Acc. Chem. Res. 1990, 23, 101-107 101

fluxional exchange. At the same temperature, 6a has
an even longer T}: 88 ms. The almost flat 7 vs 871
curve for 6a may be the result of the expected V-shaped
curve being strongly deformed by the exchange process.
As the intrinsic relaxation rate for 6a falls with in-
creasing 6, contributions due to the exchange steadily
increase, leading to little net change in the T,(obsd).

The two processes have different activation energies.
For the intramolecular exchange, AG* is 9.8 kcal/mol
at 208 K, and for the fluxional process which converts
6b to 6a, AG* is 11.6 kcal /mol at 213 K. This difference
seems to be significantly larger than the experimental
errors involved. Since the intramolecular exchange
between the two types of sites in 6b has a lower acti-
vation energy than does the conversion of 6b to 6a, the
intramolecular exchange within 6b cannot proceed via
the oxidative addition product 6a. The exchange re-
quires an associative pathway, e.g., via an H..H...H
transition state or intermediate. Such an 7-Hj; species
would be a pseudooctahedral d® Re(I) complex, 6¢, and
so could be particularly stable. 73%-H; complexes have
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L/| Hs

CcO

6¢c
been proposed,3! but none has yet been observed as a

(31) (a) Burdett, J. K.; Pourian, M. R. Organometallics 1987, 6, 1684.
(b) Heinekey, D. M.; Payne, N. G.; Schulte, G. K. J. Am. Chem. Soc. 1988,
110, 2303. Zilm, K. W.; Heinekey, D. M,; Millar, J. M.; Payne, N. G.;
Demou, P. J. Am. Chem. Soc. 1989, 111, 3088. (c) Arliguie, T.; Chaudret,
B.; Devillers, J.; Poilblanc, R. C. R. Acad. Sci., Ser. 2 1987, 305, 1523.

stable ground-state structure. In this system, the pro-
posed Hj species could be no more than 10 kcal/mol
above the ground state, so a stable H; ground state
might be accessible in a suitable system.

Conclusion

The structural chemistry of metal hydrides continues
to pose challenging problems, but a combination of
physical methods is beginning to clarify the picture.
Similar types of ¢-bond complexes are probably formed
with Si-H, C~H, and other species.?23 In the future,
we can expect more surprises in hydride chemistry. We
will also learn more about how to use s-bond com-
plexation to activate both H, and other covalent bonds.
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The notion of electronic adiabaticity is well-estab-
lished in many branches of chemistry. It is embodied
in the Born—-Oppenheimer approximation, which states
that electronic and nuclear motions can be treated
separately. As a result, although the wave functions and
energies of electronic states depend parametrically on
the relative positions of the nuclei, the electronic
properties are usually independent of the nuclear mo-
menta.

The Born—Oppenheimer separation is usually justi-
fied in terms of the large difference between the periods
characteristic of electronic and nuclear motions. Even
when the approximation breaks down, as in some cases
of predissociation, it is usual to begin with the Born-
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Oppenheimer states and then to consider nonadiabatic
transitions between these states. In fact, the Born-
Oppenheimer approximation can be viewed as a special
case of Ehrenfest’s principle, which states that when
two motions are associated with very different time
scales they are, to a first approximation, separable. It
follows that a motion is likely to adjust
adiabatically—that is, without change of quantum
state—to a force that is applied relatively slowly.
My aim in this Account is to explore the value of the
concept of vibrational adiabaticity in collisions between
species that interact chemically. It is not, of course,
contended that reactions occur with complete vibra-
tional adiabaticity. Indeed, it is necessary to examine
what such a concept means in bimolecular chemical
reactions. In the simplest case, typified by A + BC —
AB + C, where A, B, and C are all atoms, it is possible
to correlate the vibration of BC at t = 0 to the vibration
of AB at t = =, through the bond stretching motion
orthogonal to the minimum energy path (MEP) at in-

© 1990 American Chemical Society
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Figure 1. Mass-scaled potential energy surfaces for collinear
nonreactive collisions between Ar and N, The dashed line
represents the minimum energy path across the surface.

termediate times.! That exothermic reactions of this
type do not proceed entirely adiabatically, e.g., from
BC(v=0) to AB(v=0), has been demonstrated for many
reactions. Often, a large fraction of the energy released
in a reaction is channeled into the vibration of AB, and
the distribution of products over their energy states is
an indication of the form of the potential energy surface
and how the atoms move across it.

Nevertheless, the possibility of partial vibrational
adiabaticity has important consequences. Thus, it has
long been recognized!? that adiabatic motion as far as
the transition state ensures that a thermal distribution
of reagents over their internal states is transformed to
a thermal distribution over states in the transition state
thus justifying transition-state or activated-complex
theory for thermal reactions. Similar transition-state
treatments can also be used to address the question of
how reaction rates depend on the internal energy of the
reagents. A growing number of experiments provide
rate constants for species in selected vibrational states,
and the interpretation of these data is a major point of
focus in this Account. A related question concerns the
adiabaticity of vibrations involving bonds that remain
essentially unchanged during a reaction. Thus, if A and
C are taken for the moment to represent molecular
radicals, one can ask if internal excitation within A or
C is likely to promote reaction and whether energy
released in the reaction can excite modes other than the
vibration along the newly formed AB bond.

