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Introduction

Unimolecular reactions are important for many different
chemical processes, e.g., atmospheric and combustion
chemistry,! peptide fragmentation,? and the dissociation
of clusters,®4 and it is important to have accurate theo-
retical models for unimolecular dynamics and kinetics. A
widely used model for calculating unimolecular rate
constants at fixed energy E and angular momentum J is
the Rice—Ramsperger—Kassel—Marcus (RRKM) theory,>¢
which assumes a transition state for passing from reac-
tants to products and rapid intramolecular vibrational
energy redistribution (IVR) among the degrees of freedom
of the dissociating molecule. As a result of this rapid IVR,
a microcanonical ensemble of states is maintained during
the unimolecular decomposition. The RRKM rate con-
stant for E and J is

N*(E,J)
hp(E.J)

k(EJ) = (1)
where N¥(E,J) is the transition state’s sum of states and
p(E,J) the unimolecular reactant’s density of states. RRKM
theory is viewed as a statistical theory since the rate
constant is calculated from statistical mechanical proper-
ties and an understanding of the actual dissociation
dynamics is unnecessary.

Anharmonicity and vibrational/rotational coupling must
be treated correctly to accurately evaluate N¥(E,J) and
p(EJ) in eq 1. Recent studies’” have shown that anhar-
monic effects become very important for fluxional mol-
ecules, such as clusters and macromolecules, with mul-
tiple potential energy minima as shown in Figure 1. A
harmonic RRKM model, based on the deepest potential
energy minimum, is seriously in error for highly fluxional
molecules.”

The sum and densities of states in eq 1 are calculated
for the active degrees of freedom, for which IVR is rapid.
Within the framework of RRKM theory, there is the
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FIGURE 1. A model reaction coordinate potential energy curve for
a fluxional molecule. Reprinted with permission from ref 7. Copyright
1996 American Institute of Physics.

possibility that some modes are not active, but are
adiabatic and stay in fixed quantum states n during the
reaction.® For this situation, eq 1 becomes

N*(E,d,n)

K(EJ,n) = hoEIn)

&)
In addition to affecting the number of active degrees of
freedom, the fixed n also affects the threshold Ey(n) for
dissociation. The degree of freedom which has received
considerable interest, regarding its activity or adiabaticity,
is the one associated with the K rotational quantum
number.®~11 With extensive vibrational/rotational cou-
pling K will be active, but with weak coupling an adiabatic
treatment will be more accurate.

The prediction of RRKM theory is that k(E) increases
with increasing E. At low energies, where N¥(E,J) is small,
there are measurable incremental increases in N*(E,J) and
steps in k(E,J) are observed.??13 If the density of states
of the reactant molecule is sufficiently small, unimolecular
dissociation occurs via isolated or overlapping compound
state resonances.'*'> The rate constants for these reso-
nances may vary by orders of magnitude within a narrow
energy interval, E — E + AE.16~19 This elementary decay
at the level of individual resonance quantum states has
been connected to statistical unimolecular decay.?°21 The
average rate constant for these statistical resonance states,
within the interval E — E + AE, is thought to be well-
approximated by the RRKM k(E).2°

In most experimental studies of unimolecular dissocia-
tion the energy resolution is not sufficient to excite an
individual resonance state, and instead a superposition
of states is prepared, which often localizes the energy
within a subset of the molecule’s degrees of freedom.®
With rapid IVR this initial localized state will evolve into
a microcanonical ensemble so that, except for the shortest
times, the unimolecular decomposition will appear to be
RRKM.22 Experimental and theoretical studies have sug-
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gested that IVR may not compete with unimolecular
decomposition for unimolecular reactions with shallow
potential energy wells.?324 The lifetime for the unimo-
lecular reactant is much shorter than the time for IVR,
and the result is non-RRKM kinetics. This type of
behavior may be important for numerous chemical reac-
tions and has been implicated for Sy2 ion—molecule
complexes?325-27 and for the trimethylene biradical in-
termediate in cyclopropane isomerization.24.28.29

The above advances and remaining questions, con-
cerning unimolecular rate theory, are reviewed in this
Account. Examples are given of how including anhar-
monicity for fluxional molecules and treating the K
quantum number as adiabatic or active affects RRKM
unimolecular rate constants. A brief discussion, including
examples, is given of the way in which the statistical state
specific decomposition of quantum resonance states
affects thermal unimolecular rate constants. The final
discussion concerns the likely prevalence of non-RRKM
kinetics for unimolecular reactions with shallow potential
energy wells.

