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Reactions of Oriented Molec 

Molecules can be oriented in molecular beam 
their reactions show some unexpected steric ef 

Philip R. E 

The Greek philosopher Democritus 
was perhaps the first (about 400 B.C.) to 
introduce the concept that different 
"atoms" have different shapes, and mod- 
ern structural analysis has now placed 
his geometrical concepts on a firm basis. 
Molecules can be characterized by the 
distances between atoms and the angles 
between bonds, and large-scale models 
of molecules can easily be constructed 
from such information. Scrutiny of such 
scale molecular models leads to new in- 
sight sufficiently frequently to make a set 
of molecular models standard equipment 
for the practicing chemist or biochemist. 

Despite the utility of these geometrical 
concepts for understanding and predict- 
ing the configuration of stable molecules, 
these same models are not rigorously 
applicable to the dynamical processes 
that occur in a chemical reaction. But in 
many reactions a single atom or group of 
atoms is replaced, and geometrical mod- 
els lead us to believe that reaction will 
occur only if the new group is in close 
proximity to the bonding site. Our mod- 
els thus lead us to expect that chemical 
reactivity will depend on the orientation 
of the reagents. This idea has been rein- 
forced by the use of orientation argu- 
ments to explain why fast gas-phase reac- 
tions do not occur on every gas-kinetic 
collision. 

The kinetic theory bimolecular reac- 
tion rate constant, k12, is usually written 
as (1) 

k12 = pZ12e-Ea/R' 

where Z12 is the specific gas kinetic colli- 
sion frequency, Ea is the energy of activa- 
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lecular nucleophilic substitution (SN2) 
reactions such as Cl- + CRAI -- CR:CI 
+ I- (R = alkyl group). Experiments 
show that the reaction occurs preferen- 
tially with inversion of configuration 

ules about the central carbon atom, the well- 
known Walden inversion (2). This sug- 
gests that the C1- attacks from the rear, 

iS and followed by the inversion of the alkyl 

fects. groups and the expulsion of the I-. Alkyl 
groups sufficiently bulky to prevent the 
inversion decrease the reaction rate, 

3rooks which strengthens this suggestion. 
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Fig. 1. Deflection of symmetric top molecules 
with different orientations. The electric field 
strength is greatest near the knife-edge elec- 
trode and the molecules are deflected in direc- 
tions which minimize their energy in the field. 
Deflections are greatly exaggerated here. 

not undergo any reorienting collisions 
before it is struck by the reacting atom. 
Various reviews,discuss in detail the all- 
important aspects of beam formation and 
detection and their applications to prob- 
lems such as determining how energy is 
partitioned among the reaction products 
or how long complexes live (5). We will 
note here only that molecular beams are 
usually formed by effusion of molecules 
from a small orifice in an oven at low 
pressures (-0.1 torr) into a vacuum 
chamber. The molecules in the beam are 
not charged and their energies are typi- 
cally near thermal. Apertures are used to 
produce a geometrically defined beam. 
Two such beams may be crossed, result- 
ing in a small number (<10 percent 
chance) of collisions between them. The 
molecules are detected by first ionizing 
them, and then measuring the ion cur- 
rent. Fast vacuum pumps remove the 
unreacted beam molecules. 

Brute Force-How Not to Orient 

Molecules 

People usually assume that we orient 
molecules by applying incredibly intense 
electric fields to physically twist them 
into alignment. This is possible, but diffi- 
cult, for molecules that are not rotating. 
Unfortunately, the rotation which is nor- 
mally present makes this prohibitively 
difficult, as illustrated in the following 
example. Consider a simple molecule 
such as HCI rotating in an electric field. 
In zero field the molecule rotates about 
its center of mass in a plane per- 
pendicular to the angular momentum vec- 
tor. Because the dipole moment is rotat- 
ing with the molecule, the effect of an 
applied field depends on the orientation 
of the plane of rotation and the field 
direction. There are two limiting cases: 
in one case the field is perpendicular to 
the plane of rotation. If the field is per- 
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Fig. 2. Deflection of molecules 
in hexapole field. The entrance 
obstacle blocks molecules 
with cosO = 0, and molecules 
with cos0 > 0 are defocused. 
Only molecules that can be fo- 
cused (cosO < 0) are passed. 
A weak uniform field is ap- 
plied between plates A and A' 
to provide a unique quan- 
tization axis, and the direction 
of orientation can be reversed 
by reversing the polarity of 
these plates. 