Most recent reviews** on the vibrational promotion
of bimolecular reactions have emphasized the role of
quasiclassical trajectories in demonstrating that the
degree of vibrational enhancement depends on the
position of the potential energy barrier for reaction. A
“late” barrier favors efficient use of BC vibrational
energy in a three-atom, A + BC reaction. In this Ac-
count, emphasis is placed on the value of vibrationally
adiabatic transition state theory in understanding these
effects.

Potential Energy Surfaces and Vibrational
Adiabaticity. Collisions between diatomic molecules
and noble gas atoms at thermal energies provide an
outstanding example of vibrational adiabaticity; for
example, at 300 K the probability of CO being relaxed
from v = 1 to v = 0 in collisions with Ar is less than 1078,
It is instructive to examine why this is in terms of
motion over the potential energy surface that is ap-

(1) Marcus, R. A. J. Chem. Phys. 1966, 45, 4493, 4500.

(2) Truhlar, D. G.; Isaacson, A. D.; Garrett, B. C. In Theory of Chem-
ical Reaction Dynamics; Baer, M. J., Ed.; CRC Press: Boca Raton, FL,
1985; Chapter 2.

(3) Polanyi, J. C. Acc. Chem. Res. 1972, 5, 161.

(4) Smith, I. W. M. In Physical Chemistry of Fast Reactions. Vol. 2:
Reaction Dynamics; Smith, I. W. M., Ed.; Plenum: New York, 1980;
Chapter 1.
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propriate for collinear collisions.

Such a surface is shown in Figure 1a, the axes being
scaled and skewed so as to diagonalize the kinetic en-
ergy® for Ar + N, collisions. The probability of energy
being transferred from the relative translational motion
into the N, vibration (V-T) can be considered in terms
of classical trajectories initiated along the MEP. A
trajectory that exactly retraces its path is one in which
no energy transfer takes place.

Two factors may cause a trajectory initially projected
along the MEP to depart from it. One is the shape of
the surface in the region where the direction of trajec-
tories is reversed and is related to the skewing of the
axes in the representation shown in Figure 1. The
second factor is especially important in the present
context. It is sometimes referred to as the inertial or
“bobsled” effect! and causes the path of a trajectory as
atom A approaches diatomic BC to be straighter than
the MEP. Its extent depends on a combination of the
curvature of the MEP and the momentum of the tra-
jectory. It is basically this effect that causes V-T energy
transfer to become more probable at higher collision
energies and as the collisional reduced mass falls.

Another way to examine how the vibrational and
translational motions are coupled in A + BC collisions
is to evaluate how the frequency of vibration orthogonal
to the MEP changes. For the Ar-N, interaction, the
frequency is increased by only 2.6% at a point on the
MEP 6.4 kcal mol™ above the asymptotic energy. As
a result, the vibronic or vibrationally adiabatic states
of Ar + Ny(v) are virtually parallel. Indeed, in the
celebrated SSH theory of V-T energy transfer,® the
(small) probabilities of nonadiabatic, “tunneling” tran-
sitions between parallel vibronic states are calculated.
Although such calculations do not give quantitative
agreement with experiment, they do explain the low
transition probabilities that are found when trajectories
only penetrate regions of the potential energy surface
where the MEP is only slightly curved.

When the dominant intermolecular interactions are
repulsive, collinear approach of A to BC tends to com-
press BC and to raise the vibrational frequency. If A
and BC can interact chemically, these features are re-
versed: rpc increases and the frequency of vibration is
lowered as A and BC approach. Trajectory calculations’
on moderately attracting systems suggest that it is again
the curvature in the MEP that determines the extent
of V-T energy transfer. Of course, the attraction makes
it easier for trajectories to access the strong curvature
region as well as accelerating A and BC toward one
another so that the inertial effect is accentuated.
Collisions between free radicals can occur on potential
energy surfaces that are strongly attractive and lead to
the formation of collision complexes. Such collisions
bring about remarkably efficient vibrational relaxa-
tion®10 since the internal motions in the complex are

(5) Smith, I. W. M. Kinetics and Dynamics of Elementary Gas Re-
actions; Butterworth: London, 1980.

(6) (a) Schwartz, R. N.; Slawsky, Z. I.; Herzfeld, K. F. J. Chem. Phys.
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22, 769.
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21987, 81, 1849.

(10) Sims, L. R.; Smith, I. W. M. J. Chem, Soc., Faraday Trans. 2 1988,
84, 5217.