RRKM Unimolecular Rate Theory

Anharmonic Effects for Fluxional Molecules. Extensive
applications of RRKM theory have been made to unimo-
lecular reactions, for which there is a single potential
energy minimum for the reactant molecule.>® For such
reactions, harmonic sums and densities of state are usually
used to calculate the kn(E,J) harmonic approximation to
the actual anharmonic RRKM rate constant in eq 1. These
two rate constants are related by

kanh(Ea‘]) = kh(E"])/fanh(Ev‘]) (3)

where fnn(E,J) is the anharmonic correction factor.3° For
most RRKM calculations fann(E,J) is assumed to be unity.
However, recent experimental measurements of state
densities indicate it may be as high as 10 for unimolecular
reactants with a single potential energy minimum.*”
Anharmonic corrections are expected to be very im-
portant for highly fluxional molecules such as clusters and
macromolecules.” Figure 1 illustrates a possible potential
energy curve for a fluxional molecule. There are multiple
minima (i.e., conformations) separated by barriers much
lower than that for dissociation. Thus, a moderately
excited fluxional molecule may undergo rapid transitions
between its many conformations, and all will contribute
to the molecule’s unimolecular rate constant. Many
different conformations are expected for the products, but
near the dissociation threshold E,, only one set of product
conformations is accessible. As the energy is increased,
thresholds for other product conformations are reached.
For energies near E,, there is very little excess energy in
the transition state and the harmonic approximation
should be very good for the transition state’s sum of states.
Thus, for E =~ E, the anharmonic correction in eq 3
primarily results from anharmonicity in the reactant
density of states and is given by fnn(E,J) = pann(E,J)/pn(E,J).
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FIGURE 2. Potential energy minima for Als. The unimolecular
thresholds for the Cop, Dsp, Cs, Op, Cav, and D, minima are 43.8,
40.0, 39.6, 38.8, 31.4, and 20.9 kcal/mol, respectively.

In general, determining the quantum mechanical
fann(E,J) requires knowing the anharmonic quantum me-
chanical energy levels for both the reactant and transition
state. Obtaining this information is even formidable for
small molecules with only one potential energy minimum
and is impractical for large fluxional molecules with
multiple minima. Classical mechanics may be used to
estimate the importance of anharmonicity, and various
approaches may be used to calculate classical anharmonic
sums and densities of state. Relative densities of states
versus energy may be determined by fixed temperature
molecular dynamics simulations.”-31 They are then con-
verted into actual densities by solving the classical phase
integral” or using adiabatic switching”-31:32 to determine
the actual density for at least one energy.

There is a caveat in using the above approaches to
calculate densities of states for fluxional molecules. Be-
cause of their multiple minima, there is an ambiguity in
choosing a symmetry number to correct for the number
of equivalent potential energy wells, since the number of
equivalent wells varies for the different minima.” On the
other hand, it is straightforward to compare the classical
anharmonic RRKM rate constant®33 and the standard
classical harmonic one based on the deepest potential
energy minimum. The former may be calculated from
classical trajectories by following the initial decay of a
microcanonical ensemble of states for the unimolecular
reactant. Such a calculation has been performed for
dissociation of the Alg cluster,” using a model analytic
potential energy function written as a sum of Lennard-
Jones and Axilrod-Teller potentials. Structures of some
of the Alg minima, for this potential function, are shown
in Figure 2. The deepest potential minimum has Cy
symmetry and a classical Als — Als + Al dissociation energy
E, of 43.8 kcal/mol. For energies 30—80 kcal/mol in excess
of this E,, the value of f,,, determined from the trajectories
varies from 200 to 130. (The harmonic RRKM rate
constants are calculated for a reaction path degeneracy
of 6.) As discussed above, even larger corrections are
expected at lower energies,3* particularly for E ~ E,. For
the bigger cluster Aly3, the anharmonic correction varies
from 5500 to 1200 for excess energies in the range of 85—
185 kcal/mol. These calculations illustrate that, to cal-
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culate accurate RRKM unimolecular rate constants for
fluxional molecules, it is of critical importance to include
anharmonic corrections.