OBSTACLE 

pendicular to the plane of rotation, it acts 
to align the dipole throughout the period 
of rotation. If the rotation is slowed-or 
equivalently, if the field strength is in- 
creased-the degree of alignment is im- 
proved. This can be visualized by spin- 
ning a rock on the end of a string in the 
earth's gravitational field. (The classical 
equations for a rotating dipole in an elec- 
tric field and a rotating mass in a grav- 
itational field are the same, with the 
string direction taken to be the analog of 
the dipole direction.) If the rock is ro- 
tated in a horizontal plane it will droop 
("align"), and the droop will increase if 
the speed of rotation is reduced. In the 
other limiting case, where the electric 
field (gravitational field) is parallel to the 
plane of rotation, the field affects the 
rotation: as the dipole (rock) aligns in the 
field, the field speeds up the rotation and 
the dipole very rapidly traverses the per- 
fectly aligned orientation. As the dipole 
rotates toward an unfavorable orienta- 
tion (up), the field slows the rotation. 
The net effect of the field is that the 

system spends most of its time in the 
unfavorable (up) position. In other 
words, it is antialigned. In a rough sense 
a beam or a gas will contain equal num- 
bers of molecules in the two limiting 
cases, and application of an electric field 
will produce roughly equal numbers of 
aligned and antialigned molecules. 

If the field strength is so high as to 
suppress the rotation, then both orienta- 
tions will lead to alignment and "brute 
force" orientation can be accomplished. 
The cost is prohibitive, however: to stop 
the rotation the electrical energy of inter- 
action /JE (JL is the permanent dipole 
moment of the molecule and E is the 
electric field intensity) must be greater 
than the rotational energy. For a mole- 
cule such as HCI, ,- = 1.05 debyes and 
/uE becomes equal to the average ther- 
mal rotational energy kT at room temper- 
ature at a field strength of 12 million volt/ 

cm. (This greatly exceeds our experimen- 
tal capabilities.) 

By averaging over all these rotational 
states, we have calculated the average 
orientation one could expect if such an 
enormous field were applied (6). For HC1 
molecules with a rotational temperature 
of 300?K in a field of 107 volt/cm 

(cos) 
= 0.21, where 0 is the angle be- 

tween dipole and field and (cosO) is the 
average over all states. (Perfect orienta- 
tion corresponds to (cos) = 1, and the 
calculated value corresponds to 
0 - 78?.) This is not very much orienta- 
tion for 107 volt/cm. Molecules in the 
rotationless state, with total angular mo- 
mentum J = 0, are easier to orient; a 
similar calculation for HC1 molecules 
with J = 0 shows that a field strength of 
only 280 kv/cm is required to produce 
(cos0) = 0.21. Techniques are available 
to obtain beams of molecules in the 
J = 0 state (7), but the need to maintain 
these electric fields in the reaction zone 
further complicates the experimental 
problems of maintaining high field 
strengths, and the presence of the field 
during the reaction may complicate inter- 
pretation of the results (8). 

Selecting Orientations-Symmetric Top 

Molecules 

The problems associated with brute 
force orientation of diatomic molecules 
arise largely because the molecules are 
rotating and, secondarily, because the 
dipole moment averages to zero in the 
course of a complete revolution of the 
molecule. (Diatomic molecules are 
pathological examples from this latter 
standpoint.) But there is a class of mole- 
cules whose dipole moments are not av- 
eraged to zero by rotation. These are the 
symmetric tops-molecules in which 
two of the three principal moments of 
inertia are equal-and they include mole- 
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cules with threefold (or higher) axes of 
symmetry. Examples of such molecules 
are methyl iodide, chloroform, and phos- 
phine (CH3I, CHC13, and PH3). These 
molecules are not constrained to rotate 
about an axis perpendicular to the dipole 
and, as a consequence, the dipole mo- 
ment is not averaged to zero by rotation. 
Their behavior in an electric field is seen 
most easily by analogy with a child's top 
(hence the name) spinning in a grav- 
itational field. When properly started, a 
child's top will spin rapidly about its axis 
and the axis will precess slowly around 
the vertical, with the top axis making a 
(nearly) constant angle 0 with the verti- 
cal (9). Even though the top is rotating, 
one end is "down" and the other "up" 
throughout the course of rotation. If a 
very large number of tops were spun, we 
would expect tops in all stages-some 
up, some down, and some sideways. 
Similarly, a gas of symmetric top mole- 
cules such as CH3I (in a weak field, to 
supply a spatial direction) would consist 
of some molecules oriented up, some 
down, and some sideways. The number 
up equals the number down in the zero 
field limit, so on the average the gas 
would not be oriented. But each individ- 
ual molecule is oriented, and will remain 
so until it experiences a collision. 