Vibrational Adiabaticity in Chemical Reactions
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Figure 2. Mass-scaled potential energy surface for the collinear
reaction F + H, — FH + H. The dashed line represents the
minimum energy path, and the X represents the position of the
saddlepoint.

strongly coupled. The notion of vibrational adiabaticity
is useful in estimating the rate constant for formation
of the collision complexes.

Exothermic reactions between radicals and saturated
molecules proceed over potential energy surfaces with
small but significant barriers. Figure 2 displays a
surface for the collinear, prototypical reaction: F + H,
— HF + H.!! By analogy with the previous discussion,
one would anticipate that a classical trajectory, initially
projected along the MEP with sufficient energy to
surmount the “early” barrier, will remain close to the
MEP until well beyond the barrier. After that there
will be a large inertial effect as the trajectory gains
speed and the MEP curves sharply. As the trajectory
evolves into the exit valley, it will undergo wide oscil-
lations corresponding to the considerable excitation of
the HF vibration which has been observed experimen-
tally. In general, for simple exothermic A + BC reac-
tions, it appears that vibrational adiabaticity is probably
a good assumption during motion up to the transition-
state region. For the reverse endothermic processes,
nonadiabaticity occurs prior to the transition-state re-
gion because of the sharp MEP curvature before the
“late” barrier is reached. Further evidence for these
conclusions is cited below.

The ideas introduced so far are relatively easy to
extend to larger systems, if a mode analysis is per-
formed along the reaction path and the calculated fre-
quencies are correlated with those in the separated
reagents and products. Those modes whose frequencies
change little can be expected to behave adiabatically.
Now it is necessary to see how these qualitative ideas
can be incorporated into transition-state theory (TST).

Transition-State Theory and Vibrational Adia-
baticity.? One great advantage of TST is that it is
possible to include the full dimensionality of a reactive
process, while requiring only limited information about
the potential energy surface: specifically, the variation
of potential energy along, and adjacent to, the MEP.
Furthermore, even the simplest versions of the theory
incorporate the concept of vibrational adiabaticity or,
at least, vibrational adiabaticity on average.!?* This can
be illustrated by again considering a collinear A + BC
reaction. Then, the rate constant (in centimeters per
molecule per second) for reaction via one vibrationally
adiabatic state or channel is given by

ko(T) = (kT/h)(1/Qy) exp[-Veq™*(v) /RT] (1)

(11) (a) Schaeffer, H. F., III J. Phys. Chem. 1985, 89, 5336. (b)
Bauschlicher, C. W.; Walch, S. P.; Langhoff, S. R.; Taylor, P. R.; Jaffe,
R. L. J. Chem. Phys. 1988, 88, 1743.
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Figure 3. Potential energy curves for the Hg system. The solid
line represents the variation of electronic energy along the min-
imum energy path on the mass-scaled surface for collinear reaction.
The dashed curves show the vibrationally adiabatic paths for H
+ Hz(U) - Hz(U) + H.

where @, is the partition function per unit length for
one-dimensional relative motion of A and BC. V, 4™*(v)
is the maximum value of V 4(v,x), the energy in the
adiabatic state. Its value along the coordinate x de-
scribing progress along the MEP is given by

Vaa(0,x) = V(x) + [Egip(v,x) — Egip(v,-)]  (2)

where V,(x) is the electronic potential energy and is
independent of v, E;,(v,x) is the energy of the vth state
of vibration orthogonal to the MEP at the point x along
the MEP, and E; (v,~«) is the vibrational energy of
isolated BC(v). To obtain k(T), the thermal rate con-
stant, one takes a weighted sum of the k,(7T),

k(T) = 2fk,(T) (3)
with f, = exp[-E;,(v,~)]/Qyp, s0 that
k(T) =
(kT /h)(1/QyuQuin) Lexpi-[ V™ + E,™2*(v)] /kT)
(4)

The last term may be viewed as defining an effective
vibrational partition function for the transition state,
and the normal TST expression for the thermal rate
constant is recovered. However, it should be noted (see
below) that, in general, the maxima for different vi-
brationally adiabatic states occur at different positions
x along the MEP and hence have different V™2,

The position of V,42**(v) depends on v because, al-
though V,(x) increases toward the potential barrier,
E;p(v,x) decreases, and this second contribution to
V.a(v,x) assumes increasing importance as v increases.
One result is that, even when the potential barrier is
symmetrically placed along the MEP, the first adiabatic
maxima for channels with v > 0 can be displaced into
the entrance valley and consequently are reached before
the MEP curves significantly. Vibrationally adiabatic
curves for collinear H + Hy(v) are displayed in Figure
3. The presence of dual, symmetrically disposed adi-
abatic maxima is connected with the possibilities of
trajectories recrossing the first maximum and hence
lowering the true rate constant below its TST value.?

