to 24,000 pc/kg (I13). The amount of
radioactivity found in the nut endo-
sperm indicated a preferential retention
of radium in some stem tissues during
the process of upward transfer to
leaves and to its subsequent release at
the time of fruit formation. Drobkov
(I4) reported an increase in the intake
of uranium by plants during blooming
and maturation; he further stated that,
while radioelements are distributed
throughout the whole plant, they con-
centrate at the growing points, leaves,
and fruit-bearing organs.
T. C. Tso
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Agricultural Research Service,
U.S. Department of Agriculture,
Beltsville, Maryland 20705
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Vibrational Excitation in Some Four-Center

Transition States

Abstract. The rates of substitution of deuterium for hydrogen in homogeneous
gas phase reactions between D: and HX (X = H, CI, NH., or HS) were measured
at high temperatures by single-pulse shock tube techniques. The magnitudes ob-
served and their dependency on concentration indicate that the rates of exchange
are much faster than would be attainable were the deuterium to dissociate and
the D atoms to react with HX by atomic displacement to produce H + DX.
Also, these rates were not limited by methathesis through four-center transition
states generated by sufficiently energetic collisions between the principal reactants.
The results are compatible with the assumption that the rates are controlled by
the populations of D. in about its 6th vibrational energy level.

The model system for a methathesis
reaction in the gas phase is:

Hs + D — 2 HD

Soon after the discovery of deuterium
this reaction was studied both in a
fixed volume and in hot tube flow re-
actors (7).

Under these conditions it was dem-
onstrated that the reaction involves a
dissociation

which is relatively slow in the gas phase
but is assumed to be effectively cata-
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lyzed by the walls of the reaction vessel
and to reach equilibrium rapidly, and
an atomic displacement

H+D;—»H:-D---D— HD + D;

D+H:—D---H--- H— HD + H.

This step, which designates a chain
process, determines the rate of ex-
change. The second step is the classic
prototype for the linear three-center
transition state (H++-H--H), the one
for which theorists concerned with ab-
solute reaction rates computed their
first potential energy surfaces and esti-
mated on an absolute basis the rate of

the overall reaction (2). It appears that
the four-center exchange mechanism
was shunted by the three-center mecha-
nism because of the rapid attainment
of the dissociation equilibrium on the
walls of the containing vessels. Under
those conditions the overall activation
energy is about 59 kcal/mole, of which
52 kcal comprises half of the dissoci-
ation energy of the hydrogen (required
for the first step), and the remaining 7
kcal is the required activation energy
for the atomic displacement (second
step).

During the past 2 years the single-
pulse shock tube (SPST) has been de-
veloped into an effective tool for studies
of homogeneous gas phase kinetics (3).
One may thus expose a sample of gas
(the species of interest highly diluted
with argon, 90 to 99 percent) to a tem-
perature pulse of known intensity and
duration (dwell time), under completely
homogeneous conditions, such that wall
effects are negligible. Indeed, the shock
tube walls are at room temperature and
therefore cannot be a source of atoms,
as is unavoidably the case when the
necessary heat influx comes through
the walls of the vessel. Several H-D ex-
change reactions have been studied in
this manner (4).

However, when we first attempted to
analyze the results from the pairs of re-
actants, (H: + D:) and (HCI + D»), we
encountered perplexing inconsistencies.
The rate constants calculated on the
basis of a bimolecular process involving
a four-center transition state were scat-
tered to a greater extent than is general-
ly observed for experiments with single-
pulse shock tubes (see 5); the magni-
tudes for these rate constants were 10
to 100 times larger than the maximum
computed from bimolecular collision
theory. Finally, the data obtained at
high temperatures were not compatible
with results obtained by conventional
techniques, in view of the lower ap-
parent activation energies deduced from
our shock tube runs.