In a molecular beam we eliminate colli- 
sions so that we can produce a beam of 
oriented molecules, eiither by brute force 
twisting or by removing molecules in 
unwanted orientations. Filtering can be 
accomplished by techniques that are the 
electrical analogs of the Stern-Gerlach 
experiment. This is possible because 
molecules in different orientations have 
different energies in an electric field (the 
Stark effect). Classically, the energy of 
interaction W is given by 

W = -/.E == -,uEcosO 

A quantum mechanical treatment shows 
that cosO is quantized, but for all practi- 
cal purposes we may regard it as contin- 
uous (10). The sign of the interaction 
energy thus depends on whether cosO is 
positive, negative, or zero. 

If a symmetric top molecule is placed 
in an inhomogeneous electric field, the 
molecule can minimize its energy by 
moving in the field. Molecules with posi- 
tive values of cosO will be deflected to- 
ward regions of high electric field and 
those with negative values will be deflect- 
ed toward low-field regions. Molecules 
with cosO = 0 will not be deflected. 

The simplest sort of inhomogeneous 
electric field can be generated between a 
flat electrode and an electrode with a 
knife edge. (This is the electric analog of 
the Stern-Gerlach setup.) The field is 
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cos 0 
Fig. 3. Calculated distribution of molecular 
orientations for CHC13. Curves are smoothed 
quantum mechanical results. Curve A denotes 
the orientations found in a gas at 300?K and is 
symmetric about zero (no net orientation). 
Curve B denotes the orientations (a configura- 
tion) transmitted by the selecting field at 10 
kv. Insets show the relation between the di- 
pole and the applied field for a particular sign 
of cos0. 

most intense near the knife edge, and a 
beam passed through such a set of elec- 
trodes will split into three components as 
shown in Fig. 1. Unfortunately, the de- 
flection is small and the divergence of the 
two perfectly oriented components is 
roughly 1?. Extremely well collimated 
beams would be required to separate the 
emerging beams cleanly, and the in- 
tensity would be too low to perform scat- 
tering experiments. 

In order to overcome the intensity limi- 
tations of the "Stern-Gerlach" field of 
Fig. 1, the inhomogeneous field is 
created by six equally spaced rods alter- 
nately charged to -15 kv, as shown in 
Fig. 2. The beam travels down the axis of 
the array and, since the field on the axis 
is zero because of symmetry, molecules 
with cosO < 0 are deflected toward the 
axis. This has the virtue of focusing mole- 

cules with cosO < 0, and long path 
lengths (r) can be used for state separa- 
tion without concomitant 1/r2 losses. 
Molecules in states with cosO > 0 are 
defocused from the beam, and those with 
cos0 = 0 are removed by appropriate 
obstacles. The array thus serves as a 
filter to transmit only molecules with 
cosO < 0. The use of such a field to focus 
symmetric top molecules was suggested 
by Bennewitz et al. (11), and its use in 
orienting molecules was suggested by 
Kramer and Bernstein (12). 

This electric field serves to select mole- 
cules in certain states, but the molecules 
are not yet oriented in the laboratory. 
The molecules that have been selected 
are oriented in the local electric field, 
which is not uniform in direction inside 
the hexapole array. Consequently, a 
weak (-10 volt/cm) uniform electric field 
is applied at the exit of the state-selecting 
array. The local field experienced by a 
molecule will appear to slowly rotate 
from the direction inside the in- 
homogeneous field to the direction of the 
applied uniform field. The molecule will 
remain oriented with respect to its local 
field, and is said to have made an adiabat- 
ic transition. [Independent experiments, 
described in more detail below, have 
shown that the molecules do make adia- 
batic transitions (4)]. The laboratory ori- 
entation of the molecules in the uniform 
field can be reversed simply by reversing 
the polarity of the uniform field. 