It is straightforward to extend the vibrationally
adiabatic TST (VA-TST) treatment of reactions both
to three spatial dimensions and to systems of more than
three atoms. Equation 2 is replaced by

Vad(vl!UZW"x) = Vel(x) + Z[Evib(vi’x) - Evib(vi»_oo)]
(5)
and eq 1 is modified to include partition functions for

all the internal motions whose states are not specified
in the particular adiabatic channel of interest. Of
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Table I
Information about Reactions of the Type
A+BC—AB +C

AH®, E. Arag®, A

Srag™ A

act
reagents kJ mol? kJ mol? (Arag®/ream) (Argc™®/repc)
H + H, 0 31.8° 0.19 (0.25) 0.19 (0.25)
O+ H, 7.5 38.0 0.24 (0.25) 0.18 (0.24)
O + HCL 3.8 28.0 0.18 (0.19) 0.18 (0.14)
O + HBr -61.5 13.0 0.40 (0.41) 0.06 (0.04)
F+ H, -134.3 4.7 0.62 (0.68) 0.023 (0.03)

@ Activation energy for D + H,.

course, to use these equations it is necessary to evaluate
how the energies associated with the states of several
modes vary along the MEP. This aspect of TST meshes
well with ab initio methods which include “gradient
techniques”.> Moreover, this approach explains why
the preexponential factors in the rate constant ex-
pressions, as well as the activation energies, depend on
the vibrational state of the reagents.

The validity of the vibrationally adiabatic assumption
is supported by the results of both quasiclassical and
quantum scattering calculations. The interpretation of
the latter is slightly clouded by the phenomenon of
quantum mechanical tunneling. Nevertheless, the sim-
ilarity between the VA-TST thresholds for the D +
H,(v=1) and O + H,(v=1) reactions and the effective
thresholds indicated by quantum scattering calcula-
tions!? is strong evidence for the correctness of the vi-
brationally adiabatic hypothesis. Similar corroboration
is provided by the combined TST-quasiclassical tra-
jectory calculations of Frost and Smith.1* They ini-
tiated trajectories from randomly chosen points in the
phase space of transition states chosen according to
vibrationally adiabatic criteria. Trajectories were cal-
culated both “backward in time” (i.e., in the direction
of separated reagents) and “forward in time” (toward
products). For virtually all the A + BC systems studied,
both collinearly and in the three dimensions, motion
between the transition state and separated reagents was
found to exhibit a high degree of vibrational adiabat-
icity. From the forward trajectories, passing through
the region where the MEP was strongly curved, the
product-state distributions of the reactions could be
predicted.

Vibrational Adiabaticity: The Experimental
Evidence

(i) Direct Atom-Transfer Reactions: A + BC(v)
-~ AB(v) + C. Table I summarizes data for five hy-
drogen atom transfer reactions that all involve the at-
tack of an atomic radical {A) on a diatomic molecule
(BC). Although these reactions all take place by direct
dynamics across potential energy surfaces on which
there are potential barriers to reaction, they can be
subdivided into two groups: the first three, which are
exactly, or nearly, thermoneutral, and the last two,
which are substantially exothermic. The geometry of

(12) (a) Ishida, K.; Morokuma, K.; Komornicki, A. J. Chem. Phys.
1977, 66, 2153. (b) Miller, W. H.; Handy, N. C.; Adams, J. E. J. Chem.
Phys. 1980, 72, 99.

(13) (a) Haug, K.; Schwenke, D. W.; Shima, Y.; Truhlar, D. G.; Zhang,
J.; Kouri, D. J. J. Phys. Chem. 1986, 90, 6757. (b) Haug, K.; Schwenke,
D. W.; Truhlar, D. G.; Zhang, Y.; Zhang, J. Z. H.; Kouri, D. J. J. Chem.
Phys. 1987, 87, 1892,

(14) Frost, R. J.; Smith, I. W. M. Chem. Phys. 1987, 111, 389; Chem.
Phys. 1987, 117, 421; Chem. Phys. Lett. 1987, 140, 499; J. Chem. Soc.,
Faraday Trans. 2 1988, 84, 1825, 1837.
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ABC at the saddlepoint on the MEP is indicated by
giving the values of Ar,g*® and Argc®®:

Arap® = rag® —reap Argc®= rpc® - repc

where ;P and r,;; are the i,j separations at the sad-
dlepoint and in the isolated molecule, respectively.
These data support the general rules for potential en-
ergy surfaces proposed by Polanyi.? For the exothermic
F + H, and O + HBr reactions, the potential energy
barriers are “early”; that is, ryg® » r,sp but rgc® =~
re.ac, Whereas for the thermoneutral reactions the AB
and BC bonds are stretched to comparable extents at
the saddlepoint. The origin of the data in Table I varies
from accurate ab initio calculations on the H,,'* FH,,11b
and OH,!® surfaces to semiempirical estimates of the
surfaces in the cases of OHCI!" and OHBr.1

