat-
tering angle in center-of-mass coordi-
nates, is cq. The quantity ¢ is nearly
constant; it varies only from 1.26 to
1.18 as « varies from 2° to 70°; 4 is
defined in Fig. 9b. The structure of
Fig. 5a is emphasized by the way of
plotting Fig. 5b, and the points for
the two energies fall on almost exactly
the same reduced curve. The maximum
which comes near Ef equal to 50
(degrees kilocalories per mole) in Fig.
5b is due to-an increased probability
of scattering near an angle 6, called
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Fig. 2. Diagram of a molecular beam apparatus to study the reaction of K with CH.L.
For the two field polaries the CH.l tends to be oriented in a range near zero or .
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the rainbow angle. (The name calls at-
tention to the similarity between this
scattering and that which produces rain-
bows in the sky.) The physical reason
for the presence of the maximum is
seen by considering the trajectories
drawn in Fig. 4b. Each of the lines
with arrowheads represents the change
with time of the distance between two

other at a fixed relative speed v. The
lines are trajectories in relative co-
ordinates. Each represents a collision
with a different impact parameter or
amount of off-centerness b (the dis-
placement of the trajectory at large
values of r from a line parallel to it
through the origin) or the correspond-
ing angular momentum uvbh. These

to classical mechanics for two parti-
cles which interact with a potential
energy given by Eq. 5 or Fig. A4a.
For large values of b the attractive
forces predominate, and the trajec-
tory is pulled toward the scattering
center. By definition this is a negative
deflection. As the value of » decreases,
the deflection first becomes increasingly

particles originally approaching each trajectories are calqulated according  negative until, at the rainbow angle,
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Fig. 4 (left). (a) Lennard-Jones potential for the interaction of two spherically symmetrical particles, Eq. 5. (b) Trajectories cal-
culated for particles interacting according to Eq. 5 for one relative kinetic energy and several values of the impact parameter b.
For each b there is a corresponding distance of closest approach r. and deflection angle 6. Trajectories with three different values
of b, the dashed lines for example, contribute to scattering for 6 < 6, the rainbow angle. The dot-dashed curve with ¢ > 4, is the
only trajectory for its 4. A corresponding set of trajectories, omitted here, is obtained by reﬁectmg these in the line for & = 0. This

other set would give upward deflections.

Fig. 5 (rlght) (a) Differential cross section times sin « for the scattering of K by CH.L

to laboratory angle « for two initial relative kinetic energies E. For clarity the points for E = 6.72 kcal/mole are plotted at 0.1 of
their proper values. The absolute values of the cross section and the detector current are only approximate, but they show the mag-
nitudes involved. (b) Reduced differential cross section for scattermg of K by CH.I to center-of-mass angle ¢ plotted against E
for the same energies. The dashed lines connect corresponding regions on the various curves. The dot-dash line is our estimate of

the scattering expected in the absence of reaction.
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it reaches its nadir, and then becomes
progressively more positive as the repul-
sive forces become dominant. For head-
on collisions (b= 0), the trajectory
returns on itself with a deflection of
180°. The colliding molecules come in-
creasingly close together as b ap-
proaches zero. The distance of closest
approach for one trajectory is #,(b).
The trajectories are not directed uni-
formly to all angles, but are concen-
trated at angles just less than the rain-
bow angle. This accumulation of tra-
jectories produces the corresponding
rainbow maximum. For example, in
Fig. 4b, which shows a set of trajec-
tories, each of the three dashed curves
(two representing negative deflections
and one a positive one) would be de-
tected at the same angle in an experi-
ment, whereas only one curve (with a
positive deflection, for example the dot-
dashed curve) corresponds to a particu-
lar ¢ if it is greater than 4,. The de-
flection at the rainbow angle increases
as the depth of the potential well in-
creases, and it decreases as the relative
speed v increases. A higher v means
a faster passage and consequently less
time for the forces to produce a deflec-
tion. In practice 6, is very nearly pro-
portional to ¢/E. Thus by setting our
velocity selector for a known v we
find E (=% u v?), and by locating the
rainbow angle on the differential cross
section (Fig. 5) we find ¢/ E. The product
gives ¢ directly; its value is 0.51 kilo-
calories per mole or 3.5 X 10—14 erg per
molecule. This value of ¢ and that of
ery® from the total cross section allow
us to calculate r,, = (er,,%/¢)* = 5.0 A,
This is only one of several proce-
dures used, and it gives us a quanti-
tative (although certainly not unique)
description of the interaction of K and
CH3l for nonreactive collisions, once
we have assumed the form given by
Eq. 5.