We are thus able to orient molecules in 
a molecular beam by first selecting only 
molecules with the proper orientation, 
and then allowing them to fly into a weak 
uniform electric field, where their quan- 
tum states correspond to laboratory ori- 
entation. We must confess, however, 
that this does not result in the sort of 
perfect orientation one imagines when 
holding a model of a molecule. Instead, 

Fig. 4. Schematic of apparatus used in oriented molecule experiments. A beam of symmetric 
top molecules emerges from G and molecules with the proper orientation are selected by the 
inhomogeneous hexapole fields A and B. These molecules are oriented in homogeneous field H. 
Potassium atoms emerge from K and pass through holes in field plates H to react with oriented 
molecules. Product molecules are detected as a function of scattering angle by rotating detector 
D. An electric field must be applied in C and E to ensure that the molecules remain oriented. 
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we have a distribution of orientations. 
Each molecule in the beam is character- 
ized by a specific orientation with 
cosO < 0 (90 ' 0 < 180), but many dif- 
ferent values of cosO are possible. The 
calculated distribution of cosO in a gas 
and the distribution of cosO after state 
selection are shown in Fig. 3. The state 
selection process removes all molecules 
in the wrong orientations (cosO - 0) and 
discriminates somewhat against low val- 
ues of -cos0. But note that the most 
likely orientation even after state selec- 
tion occurs for fairly low values of 
-cos0, corresponding to nearly broad- 
side orientation. If the polarity of the 
uniform field is reversed, the laboratory 
orientation of each molecule (relative to 
a space-fixed axis) changes from 0 to 
7T - 0. 

For a molecule such as CH3., we are 

thus able to compare the reactivity of 
two configurations: the distribution of 
orientations (configuration) in which the 
I end is closest to the incoming atom, or 
that in which the CH3 end is closest (13). 
We have adopted the convention that the 
configuration we presume is most reac- 
tive is called the "heads" configuration, 
the other the "tails" configuration. For 
CHJI the heads configuration is the one 
with I closest to the incoming atom. 

Reactive Scattering 

The experimental apparatus is shown 
schematically in Fig. 4. A beam of the 
molecules to be oriented emerges from 
the oven and travels through the hex- 
apole field. The molecules selected by 
the hexapole field fly into the uniform 
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Fig. 5 (left). Representative laboratory angular distribution of KI produced in reaction of K 
atoms with oriented CH3I molecules. Open circles are for the heads configuration (I end closest 
to incoming K) and filled circles are for the tails configuration. Fig. 6 (right). Hard-sphere 
model used to interpret reactive scattering of alkyl iodides. The alkyl group is assumed to shield 
the I (small sphere) from attack from the rear, and the size of the alkyl group is chosen to give 
agreement with experiment. Models are for (a) CH3I and (b) t-CM9I. 
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Fig. 5 (left). Representative laboratory angular distribution of KI produced in reaction of K 
atoms with oriented CH3I molecules. Open circles are for the heads configuration (I end closest 
to incoming K) and filled circles are for the tails configuration. Fig. 6 (right). Hard-sphere 
model used to interpret reactive scattering of alkyl iodides. The alkyl group is assumed to shield 
the I (small sphere) from attack from the rear, and the size of the alkyl group is chosen to give 
agreement with experiment. Models are for (a) CH3I and (b) t-C4H9I. 

a ~ ~ ~~ N 

KCI I ' I l l 
L l r^l~~KCI ~30 40 50 60 70 80 90 

LAB SCATTERING ANGLE (deg) 