Use of VA-TST is likely to be more firmly based the
earlier the position of the saddlepoint. Then the MEP
up to the barrier will be almost parallel to the B, g¢ axis
on the scaled and skewed potential energy surface. The
vibrationally adiabatic or vibronic surfaces correlating
with different v states of A + BC(v) will be nearly
parallel in this region, and therefore the rate constants
for reaction from different initial vibrational states will
be similar. The applicability of VA-TST to thermo-
neutral reactions with centrally located (Ar,p® =~
Argc™®) barriers is more debatable, since then the MEP
curves appreciably before the saddlepoint is reached.
However, although the v = 0 adiabatic maximum is
usually located at the saddlepoint, the maxima for
higher states of the bond-stretching vibration may be
displaced into the entrance and exit valleys on the po-
tential energy surface. Vibrationally adiabatic motion
is then expected up to the first of these maxima (r,g
> rge), and this expectation is supported by trajectory
calculations.

For H + Hy(v=0) at energies just above threshold, the
overall reaction is necessarily adiabatic as only the v’
= () level of the product H, is energetically accessible.
The best theoretical support for the validity of a VA-
TST analysis is that it yields a threshold close to that
obtained from scattering calculations. Moreover, ex-
periments show that, in energetic collisions of H atoms
with Dy (1.3 eV)®® and D atoms with H, (0.95 eV),?
approximately 80% of the HD product is formed in v’
= 0. This indicates a strong dynamical bias against
vibrational excitation, even in high-energy collisions
where the “bobsled effect” should increase the extent
of energy transfer between motions along and orthog-
onal to the MEP. Clearly, if there is a strong adia-
baticity throughout the reaction, then motion up to the
saddlepoint must also be strongly adiabatic.

The effect of reagent vibrational excitation on the H
+ H, reaction and its isotopic variants is still contro-
versial. Until recently, the experimental rate constants
for D + Hy(v=1) exceeded nearly all the theoretical
estimates by a factor of about 5, but a recent redeter-
mination?! yielded a rate constant that agrees better

(15) Varandas, A. J.; Brown, F. B.; Mead, C. A.; Truhlar, D. G;; Blais,
N. C. J. Chem. Phys. 1987, 86, 6258.

(16) Bowman, J. M.; Wagner, A. F.; Walch, S. P.; Dunning, T. H. J.
Chem. Phys. 1984, 81, 1739.

(17) (a) Persky, A.; Broida, M. J. Chem. Phys. 1984, 81, 4352. (b)
Broida, M.; Tamir, M.; Persky, A. Chem. Phys. 1986, 110, 83.

(18) Schatz, G. C. Annu. Rev. Phys. Chem. 1988, 39, 317.

(19) Valentini, J. J.; Gerrity, D. P. Int. J. Chem. Kinet. 1986, 18, 937.

(20) Buntin, 8. A,; Giese, C. F.; Gentry, W. R. J. Chem. Phys. 1987,
86, 1443.
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with theory.!® Despite these uncertainties, it is clear
that excitation of H, to v = 1 does enhance the rate of
reaction by a factor of about 250, in fair agreement with
the predictions of VA-TST.

The rate of reaction between O(°P) atoms and H, at
298 K is enhanced by a factor of about 2.6 X 103 when
the H, is excited to v = 1.2 Remarkably, 95% of the
OH is produced in v’ = 1, indicating a high degree of
vibrational adiabaticity. As with the Hj; system, the
adiabatic barriers migrate from the saddlepoint for v
= 0 to progressively earlier positions as v is increased.
The barrier falls from 11.0 keal mol™ for v = 0 to 5.9
kcal mol™ for v = 1, and the observed vibrational en-
hancement is reproduced quite well both (a) by gen-
eralized VA-TST calculations® and (b) by TST calcu-
lations which include tunneling corrections.

The reaction between O(°P) atoms and HCl is nearly
thermoneutral, and it is a “heavy-light-heavy” system.
The potential energy surface is deeply skewed, and
there are substantial changes in the frequency of the
bond-stretching vibration along the MEP. Reaction
may proceed predominantly by passage over, or tun-
neling through, the ridge separating the entrance and
exit valleys, not via the saddlepoint. This might be
expected to lead to adiabatic dynamics with vibrational
motion in the entrance valley being transformed into
the almost parallel vibrational motion of the product.
This expectation is confirmed by measurements on the
energy states of HC] formed in the (reverse) reaction
of Cl atoms with highly vibrationally excited OH.*
Measurements of the O + HCI rate enhancement
brought about by exciting HC] to v = 1 are complicated
by simultaneous vibrational relaxation but indicate an
increase by a factor of 200-1000,% in agreement with
the results of trajectory calculations.!’® No VA-TST
analysis of this reaction, or that between O(°P) atoms
and HBr, has been carried out.