The key to the puzzle was provided
by the study of H-D exchange between
(Dz -+ NH’!) and (Dz + Hcs) (6). In
both cases the rate of production of
HD followed the relation:

d(HD)/dr = k(Ar)(D2), (1)

being zero order in NH; or H.S. Hence,
the step controlling the rate cannot be
the bimolecular encounter between the
principal reactants. In both cases it
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Fig. 1. Graph for activation energy for the homogeneous (H. + D.) reaction (from

ref. /7). The observed exchange rates were reduced to the rate law shown in the upper

right hand corner.

must be the activation of the deuterium
by collisions with argon. The most
plausible mechanism is:

k' —e
Ds + Ar : Dz(”) |- Ar

ke

ke
NH; + Ar & NHz® AI',

ke

and then
Ds® + NHs -2 HD -+ NHsD

NH;® + Ds =% HD + NH,D

In these equations the k’s denote spe-
cific reaction rate constants, and the
subscripts refer to the corresponding re-
actions (e, excitation; —e, de-excitation;
x, exchange); D. represents vibra-
tionally excited deuterium. The steady-
state condition on D and NH;*, plus
the assumptions that

k'z(NH3) > k'-e(Ar)

and

ko (NH3®)(D2) << k'-(NH3)(D2™)

lead directly to Eq. 1 (7). As a matter
of interest, two other mechanisms can
be postulated which also lead to the
observed rate law; however, the assump-
tions which must be introduced are
strained, indeed. The above mecha-
nism implies that in order for hydrogen-
deuterium exchange to occur with an
appreciable rate, it is necessary for the
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D: molecule to become vibrationally
excited to about v = 6, and that such a
vibrationally excited molecule will react
very rapidly with ammonia irrespective
of the relative kinetic energy of the
colliding pair. The effective rate con-
stant for this excitation is:

ke — 10%T2%0"Dem® mole™ sec™.
The net activation energy for the ho-
mogeneous exchange reaction as found
in our experiments is considerably low-
er than that expected were the rate-
limiting step the formation of a four-
centered transition state, for which

E == 0.28 [DO(II—II) + D(}(II-—NUE)]'

Before accepting the mechanism pro-
posed above, we demonstrated that the
rate is not determined by the homo-
geneous dissociation of D: into atoms
followed by a fast reaction with the
ammonia:

D -+ NHs — NH:D 4+ H

with the argon serving as the impact
species for the first step. The rate of
the homogeneous dissociation of deu-
terium molecules into atoms has been
measured by several investigators (8) by
shock tube techniques. In the presence
of argon, at around 1400°K, the rate
constant for dissociation is 8.75 X 107
cm® mole™ sec™. ‘On the other hand &',
which determines the rate of exchange,

is much higher at 1400°K, being ap-
proximately 2 X 10° cm® mole™ sec™,
or 7.5 orders of magnitude higher. In
other words, the number of deuterium
atoms generated is very much smaller
than the number of NH:D molecules
produced over the same time interval.
The presence of a chain as suggested
by Farkas (9) can also be ruled out:

slow: D + NH3 — NH:D + H

fast: H-+ D; —-HD 4D

The extremely long chain which is re-
quired to account for the observed rate
of exchange should show a dependence
on the ammonia concentration, con-
trary to observation. Furthermore, since
the maximum concentration of deu-
terium atoms which could be present in
the reaction mixture is known, one
may inquire whether a sufficient num-
ber of collisions could occur between
these atoms and ammonia during the
experimental dwell time to account for
the observed HD production. The max-
imum concentration of atoms which
could be present in the reaction mixture
is that which may be generated by the
homogeneous dissociation process dur-
ing the 700-usec dwell time; at 1400°K
it is about 107 mole/cm® (much below
the equilibrium value). Then

d(NH:D
Ldel = kz(D)max(NHg) (3)

Our data require that k& = 7 X 10" cm’®
mole™ sec™. Since such an atom dis-
placement reaction would have activa-
tion energy of approximately 10 kcal/
mole (2), k. must have a pre-exponen-
tial factor greater than 10™ cm® mole™
sec™, which is far too high. Finally,
the possibility that the H atoms are
produced from the decomposition of
ammonia is ruled out because of the
zero order dependence on the ammo-
nia concentration and the relatively
large activation energy (~ 78 kcal/
mole) reported for the pyrolysis of
NH: (10).

We then obtained an additional large
set of data on the hydrogen-deuterium
exchange reaction, after having consid-
erably improved our shock tube ana-
lytical techniques (I7). Over a range
of concentrations of hydrogen to deu-
terium, from 10/1 through 1/10, the
rate of production of HD followed the
power rate law

A(HD)

A = ko (ATPSS (D000 (Ho)09%  (4)
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where the values for (D:) and (H:) are
averages. A least squares treatment of
these data gave

kp — 10(12.60d:0.41)T1/26-(42,430:1:2290)/1£7'cm3
X mole-! sec-1.