Fig. 7 (left). Model of CHCIl reaction. The lone H atom apparently offers no hindrance to the for- 
mation of KC1 and apparently does not influence the direction in which the KC1 is ejected. Fig. 
8 (right). Angular distribution of KI produced in reaction of K atoms with CF3I. Filled points de- 
note scattering from the heads configuration and open points denote scattering from the tails con- 

figuration. Half-filled points show the angular distribution of scattering from molecules that have 
been oriented but then randomized before scattering. 
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electric field applied to the region where 
the beams cross. Because the molecules 
make adiabatic transitions into the uni- 
form field, they are oriented along the di- 
rection of that field, which is tilted to be 
parallel (or antiparallel) to the direction 
of relative approach of the incoming 
atomic beam. The configuration of the 
molecules can be changed from heads to 
tails by reversing the polarity of the uni- 
form field. Reactively scattered mole- 
cules are detected as a function of scat- 
tering angle and orientation by a detector 
which can be rotated about an axis pass- 
ing through the scattering center. Fur- 
ther details on the apparatus and experi- 
mental procedures can be found in the 
original papers. 

Reactions of Iodoalkanes-Chemical 

Intuition Vindicated (?) 

The reaction of oriented CH3I was 
studied first (4) because it had been ex- 
tensively studied in other beam experi- 
ments (14). Representative results for K 

reacting with CH3I are shown in Fig. 5. 
As expected, the heads configuration of 
the molecule (the negative, or I end) was 
found to be more reactive. Similar re- 
sults were found for the reaction of t-bu- 

tyl iodide (t-C4H9I) (15). These studies 
thus conclusively demonstrated the exis- 
tence of a steric effect. 

Most of our ideas regarding steric ef- 
fects are based on hindrance: the non- 
reactive end of the molecule presumably 
gets in the way of the incoming atom. We 

might thus anticipate that the tails config- 
uration would lead to no reaction at all. 
However, not all of the molecules are 
perfectly oriented, and the nonzero reac- 

tivity found for the tails configuration is 

presumably due to the ability of alkali 
atoms to fly past the CH3 end and strike 
the I even though the CH3 group is 
closest. (Note that we cannot control the 
site of impact, but only the end of the 
molecule closest to the incoming atom.) 
To see if this can be reconciled quan- 
titatively with experiment an average 
over the orientations present in the beam 
must be performed, and two models 
have been introduced for this purpose. 
The first, introduced by Beuhler and 
Bernstein (16), approximates CH3I as a 

sphere with reactive and nonreactive 
zones. The second, a similar model of 
Marcelin and Brooks (15), regards an al- 
kyl iodide molecule as similar to the 

space-filling Fisher-Hirschfelder-Taylor 
models, with an I sphere connected 

smoothly to an alkyl group sphere, as 
shown in Fig. 6. The I is assumed to have 
its covalent radius, the centers of the 
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spheres are separated by the average C-I 
bond length, and the size of the alkyl 
group sphere is varied to reproduce the 
ratio of reactive cross sections in the 
heads and tails configurations. The re- 
sults obtained for CH3I and t-C4H,I are 
shown in Table 1. The hindering radii re- 
quired to fit the data are in comfortable 
agreement with the van der Waals radii, 
and the gas-phase steric factors predict- 
ed from them are in agreement with 
chemical intuition. A similarly reason- 
able steric factor of 0.7 was found for 
Rb + CH:I by Beuhler and Bernstein 
(16). 

These hard-sphere models thus ac- 
count nicely for the relative heads and 
tails reactivities, and we are tempted to 
pat ourselves on the backs for being right 
all along. Unfortunately, we know too 
much. The angular distribution of scat- 
tered product molecules gives informa- 
tion about the detailed mechanism of the 
reaction which is difficult to explain in- 
tuitively. The product appears at large 
(- 90?) laboratory scattering angles, 
which correspond in the center-of-mass 
coordinates to the newly formed KI re- 
bounding in the direction from which the 
alkali metal came. A long-lived complex 
is not found. The oriented molecule re- 
sults still show no complex formation for 
either heads or tails, and the KI re- 
bounds in each orientation. 

A simple hard-sphere model is com- 
pletely consistent with rebound scatter- 
ing for the heads configuration: the in- 
cident alkali atom hits the I end of the 
molecule, the KI species hits the CH:, 
group, and the KI is bounced back in the 

Table 1. Steric information for CH3I and t- 
C4HI9 (15). 