Recent elegant experiments by Zare’s group provide
detailed state-to-state information about the O(°P) +
HC), HBr reactions. For O(°P) + HCl(v=2),% compa-
rable amounts of OH are formed in v’ = 0 and v’ =
1—OH(v’=2) is energetically inaccessible—whereas for
O(P) + HBr(v=0), OH is produced almost exclusively
in v’= 127 These reactions are clearly not vibrationally
adiabatic, at least not from these relatively low reagent
vibrational levels. It may be that, at low excitations,
systems reach those parts of the potential energy hy-
persurface where the MEP curves sharply, and there
is strong coupling between bond-stretching and motion
along the MEP. At high vibrational energies (as in
Polanyi’s experiments?¥), the H atom is transferred
without the system ever getting close to the saddlepoint.

Ironically, those systems where the VA-TST hy-
pothesis is least in doubt are also those for which it is
hardest to measure rate constants for reagents in dif-

(21) Drier, T.; Wolfrum, J. Int. J. Chem. Kinet. 1986, 18, 919.
Wolfrum, J. Faraday Discuss. Chem. Soc. 1987, 84, 191.

(22) Light, G. C. J. Chem. Phys. 1978, 68, 2831,

(23) Garratt, B. C,; Truhlar, D. G.; Bowman, J. M.; Wagner, A. F. J.

Phys. Chem. 1986, 90, 435.
(24) Blackwell, B. A Polanyi, J. C.; Sloan, J. J. Chem. Phys. 1977, 24,
25.

(25) Smith, I. W. M. In Bimolecular Collisions; Ashfold, M. N. R.,
Baggott J. E., Eds.; Royal Society of Chemistry: London, 1989; Chapter

(26) Rakestraw, D. J.; McKendrick, K. G.; Zare, R. N. J. Chem. Phys.
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Table 11
Ratios of Rate Constants for Total® Removal of OH(v=1),
OD(v=1), and CN(v=1) to Rate Constants for Reaction of
OH(v=0), OD(v=0), and CN(v=0)

reagent OH oD CN
H, <15 1.16
D, 0.70
HCl 1.4 4.5%
DCl ~1.1 2.36
HBr 0.72 0.96
HI 1.15

®That is, for reaction plus relaxation. ®There is some evidence
for significant, nonreactive relaxation.

ferent vibrational states. The F + H, reaction is pro-
totypical. Although it has proved difficult to find a
wholly satisfactory potential energy surface for this
reaction,!! there is no doubt that it is characterized by
an “early” barrier with the result that motion up to the
transition state(s) should be strictly adiabatic, and
VA-TST estimates of the rate constants should be ac-
curate as long as the low-frequency bend motion is
treated properly However, the barrier is low, and the
adiabatic maxima for F + Hy(v=0) and F + Hy(v=1) are
only ca. 1.80 and 1.4 kcal mol™?, respectively.!'* Con-
sequently, the reaction rate of F + Hy(v=1) at 298 K
should be only about twice that of F + H,(v=0), and
this enhancement will not be easy to measure accu-
rately, given the difficulty of exciting a sizeable pro-
portion of H, to states above v = 0.

(ii) Direct Atom-Transfer Reactions: AB(v;) +
CD(v,;) =~ ABC + D. Metathetical reactions of this
type have been studied with AB = OH or CN. Elec-
tronically, the simplest reaction is that between OH
radicals and H,. Ab initio calculations on the potential
energy surface®® predict that at the saddlepoint the
HO--H separation is 36% greater than in H,O, whereas
the H--H separation is only stretched by 10% from its
initial value. The OH (AB) bond length remains es-
sentially the same throughout the reaction. Experi-
ments show that the reaction rate is accelerated by
<50% by excitation of OH to v; = 1, but by a factor of
ca. 120-160 if H, is excited to vy = 1.2 These findings
are consistent with a VA-TST analysis, as long as care
is taken to correlate the vibrational modes correctly
between the reagent and product asymptotes.®® Based
on a scaled ab initio surface, the adiabatic maximum
is lowered by about 3.1 kcal mol™ when v, is increased
from 0 to 1, but only by 0.25 kecal mol™ when v, is raised
from 0 to 1.

It seems that the results found for the OH + H, re-
action, demonstrating mode selectivity, are likely to be
quite general for direct reactions between diatomic
reagents. When the bond between the atoms of the
diatomic radical remains roughly the same strength
throughout the reaction, its vibration will scarcely be
coupled to the reaction coordinate, at least during the
motion up to the transition state. Consequently, ex-
citation of this mode scarcely affects the reaction rate.
On the other hand, excitation of CD will generally
promote reaction, with the extent depending on how

(28) Walch, S. P.; Dunning, T. H. J. Chem. Phys. 1980, 72, 1303.