Another feature of the differential
cross section plotted in Fig. 5 is the
sharp drop, which is particularly visi-
ble in Fig. 5b near Ef = 120. There is
a shortage of K atoms scattered by
CH,l to large angles, compared to
those scattered by nonreactive mole-
cules. This apparently represents a loss
of K because, for some of the trajec-
tories leading to these larger scattering
angles, reaction is taking place, and it
removes the K by forming KI. The
dot-dashed curve in Fig. 5b is our
guess for the position of the hypotheti-
cal curve for no reaction suggested by
the study of nonreactive systems.
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Now we use a very simple idea
(I4) to try to learn about the reaction
from these measurements of the scat-
tered K. At any angle E@ greater
than that, Ef,, at which the dot-
dashed and CHgl curves separate, we
assume that the ordinate of the dot-
dashed curve fo, sin 6 gives the
amount of K which would have ap-
peared if reaction had not occurred,
while the ordinate for the CHjI curve,
focm,r sin 6, gives the amount of K
observed. Thus for each angle we can
estimate the probability of reaction P
from

P(0) = (60 — ocn,1)/ 00 (7)

Moreover, for any angle § we can im-
mediately find the corresponding values
of b and r, if we have already deter-
mined v, EY and r,. The latter two
quantities come from the scattering
measurements and the assumed form
of Eq. 5; v comes from the setting
of the velocity selector. Thus we can
plot the variation of P with b and
1,(b) or V(r,) as in Fig. 6. It is interest-
ing that the probability has threshold
values at by, = 4.2 A and V(ry)y, =
0.3 = 0.2 kcal/mole. We can compare
this value for (r.),, = 4.1 A, the larg-
est r, for which reaction is possible
with an estimate based on a highly
simplified model (I2). Let us suppose
that the threshold occurs at the largest
r, for which the formation of KI is
energetically possible. This is the r, at
which all the relative kinetic energy
of the reactants plus the energy lib-
erated in the reaction becomes internal
energy of the product KI. To this
diatomic molecule we assign a poten-
tial energy curve representing the en-
ergy of the system as a function of the
internuclear distance. We give the KI
this maximum internal energy and then
take for r, the largest classically al-
lowed internuclear distance. From the
equilibrium internuclear distance of KI
(3.05 A) and the Morse potential we
estimate the threshold distance to be
4.14 A, in perhaps surprising agree-
ment with (#,)y,.

We can make further use of the non-
reactive scattering measurements by es-
timating the total reaction cross sec-
tion Qp(v). To do this we add up all
the missing K signal in Fig. 5 by in-
tegrating over b or @ to get the total
reaction cross section,

Ox(v) = 2 f I:m Pb db =

2 f 5. Poosinodo  (8)

The variation of Qp(v) with energy is
plotted in Fig. 7.

A rough comparison with the re-
sults of von Hartel and Polanyi (6) is
possible. Their reaction “at every col-
lision” for hard spheres is entirely con-
sistent with a reaction cross section
like the one in Fig. 7.