Van der Hin- 
Waals dering Steric Molecule radius radius factor 

(A) (A) 

CH3L 2.0 2.5 0.5 
t-C4H9I 2.7 2.8 0.4 

direction from which the K came. How- 
ever, a similar interpretation is not pos- 
sible for the tails configuration. We 
would expect that if the K atom flies past 
the hindering CH3 group, the KI will be 
prevented from rebounding by the CH3 
group and will be scattered forward. 
This, of course, is not what is observed, 
and the hard-sphere model is inconsis- 
tent with the data. Other models could 
be constructed, and some model trajec- 
tory calculations (17) suggest that it may 
be possible to find a potential energy sur- 
face that would lead to complicated tra- 
jectories which would be different for 
various orientations. Thus, the reaction 
might be direct in the heads configura- 
tion, but might involve the formation of a 
complex that lasts for only half a rotation 
in the tails configuration. Speculation is 
easy, however, and any potential chosen 
must now satisfy the large body of exper- 
imental information available (for CH3I), 
such as the angular distribution, the ener- 
gy dependence of the cross section, and 
the partition of energy among the prod- 
ucts. Despite considerable theoretical ef- 
fort, a model that will fit all the data has 
not yet been found (18). 

Reaction of Trifluoromethyl Iodide- 

A Nonintuitive Result 

Our earliest studies (19) of the reaction 

K + CF3I -> KI + CF3 

appeared to show that reactivity was 
greatest in the tails configuration. Sub- 
sequent studies (20) showed that this re- 
sult depended on the scattering angle, 
and representative results are shown in 
Fig. 8. Backward scattering occurs for 
the heads configuration, just as it did for 
CH3I. The reactivity is approximately 
the same for the tails configuration, in- 
dicating lack of hindrance, but the prod- 
uct is scattered at different angles which 
correspond to the forward direction. 
Once again, a long-lived complex is not 
formed. 

The surprising reactivity in the tails 
configuration cannot be explained by 
assuming that we are observing KF for- 
mation in these collisions, because a 
large body of evidence strongly suggests 
(20) that KF is not a product. Gas-phase 
experiments in which macroscopic 
amounts of salt are collected suggest that 
KI is the sole product of the reaction 
(21). We are thus left to conclude that the 
reaction mechanism for the tails configu- 
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Reaction of Chloroform 
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Fig. 9. Schematic of backward scattering from 
the heads configuration of CF3I and forward 
scattering from the tails configuration. (The 
tails configuration of CH3I gives backward 
scattering, unlike the prediction of this simple 
model.) 
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The geometry of a molecule influences 
the degree to which it can be oriented. 
Oblate tops such as CHCa1 or bicycle 
wheels are easier to spin about their axes 
than prolate tops such as CH:I or pen- 
cils. We are thus able to prepare a CHC13 
beam with better orientation than a 
CH3I beam, but for the reaction K + 
CHCl3 -> KCI + CHCI2 we find no dif- 
ference in reactivity between the heads 
and tails configurations (15). 

This is perhaps easier to understand 
than the behavior of CH3I. Figure 7 
shows schematically the relative sizes of 
the large Cl atoms and the very small H 
atom. There are now three reactive sites 
on the molecule and the H atom seems to 
be sufficiently small to offer no hindrance 
to either the incoming K atom or the out- 
going KI molecule. The product KI is 
scattered backward from both configura- 
tions, as suggested by Fig. 7. 
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Fig. 10. Postulated electron jump model for 
the reaction K + CF3I. (a) The K approaches 
the CF3I, shown here in a heads configura- 
tion. (b) An electron from the easily ionizable 
K is donated to the electronegative CF3I. (c) 
The negative ion dissociates, ejecting the I- in 
the instantaneous direction of the C-I bond. 
The K+ begins to move toward the I-, and (d) 
the KI and CF3 recoil. 
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ration consists of a K atom flying past 
the CF:, end of the molecule, plucking off 
the I, and proceeding in the same direc- 
tion. A schematic view of this mechan- 
ism is shown in Fig. 9. 