(29) (a) Glass, G. P.; Endo, H.; Chaturvedi, B. K. J. Chem. Phys. 1982,
77, 5450. (b) Zellner, R. J. Phys. Chem. 1979, 83, 18. (c) Light, G. C;
Matsumoto, J. H. Chem. Phys. Lett. 1978, 58, 578,

(30) (a) Isaacson, A. D,; Truhlar, D. G. J. Chem. Phys. 1982, 76, 1380.
(b) Truhlar, D. G.; Isaacson, A. D. J. Chem. Phys. 1982, 77, 3516.
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much the adiabatic maximum is lowered as v, is in-
creased.

The first of these conclusions is supported by studies
on the kinetics of OH(v;=0,1)% and CN(v,=0,1),% for
which results are presented in Table II. Although the
experiments cannot distinguish between loss of AB-
(v;=1) by reaction and by relaxation, in most cases the
total rate of loss of vibrationally excited radicals is not
significantly greater than the loss of unexcited radicals
by reaction, so that one can be sure that the rate of
reaction is not significantly increased. Where k(v;=1)
is appreciably greater than k(v;=0), there are good
reasons for supposing that vibrational relaxation is im-
portant. As yet, there is no evidence for the effect of
vibrational excitation in the molecular reagents, apart
from that for OH + Hy(v,=1).

(iii) Four-Center Reactions. Reactions between
molecules with fully paired electrons must involve at
least four atomic centers, as two bonds break (or are
modified) and two are formed. The reactions in which
a molecule adds across a double or triple bond are im-
portant examples. Moreover, it is reactions like these,
involving relatively stable polyatomic reagents, that
must exhibit observable effects if vibrationally selective
chemistry is going to have much practical significance.

Experiments have been performed on the addition
of HCl or HBr to C,H, and of HCl to butadiene.®3* In
both cases, one of the reagents was excited to a high
vibrational overtone (Av = 5, 6) in either the HX vi-
bration or a C-H stretch mode of the hydrocarbon using
a high-power continuous-wave dye laser. Analysis by
gas chromatography yielded no evidence for reaction
as a result of enhancement by vibrational excitation.
In all cases, it seems that collisional relaxation of the
excited molecules was much more rapid than reaction.

These “negative” results can be understood in terms
of VA-TST, making use of the ab initio calculations on
related systems. Kato and Morokuma® traced the en-
ergy and “form” of the MEP (what they termed “the
intrinsic reaction coordinate™) for the addition of HF
to CH,;==CH, (or conversely, elimination of HF from
CH CH,F). The calculations demonstrated that as HF
approaches CH,—CH,, the electronic potential energy
rises by ca. 25 kcal mol™? before either the CH,=~CH,
or the HF molecules begin to distort significantly.
Although a mode analysis along the MEP was not
performed, it seems certain that the vibrationally adi-
abatic curves are likely to be closely parallel in this
region. Consequently, considerable translational energy
will be required to bring the reagents sufficiently close
for the HF vibration to be effectively coupled to motion
along the reaction coordinate. Furthermore, localized
C—H excitations are even less likely to promote any
reaction since the calculated C—H bond-stretching
frequencies in the transition state and in the isolated
CHy=CH, molecule are very similar, so that adiabatic
curves corresponding to excitation in these modes will
be nearly parallel. Finally, rapid intramolecular re-

(31) (a) Cannon, B. D.; Robertshaw, J. S.; Smith, I. W. M.; Williams,
M. D. Chem. Phys. Lett. 1984, 105, 380. (b) Smith, I. W. M.; Williams,
M. D. J. Chem. Soc., Faraday Trans. 2 1986, 82, 1043.

(32) Sims, I. R.; Smith, I. W. M. Chem. Phys. Lett. 1988, 149, 565; J.
Chem. Soc., Faraday Trans. 2 1989, 85, 915.

(33) Herman, I. P.; Marling, J. B. J. Chem. Phys. 1979, 71, 643.

(34) Klenerman, D.; Zare, R. N. Chem. Phys. Lett. 1987, 130, 190.

(35) Kato, S.; Morokuma, K. J. Chem. Phys. 1980, 73, 3900; J. Chem.
Phys. 1981, 74, 6285.
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distribution of vibrational energy will also tend to
mitigate against vibrationally enhanced reactions be-
tween polyatomic species. The implications of VA-TST
and what we know about intramolecular and intermo-
lecular energy transfer are disappointing but apparently
unavoidable.

(iv) Reactions Involving the Formation of Col-
lision Complexes. Reactions between radicals (and
ion-molecule reactions) usually occur on potential en-
ergy surfaces with a deep well; V(x) falls monotonically
as the radicals approach, and unpaired electrons on
each radical pair up to form a chemical bond. The
transition-state region is usually at large separation, the
vibrationally adiabatic curves up to this region should
be parallel, and hence the rate constants associated with
formation of the complex should be very nearly the
same for all vibrational states.