Reactive Scattering

An important way to learn about
the reaction of K with CH,I is to find
the yield of products, KI or CH,, di-
rectly. Herschbach, Kwei, and Norris
(I5) did just this by measuring the
angular distribution of KI formed when
beams of K and CHgl, effusing from
ovens at fixed temperatures, crossed at
a known angle (/6). This was the first
molecular-beam experiment with this
reaction. In Fig. 8 we plot their re-
sults (I7) for a 90° angle of intersec-
tion and the oven temperatures which
characterize the distributions of Fig. 1.
Thus the ranges of Eiyane Es Erots Evins
Ey, and y for K and CHgl are those
shown by solid lines in Fig. 1. The
rainbow maximum and reaction thresh-
old visible in Fig. 5, for which the K
beams were velocity selected, are hid-
den in Fig. 8 because of the wider
range of the thermal distribution of
speeds. The wuseful contribution of
molecular beams here is to reduce the
range of angles of intersection and
to permit the observation of the prod-
ucts from one collision before a second
occurs. In comparison with the thermal
reaction, even this simple beam experi-
ment produces a striking clarification
of the nature of the reaction. We show
the essential consequences of restrict-
ing the angles of interaction by making
the simple approximation of ignoring
the ranges of translational energy. Thus
in Fig. 9, we plot the velocity vectors
corresponding to the most probable
values for the vk and vcmgr of Fig. 1.
In Fig. 9a the vectors are arranged
to correspond directly with the draw-
ing of the apparatus in Fig. 2, while
in Fig. 9b the vectors have been shifted
to have a common origin. In the latter
form the figure is called a Newton dia-
gram (I8) to emphasize that it pro-
vides a convenient summary of the re-
strictions imposed on the reaction by
the requirement of the conservation of
mass, energy, and momentum (the kine-
matics of the reaction). Scattering to
an angle ¢ in the center-of-mass co-
ordinate system produces a cone
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around the relative velocity (Fig. 9b).
For a detector moving in the plane of
vk and vcugr the same ¢ is obtained
at two angles ¢y and «,. Each different
¢ corresponds to two new values of
«. The reason for the appearance of
the cone is the independence of the
scattering on the azimuthal angle ¢
which arises from the uniform distribu-
tion of incoming K in the plane per-
pendicular to v (Fig. 9d). The chance,
therefore, of having a particular b is
independent of ¢. In Fig. 9c we show
vectors for vkr and vcng forming cones
about the same initial velocity v. This
diagram is drawn to correspond to Fig.
8 (which shows the measured location
of the maximum in the KI distribu-
tion at ¢ = 83°), making use of the fact
that the spread of KI above and below
the plane of vk and vcmgr is very like

The center-of-mass vector is at an
angle of ~ 42° from vk (diagrams in
Fig. 9, a, b, and c). Thus, the ob-
served KI distribution with its maxi-
mum near ¢ equal to 83° is asym-
metric with respect to the plane per-
pendicular to v at O’. The KI re-
bounds or returns to the direction from
which the K originally came. We can
conclude immediately that the life-
time of the complex K-I-CHj is com-
parable to (or shorter than) the time
for one rotation of K-I-CHj, about
10—13 second. A much longer lived
complex would probably be equally
likely to decompose in any phase of
its rotation and thus give equal signals
forward and backward along v. This is
not a “sticky” collision, but a short
interaction followed by the separation
of products or of scatteréd reactants.

cules appearing at the peak of the dis-
tribution at « = 83°, the KI and CH,
separate with a speed v’ of 13.7 X 10*
cm/sec or a relative kinetic energy

E' = (1) p'v'* == 3.14 kcal/mole

where ' is the reduced mass of KI and
CH,;. From the conservation of energy
we have

E + Eune=F' -+ Elint + AEO- (9)

E; and E’;,; are the sum of the rota-
tional, vibrational, and electronic ener-
gies of the reactants and products re-
spectively, and AE, is the energy
change of the reaction at 0°K. From
Fig. 1 we find E = 1 and Ej,; = 0.5
kcal/mole, so with our value of E/ =
3.14 kcal/mole and an estimate AE, =
—22 kcal/mole we find E';;; = 20

that in the plane (17). Further, we can see that for KI mole- kcal/mole. In other words, for KI mol-
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initial relative kinetic energy E; (Q) from nonreactive scattering
(12), (X) from reactive scattering (17).

Fig. 8 (right). (a) Angu-

lar distribution of K and K 4 KI scattered after interaction of K
and CH.l for thermal beams (K, 405°C; CH:IL, 15°C) (I7). (b) Angular distribution of KI (/7). The absolute values on the ordinates
are only approximate. They serve to show the magnitudes of the quantities.
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ecules detected at o = 83°, nearly
90 percent of the available energy ap-
pears as rotational and vibrational ener-
gy of the products; these species are
not blown apart rapidly, but separate
from each other with a relatively small
speed.