The difference in behavior between 
CH:I and the apparently anomalous CF:3I 
may be that the more electronegative 
CF:I can participate in an electron trans- 
fer reaction (22). In this reaction, sche- 
matically shown in Fig. 10, the easily 
ionizable potassium atom donates an 
electron to the electronegative molecule. 
If the negative molecular ion is unstable 
it will immediately dissociate, sending 
the I- species in the direction in which 
the C-I bond was "pointed" at the in- 
stant of dissociation, and the K+ ion will 
tag along with the I-. This mechanism 
predicts that in the tails configuration the 
I- ion will be ejected forward because 
the C-I bond is pointed away from the in- 
coming K. Likewise, in the heads config- 
uration, the I- will be ejected backward, 
in the direction from which the K comes. 
When combined with detailed orienta- 
tion distributions, this mechanism ac- 
counts quantitatively for the observed 
laboratory peaks (23). It also accounts 
nicely for the angular distributions ob- 
served with unoriented molecules, which 
can be regarded as a mixture of heads 
and tails (24). 

Are the Molecules Really Oriented? 

Molecules that are selected by the in- 
homogeneous field should be oriented if 
they make adiabatic transitions into the 
uniform field. We have determined (4) 
that they will make these adiabatic transi- 
tions by placing a test homogeneous field 
(at C in Fig. 4) between two focusing hex- 
apole fields. If an electric field - 10 volt/ 
cm is maintained in C, molecules make 
adiabatic transitions in this region and 
are observed to be focused by field B. If 
the field in C is near zero, the molecules 
essentially lose their reference direction 
and become randomly oriented. This is 
observed because the wrong orientations 
are not focused by field B and a decrease 
in beam intensity is observed. We are 
thus quite confident that under our exper- 
imental conditions the molecules make 
adiabatic transitions and should be ori- 
ented. The reactive scattering results 
which show that reactivity depends on 
orientation tend to support this. 

Nevertheless, strong electric fields ex- 
ist in the apparatus, and we wish to dem- 
onstrate beyond doubt that the mole- 
cules are oriented. In order to do this, an 
additional, but well-shielded, uniform 
field (at E in Fig. 4) can be introduced be- 
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tween the high-voltage selecting field and 
the uniform field applied to the reaction 
center (20). The molecules will make adi- 
abatic transitions and will be oriented in 
the scattering region if a weak field is ap- 
plied in E. However, the experiments de- 
scribed above show that if the field is ze- 
ro, the molecules will not make adiabatic 
transitions but will, instead, become ran- 
domly oriented. Figure 8 shows the re- 
sult of this disorienting experiment. 
When the orientations are first selected 
and then randomized, the reactive scat- 
tering is intermediate in magnitude be- 
tween heads and tails scattering and inde- 
pendent of the direction of the orienting 
field H, indicative of roughly equal con- 
tributions from both configurations. 
Thus, by being able to randomize the 
beam, we have shown that it was orient- 
ed in the first place. 

The molecules are oriented before 
the collision and the results for CF3I 
show that they do not turn to present 
their most favorable end to the incoming 
atom. If the atom is very close (S 5 A), 
however, the molecule is no longer iso- 
lated and we cannot rule out on experi- 
mental grounds the possibility that it ro- 
tates in the course of the reaction. This, 
of course, is a possible explanation for 
the backward scattering from the tails 
configuration of the alkyl iodides, and 
further work is required to elucidate this 
possibility. 

Summary 

Beams of oriented molecules have 
been used to directly study geometrical 
requirements in chemical reactions. 
These studies have shown that reactivity 
is much greater in some orientations than 
others and demonstrated the existence of 
steric effects. For some reactions por- 
tions of the orientation results are in 
good accord with traditional views of 
steric hindrance, but for others it is clear 
that our chemical intuition needs recali- 
brating. Indeed, the information gained 
from simultaneously orienting the react- 
ants and observing the scattering angle 
of the products may lead to new insights 
about the detailed mechanism of certain 
reactions. 

Further work must be done to extend 
the scope and detail of the studies de- 
scribed here. More detailed information 
is needed on the CHJI reaction and the 
CF3I reaction. The effects of alkyl 
groups of various sizes and alkali metals 
of various sizes are of interest. In addi- 
tion, reactions where a long-lived com- 

plex is formed should be studied to see if 
orientation is important. Finally, it 

would be of interest to apply the tech- 
nique to the sort of reactions that led to 
our interest in the first place: the SN2 dis- 
placements in alkyl halides where the fas- 
cinating Walden inversion occurs. 
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