The standard deviation of the values of
log (k» T7*) = 0.0907. No theoretical
interpretation can be given for this em-
pirical rate law, but it clearly points to
the significant role of argon in the ac-
tivation process. However, if a mecha-
nism similar to that given for the (NHs
+ D:) reaction applies, one would an-
ticipate the possibility of activated deu-
terium reacting with unexcited hydro-
gen, and of activated hydrogen reacting
with unexcited deuterium, but not with
equal probability. This is indicated by
the approximate factor of 2 in the
power dependence on the concentra-
tions. Thus, for H: + D., where M.
represents the colliding species, i = 1
for Ar, i = 2 for H., and i = 3 for D..

ke
slow: Hs + M; 7= Hx® 4 M;
k'e:
slow: D: 4+ M; I,:). D™ + M;
k.
fast: H:® + D, — 2HD
k—
k’xx
fast: Do® + Hy 22 HD

—X
From these one may derive the expres-
sion

d(HD)

dr

k' (H2)(D2)2(k'e; M)
Z(k, —GiMi) + k’x(H2)

k(H2)(D2)2(ke; M;)
+2 I:Z(k —&;M;) + k. (Dg) ®

In order to reduce this general equation
to the one observed, several cases may
be considered in detail; the resulting
expressions take various forms depend-
ing on the ratio « = (H.)/(D:). For
the range covered in our experiments,
to an adequate approximation,

HD
2Dk AnDaHY) X

1 A
l:'Y(Dz) FH, T sy T (Dz)] ©

where

ky = 2 ke
ke
e = A = 0.55
k_e2
= B =11X10-
k' e3

T =7 =56X10-2

k, = 10(12.36£0.28)1/2,(42,43041570)| RT3
X mole-! sec-! (@]
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The activation energy obtained by
plotting the data (Fig. 1) in this man-
ner is 42.43 kcal/mole; it is close to
that found for the (NH: + D:)
reaction. The standard deviation of log
(k. T7*) computed from this equation
is 0.0621. The difference by a factor
of 20 between the pre-exponential terms
in Eq. 7 and Eq. 2 is probably due to
insufficient accuracy in the (NH: +
D:.) data. If we assume, as is plausible,
that the vibrational activation energy
needed for exchange is somewhat higher
for (NH: + Da) than for (H. + D.),
the pre-exponential factors could be
equal, as is required by the proposed
mechanism.

It is interesting to note that our ini-
tial data on this reaction, obtained by
different experimentors with a different
single-pulse technique with much lower
concentrations of hydrogen-deuterium
(Y4 to 2 percent), scatter with about three
times the standard deviation around the
line given in Fig. 1 (12). Although the
available rate data on the reaction be-
tween (HCI + D.) (I3) were not ob-
tained with high precision they have
been partially analyzed according to the
above mechanism. If reduced accord-
ing to the initial postulate that d(HD)/
dt = k(HCI) (D), one set of data, ob-
tained in the incident shock region by
measuring the intensity of DCI emis-
sion in the infrared, gave rate constants
which were about three times as large
as those similarly evaluated from single-
pulse runs. However, the two sets of
values are in reasonably good agree-
ment if reduced on the basis of d(HD)/
dt = k(HCI)"® (D:)"* (Ar)*‘, but the
scatter is larger than desirable. We
concluded that the difficulties men-
tioned in the introduction were due to
the naive assumption that the H-D ex-
change process is rate limited by the
formation of a four-center transition
state. Our data demonstrate that the ex-
change process is rate limited by vibra-
tional excitation, and due to the rapidity
of the subsequent exchange step nothing
can be said about the nature of the tran-
sition state, which may indeed consist
of a vibrationally excited four-center
configuration.