Although the peak of the KI dis-
tribution would seem to represent the
most likely result of a reactive colli-
sion, a more detailed analysis (I7)
shows that KI molecules with v/ great-
er than 13.7 X 10* cm/sec are actually
produced more frequently than are
those which appear at « = 83°. The
observed laboratory distribution is a se-
riously distorted version of the distribu-
tion in the center-of-mass coordinate
system. The most probable E’ turns
out to be about 13 kcal/mole, so the
corresponding E’;; is about 10 kcal/
mole. The amount of internal energy
in the products has been determined
more directly for other exothermic re-
actions from measurement of the ve-
locity of one product by means of an-
other set of rotating slotted discs, a
velocity analyzer (/9). This discussion
of the anisotropy of the distribution
of products is based, of course, on
the simplification of using a single
Newton diagram, that is, a single ener-
gy E and a single direction of relative
motion v.

One more result can be derived from
results like. those shown in Fig. 8. By
adding up the KI for the whole range
of o (including that KI which ap-
pears above and below the plane of
the two beams) for given intensities
of K and CH,l, Hershbach, Kwei, and
Norris (I7) found that the total reac-
tion cross section is Qp = 30 A2 The
agreement of this value with the one
derived from the elastic scattering is all
that can be asked, because either one
can be reasonably expected to be in
error by as much as a factor of 2.

Recently, Brooks and Jones, and
Beuhler, Bernstein, and Kramer (20)
have refined the experiment of Hersch-
bach, Kwei, and Norris (I7); these
groups used beams of CHjl in which
the molecules were oriented so that
the alkali atom could be made to ap-
proach the CHgI principally either from
the I end or, with the opposite setting
of the polarizer, from the CH; end.
The orientation was achieved in a six-
pole electric field (21) which gave
degrees of alignment approximately as
indicated in Fig. 1h. The results show
that the ratio of the reaction cross sec-
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tions for the potassium approaching
CH,l from the I and CHj ends is sub-
stantially greater than 1 (& 1.5).
This is, of course, just what most chem-
ists would expect. The experiment is a
new, quantitative approach to measur-
ing the elusive steric factor which has
long served to summarize ignorance
of orientation requirements for reac-
tions.

Vi

Theoretical Studies

Up to this point we describe what
molecular-beam experiments have told
about the reaction of potassium and
methyl iodide; now we compare these
results with others from theoretical
work on this reaction. The complete
quantum mechanical treatment of such
a complicated system as this one is still

a.
VEVK ~VCH,T

R—
10%m/sec
V,
p VeH,I

2msin 68d8

Fig. 9. (a—c) Velocity vector diagrams for beams of K and CH.l intersecting at 90°.
The lengths of the vectors correspond to the most probable velocities of Figs. 1 and 8.
Laboratory velocity of species i before (after) collision v:(v':); relative velocity before
(after) collision v(v'). (a) Vectors arranged to match the apparatus drawing in Fig. 2.
(b) Vectors vk, Veu,: shifted to a common origin O. Cone shows elastic scattering of
K to angle ¢ from v. (c) Cone for reactive scattering of KI to ¢' about v. The cone
for v'eus has been distorted by shortening it to 0.6 of its correct height. (d) Uniform
distribution of trajectories (independent of ¢) produces uniform scattering in a cone
around v. The initial and final impact parameters are b and »'. The hemisphere is
drawn in only to emphasize the spherical coordinate system convenient for the final

relative velocity v'.
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Fig. 10. Potential energy surface Uwme of
reference (23, 24) for linear configuara-
tion K-I-CHs. Contours show energies in
kilocalories per mole referred to zero for
both rx-1 and ri-cm, large. Dashed line
shows an approximate trajectory for a
reactive collision.

entirely out of the question. However,
progress is being made in a number
of directions. Some studies on classical
trajectories are discussed here.