For systems where the complex can only dissociate
to the original reagents, the rate of formation of com-
plexes can be observed in two ways. Firstly, one can
determine the rates at which a vibrationally excited
radical is removed by collisions with a second radical;
for example, OH(v=1) by NO or NO,® or CN(v=1) by
NO.!1® The rate constants (k) should correspond
closely to those for formation of complexes, since re-
distribution of energy in such strongly bound complexes
is facile, and the statistical probability of dissociation
with the original excitation maintained is very small.
The rate constants for formation of complexes should
also correspond to the rate constants for radical com-
bination in the limit of high pressure; i.e., 2*. Unfor-
tunately, for association of small radicals, the limit is
only reached at total pressures in excess of 10 atm, so
that values of £ for most systems are only obtained by
a rather long extrapolation from results at much lower
pressures. In cases where comparisons can be made,?1°
k.. and k™ agree within a factor of ca. 2.

A number of radical-radical reactions, such as O +
OH — O, + H and NC + O, — NCO + O, proceed by
successive bond-making and bond-breaking steps to
yield two products. The initial process leading to for-
mation of a transitory complex is rate-determining, the
long-range potential is monotonically attractive, and the
rate of reaction is expected to be almost independent
of the initial vibrational state. Measurements on the
kinetics of CN(v=0) and CN(v=1) with O,'° endorse this
expectation.

One approach to estimating the rate of formation of
collision complexes in radical-radical and ion-molecule
reactions is the statistical adiabatic channel model.®
This extends VA-TST by taking account of angular
momentum effects through the addition of an extra
term to eq 5 for the energy associated with adiabatic
rotations. Specific rate constants for reaction are then
obtained by using the basic expression from microca-
nonical TST:

k(E.J) < N*(EJ)/hp(E,J)

where N*(E,J) is the number of channels for which E
exceeds the adiabatic channel maximum, and p(E,J) is
the density of reagent states.

Concluding Remarks. The concept of vibrational
adiabaticity and its consequences for chemical reactivity

(36) Quack, M.; Troe, J. In Gas Kinetics and Energy Transfer; Ash-
more, P. G., Donovan, R. J. Eds.; Specialist Periodical Report; Chem.
Soc.: London, 1977; Vol. 2, Chapter 5.
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are now new, but in order to keep this Account within
bounds, I have had to restrict severely the number of
references to previous reviews and earlier work. Most
of these can be traced via refs 1, 2, and 25. Much of
the earlier work on vibrational adiabaticity was con-
cerned with its relationship to transition-state theory,
especially as applied to the prediction of thermal rate
constants. In the present Account, I have tried to em-
phasize three aspects of vibrational adiabaticity, illus-
trating them by reference to a variety of reacting sys-
tems. The first point is that colliding systems are likely
to remain in the same state, that is, behave adiabati-
cally, as they pass across regions of a potential energy
surface where the MEP curves only slightly and where
the frequencies of motions orthogonal to that along the
MEP change relatively little. Secondly, the region of
low MEP curvature frequently includes the path from

the separated reagents to the adiabatic maximum for
species in a given vibrational state. In consequence, and
finally, VA-TST can be used to predict or explain the
effects on reactivity of selectively exciting vibrations of
the reagents. In general, any rate enhancement will be
most pronounced in simple atom transfers when the
bond that is broken in the reaction is excited vibra-
tionally. The degree of enhancement will depend on
the details of the potential energy surface between the
configuration space of the separated reagents and the
saddlepoint on the surface.
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Understanding the dramatic catalytic power of en-
zymes is one of the most challenging and exciting
chemical problems of our time. In 1948, Pauling! pro-
posed that enzymes are complementary to the transi-
tion states of the reactions that they catalyze, and that
enzymatic catalysis results from stabilization of the
transition state by attractive interactions with the en-
zyme. The close analogy between enzymatic and in-
tramolecular reactions was recognized subsequently and
exploited to develop chemical models for enzymatic
reactions. Subsequently, a number of theories based
on structure-reactivity relationships in intramolecular
reactions have been advanced to account for the rates
of enzyme-catalyzed reactions. Our successful use of
force-field transition-state modeling to rationalize the
stereochemistry of organic reactions? led us to inves-
tigate a similar approach for the understanding and
prediction of the relative rates of intramolecular reac-
tions. This Account describes our development of
force-field models to provide quantitative predictions
of intramolecular reaction rates and to compare these
with intermolecular reactivities.

Bruice’s® pioneering studies of intramolecular nu-
cleophilic catalysis led him to conclude that enzymes
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accelerate chemical reactions primarily by bringing the
reactants into close proximity. This argument can be
cast in free energy terms as shown in Figure 1. Ina
bimolecular or higher order reaction, the free energy
costs that are incurred in the early part of the reaction
coordinate consist largely of the enthalpic and entropic
costs of bringing the reactants together. Enzyme ca-
talysis results in part from the fact that the gathering
of reactants, an entropically unfavorable act, occurs as
an integral part of the complexation process, which is
enthalpically favorable. Various versions of this prin-
ciple have been proposed.+?®
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