In unimolecular processes, the mini-
mum energy required for the disruption
of a bond must first accumulate in the
molecular vibrational modes, and even-
tually get localized in the critical coor-
dinate in order that the reaction may
take place. It is assumed that in gen-
eral bimolecular processes the activa-

tion energy may be distributed over all
the degrees of freedom of the supermo-
lecule (14). However, the mechanism
deduced for the foregoing exchange re-
action requires that in this type of bi-
molecular process a much more strin-
gent condition for activation be im-
posed. There is a low probability for
reaction between molecules in their
ground or low-lying vibrational states
even though their relative kinetic en-
ergy along the line of centers exceeds
the minimum required (42 kcal/mole).
However, the probability for exchange
is high, irrespective of their relative
kinetic energy, provided the D: (or H:)
is excited to its 6th (or 4th) vibra-
tional level. Hard collisions with large
amounts of momentum normal to the
direction of separation are not particu-
larly effective, whereas large vibrational
amplitudes which provide momentum
along the direction of separation .are
effective. This appears to be the first
clear example for the requirement of
localized excitation in an exchange re-
action of the type

AB + CD — AC + BD

It may be that the requirement for local-
izing excitation in exchange reactions
is characteristic only of the hydrogen-
deuterium system. Study of the ex-
change reaction

0216, 16 + 0218, 18 592 Q18

and the development of a computational
program for estimating the populations
of the individual vibrational levels
around v = 6, to establish the sensitivity
of the proposed mechanism to the de-
pendence of the excitation rate constant
on the vibrational quantum number,
would be useful.

S. H. BAUER
E. L. RESLER, JRr.
Department of Chemistry, Cornell
University, Ithaca, New York
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Crustal Uplift Southwest of Montague Island, Alaska

During June and July of 1964 the
U.S. Coast and Geodetic Survey ship
Surveyor completed a network of re-
connaissance tracklines including bath-
ymetry in and around Prince William
Sound and between Kodiak and Mon-
tague islands. Several northwest-south-
east transects were run within 16 km
(10 miles) of the southwest tip of
Montague Island because of the fault-

ing and uplift reported there by the
U.S. Geological Survey.

A comparison of this work with a
hydrographic survey made in 1927 (1)
shows that submarine crustal uplift is
up to 6 m (20 feet) greater than the
maximum uplift of 10 m reported for
Cape Cleare, Montague Island (2). The
nature of the uplift is similar to that
mapped on Montague Island by the
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Fig. 1. Contour map of the area between Kodiak and Montague islands. The contour
interval, 10 feet, is equivalent to 3 meters. Fifty fathoms are equivalent to 90 meters.
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U.S. Geological Survey—that is, north-
westerly tilted blocks between north-
east-striking, dip-slip faults. A large
area of the sea floor was uplifted in
excess of 9 m. Maximum uplift oc-
curred just north of the fault where
three areas of uplift exceeding 15 m are
shown on the map (Fig. 1).

Vertical and horizontal control for
the hydrography of 1927 was very
strong. Depths were determined by the
Submarine Signal Corporation model
312 sonic fathometer which was check-
ed frequently by up and down lead-line
casts. Navigation was controlled by
measuring horizontal angles between
prominent peaks. The work of 1964
was controlled vertically by the Ray-
theon model DE 723 recording fathom-
eter, and the navigation was controlled
mainly by Loran A and radar. The
navigational control during 1927 was
stronger than that in 1964, but by
lining up two major scarps, which are
shown in Fig. 1, the 1964 profiles were
matched to the data of 1927.

The submarine extension of Mon-
tague Island to the southwest is a sedi-
ment-free tabular platform. Lead sound-
ings in 1927, and continuous seismic
profiling, bottom photographs, and
cores obtained in 1964 showed the area
enclosed by the 90-m (50 fathoms) iso-
bath to be bare rock. The flatness of
the rock platform makes a perfect fit
of the 1927 and 1964 surveys unneces-
sary. Shifting the 1964 lines parallel
to the scarps as much as a kilometer
altered the uplift values very little. The
sediment-free surface eliminates the
possibility of changes in depth due to
sediment deposition or seismically-in-
duced consolidation since 1927. Tide-
gauge records at nearby Seward have
recorded no appreciable secular change
in sea-level between 1927 and the earth-
quake of 27 March 1964. All of the
movement is attributable to the earth-
quake.

Ten fathograms made in 1964 were
plotted on the 1927 hydrographic sur-
vey sheet, scale 1 : 60,000. Best-fits were
made with the two scarps being used
for control. No shift exceeding 500 m
was needed. Cross sections were then
constructed with data obtained during
both 1927 and 1964. The difference,
crustal uplift, is presented on the con-
tour map (Fig. 1).

The extent of the crustal uplift on
27 March 1964 cannot be traced south-
west of the 90-m isobath because of the
paucity of 1927 data, extensive sedi-
ment accumulation, and the sloping
bottom. Another shelf area south of

SCIENCE, VOL. 146