Blais and Bunker, and Raff and Kar-
plus (22—24) have made the assumption
that classical mechanics is sufficient to
describe the important characteristics of
a reactive collision once the forces be-
tween all the atoms are known. They
reduce the problem to an interaction
of three bodies by taking the methyl
group as a single particle of mass 15
atomic mass units. Figure 10 shows one
of the potential energy surfaces (V) Raff
and Karplus used. The contour lines
connect points of equal potential energy
for a linear collision in which K ap-
proaches CH,I from the I end. This is
a simplified representation; the calcula-
tions are not restricted to linear col-
lisions.

For the latter, more general situa- .
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o ]
o CHz~1
L6
¥
<Z[ 4 K=1
-
)
a2

0 ] ] i 1

O 02 04 06 08 1O

TIME (PICOSEC)

Fig. 11. Variation with time of internu-
clear distances for a reactive collision.
CHal is rotating as K approaches, but KI
leaves with little rotational energy (23).
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tion the surface must be represented
by a series of diagrams like Fig. 10,
one for each CH;-I-K angle. A re-
active collision is represented by a
point moving on this surface from the
lower right to the upper left. The
dashed line shows one possible path
or trajectory for the surface of Fig.
10. This trajectory rises from the val-
ley it starts in (at the lower right) to
cross through the pass and then to de-
scend to the valley leading to the top
of the page. The oscillations in this
part of the trajectory show the vibra-
tion of the new KI molecule. For a
nonreactive collision, a trajectory ap-
proaches the pass as before but, in-
stead of crossing through, turns about
and leaves from the valley where it en-
tered.

An alternative representation, which
is not restricted to showing only
one configuration for the three particles,
is to plot the values for the three inter-
nuclear distances against time. Figure 11
shows a reactive collision in this rep-
resentation. From observing that the
sum rg-1 and rcmg—1 is appreciably
greater than rk-cu; before the collision
at 0.6 X 10—12 second on this diagram,
we can see that this collision is not
even nearly a linear one. In represent-
ing a real system by a set of trajec-
tories, Raff and Karplus take care to
select the latter (characterized by v, b,
J, V, and v) appropriately to corre-
spond to the actual distributions of the
reactants. These distributions may be
thermal ones with given Tk and Tcwgr,
like those indicated in Fig. 1, or se-
lected in an arbitrary way.

These calculations are useful for ex-
ploring how' changes in the potential
surface affect the partition of energy
between translation, rotation, and vi-
bration of the products, the laboratory
angles at which the products are con-
centrated, and the variation of the
probability of reaction with E, b, and
the threshold potential energy V(r,).
Curves for the two latter quantities
P(b) and P(V(r,)) are shown for two
potential energy surfaces in Fig. 6 to-
gether with the points obtained from
the measurements of the nonreactive
scattering. The essential difference be-
tween these two surfaces is that “Uyp
contains a term to provide repulsion
between CH,; and K which makes the
reaction cross section depend significant-
ly on the orientation of the CHl. The
surface Uy is much more nearly spheri-
cally symmetrical. Both surfaces give
curves in fair agreement with the points
in Fig. 6, a result which may indicate

that the surfaces are realistic ones.
The two surfaces give similar predic-
tions for most properties of the reac-
tion such as the ratio of the energy
in internal excitation to that of relative
translational motion for the products
(E'int/ E' = 6 for Uy and == 3 for V)
and the total reaction cross section (Qp
=25 A2 for Uyp and = 13 A2 for

Vg, almost independent of the initial

relative speed v). These predictions com-
pare with the experimental results (2,
15) that E',,/E' = 7 and Qp = 30 A2
at E =2 kcal/mole. The reinterpreta-
tion (/7) mentioned above only changes
E’;«/ E' which now becomes 0.5. (This
new value was not available when
Raff and Karplus did their work.)
The choice of a surface which gives
E'/E' =1 leads to a long-lived com-
plex CH3-I-K in disagreement with the
interpretation of the experimental re-
sults, a lifetime of less than one rotation
time. As Karplus and Godfrey (25)
show, one reason for preferring “Uyp
over “Ug is that the former succeeds,
while the latter fails, in predicting the
observed variation of the reaction cross
section with the orientation of CH;I to-
ward K. This is an example of how
comparison of the experimental results
and the calculations leads to knowledge
of the potential energy surface for the
reaction.

Finally, we note that a calculation
of the effective two-body potential for
elastic scattering (the optical potential)
for a surface of the kind used in refer-
ence 24 is in reasonable agreement
with the repulsive potential deduced
from the measurements on elastic scat-
tering (26).

Conclusion

Molecular-beam experiments, the in-
terpretation of these experiments, and
theoretical studies of reactive collisions
are bringing new information to chem-
ical kinetics. For our sample reaction
we can now list values for such detailed
quantities as the total cross section;
parameters for the interaction potential
for the reactants; the threshold energy,

‘distance, and impact parameter; the

probability of reaction as it varies with
b and V(r,); the reaction cross section
as it varies with energy and orientation;
and the partitioning of energy between
the internal and translational energy
of the products. This is a start in look-
ing inside the thermal distributions of
kinetics to discover more about what
happens in reactive collisions.
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of Systematics
in Biology

The study of all aspects of the diversity of life
is one of the most important concerns in biology.

There are many ways of dealing with
the topic that was assigned to me. One
might give a history of the role which
taxonomy has played in the develop-
ment of biology; or one might con-
centrate on the present status of sys-
tematics in biology; or finally one might
attempt, in a timeless and somewhat
philosophical way, to delineate the niche
which systematics occupies within the
total conceptual framework of biology.
Further thought makes it evident that
the three approaches are interdependent
to such a degree that one has to give
due consideration to all three of them.

Let me start with the question, what

The author is Alexander Agassiz Professor of
Zoology and Director of the Museum of Com-
parative Zoology at Harvard University, Cam-
bridge, Massachusetts. This article is based on
an invitation lecture presented at the Interna-
tional Systematics Conference at Ann Arbor,
Michigan, 14-16 June 1967. A volume of the
contributions to this conference is now in press
(National Research Council).
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do we mean by “systematics,” the role
of which I am to describe? To be able
to answer this question meaningfully
requires an excursion into the history
as well as philosophy of biology. The
ancient Greeks saw a natural order in
the world which, they thought, could
be demonstrated and classified by cer-
tain logical procedures. They tried to
discover the true nature of things (their
essences) and approached classification
with the methods of logic. Indeed, Aris-
totle, the first great classifier, was also
the father of logic. The underlying phi-
losophy, now usually referred to as
essentialism (from essence), dominated
the thinking of taxonomists up to and
including the time of Linnaeus. Taxo-
nomic nomenclature and the so-called
typological thinking of taxonomists
right up to our day have been perma-
nently affected by the Aristotelian
heritage (7).
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History of Taxonomy

During the early history of biology
this was no great handicap. Botany and
zoology, to state it in a highly over-
simplified manner, arose from the 16th
century on as applied sciences, attached
to medicine. Botany started as a broad-
ened study of medicinal herbs and early
botanical gardens were herb gardens.
With but one or two exceptions all the
great botanists and herbalists from the
16th to the 18th century (Linnaeus in-
cluded) were professors of medicine or
practicing physicians. Zoology arose in
connection with human anatomy and
physiology. When botany and zoology
became independent sciences, the first
concern of the two fields was to bring
order into the diversity of nature. Tax-
onomy was therefore their dominant
concern, and indeed in the 18th and
early 19th century botany and zoology
were virtually coextensive with taxon-
omy. Moreover, by sheer necessity,
taxonomy was essentially the technique
of identification.

The middle third of the 19th century
was a period of decisive change to
which many separate streams of de-
velopment contributed. Increasing pro-
fessionalism was one, and increasing
specialization was another, to mention
just two. Taxonomy itself helped in
accelerating the change by introducing
several new concepts into biology. The
greatest unifying theory in biology, the
theory of evolution, was largely a con-
tribution made by the students of di-
versity, as we might call the taxono-
mists. It is no coincidence that Dar-
win wrote his Origin of Species after
encountering taxonomic problems dur-
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