The K Quantum Number: Adiabatic or Active. There
is considerable uncertainty in how angular momentum
should be treated in RRKM calculations.®~1* Though the
quantum number J representing the total angular mo-
mentum is a constant of the motion, the proper treatment
of the K quantum number, the projection of J onto the
molecular symmetry axis, is less certain. Coriolis coupling
can mix the 2J + 1K levels for a particular J and destroy K
as a good quantum number. For this situation K is
considered an active degree of freedom. On the other
hand, if the coriolis coupling is weak, the K quantum
number may retain its integrity and it may be possible to
measure the unimolecular rate constant as a function of
K as well as of E and J. For this case, K is an adiabatic
degree of freedom. Thus, in addition to anharmonicity
corrections, another remaining issue in RRKM unimo-
lecular rate theory is the extent of vibrational/rotational
coupling.

It is straightforward to introduce active and adiabatic
treatments of K into the widely used RRKM model which
represents vibrational and rotational degrees of freedom
as harmonic oscillators and rigid rotors, respectively.® If
K is adiabatic, a molecule containing total vibrational
rotational energy E, and in a particular J,K level, has a
vibrational density of states p[E — E;(J,K)], where E,(J,K) is
the rotational energy. Similarly, the transition state’s sum
of states for the same E, J, and K is N¥[E — E, — E/*(J,K)],
where E, is the unimolecular threshold. The RRKM rate
constant for the K adiabatic model is

N'[E — E, — E/(K)]
hplE — E,(J.K)]

k(E,J,K) = (4)

Mixing of the 2J + 1K levels, for the K active model, results
in the following sums and densities of states:

3
p(EJ) = KZ p[E — E(J,K)] Q)
=

J
N'EN= Y NIE-E,—E QK] (6)
K==

The RRKM rate constant for the K active model is then
J
> NE - E, — E/QK)]
K==

K(ED) = —— @)
h 3 [E = EQK)]
=

In these models the treatment of K is the same for the
molecule and transition state. It is worthwhile noting that
mixed mode RRKM models are possible in which K is
treated differently in the molecule and transition state.®

Calculations have been performed to compare the
above RRKM models for k(E,J) and k(E,J,K).® As expected,

the sensitivity of k(E,J,K) to K tends to depend on the
transition state’s sum of states instead of the reactant’s
density of states, since the rotational energy is a larger
fraction of the transition state’s total energy. There are
some J,K levels for which E*(J,K) is greater than E — E,,
and thus, the unimolecular dissociation channel is closed.
For prolate and oblate tops this occurs at high and low K,
respectively. Similarly, whether k(E,J,K) decreases or
increases with an increase in K depends on the transition
state structure, i.e., a prolate or oblate top.

The difference in Lindemann—Hinshelwood thermal
unimolecular rate constants kyni(w,T), calculated with the
above active and adiabatic models for K, is most pro-
nounced at the w — 0 low-pressure limit.° If the varia-
tional criterion® is unimportant for choosing the transition
state structure, the high-pressure limiting rate constant
is the same for the K active and adiabatic models. The K
adiabatic model gives a lower high-pressure rate constant
if the variational criterion is important.

At low pressure kyni(w,T) is proportional to the effective
collision frequency multiplied by the density of molecular
states which can undergo unimolecular reaction. This
density is smaller with K adiabatic in the transition state
than with K active. As discussed above, with K adiabatic,
there are molecular states for which E*(J,K) is greater than
E — E, and there are no available states at the transition
state through which reaction can occur. As a result the K
adiabatic model has a smaller density of reactive molec-
ular states, and it requires a larger effective collision
frequency to fit experimental measurements of kyni(w,T)
at low pressure.

These K adiabatic and active models have been used
in RRKM calculations of kyni(w,T) for C,H,Cl — CI + C;H;
dissociation at low pressure. To fit experimental values
of kyni(w,T), the collision frequency is written as w = fcwyy,
where f. is the collision efficiency3536 and w, the Len-
nard-Jones collision frequency. For temperatures in the
range of 252—370 K, the fitted . values were found to
range from 1.6 to 2.4 times larger for models with K
adiabatic versus K active in the transition state.® These
calculations illustrate the interplay between parameters
of RRKM models in fitting rate constants and point out
that, until the proper model for K is determined, it will
not be possible to deduce physically meaningful collision
efficiencies from thermal unimolecular rate constants.

Statistical State Specific Decomposition. Small mol-
ecules and larger molecules at lower levels of excitation
decompose via isolated compound state (i.e., Feshbach)
resonances, which may be viewed as the extension of
bound states into the dissociative continuum.**~1° Since
these resonances are spectrally isolated, they have indi-
vidual state specific rate constants. Mode specific char-
acteristics may be associated with these rate constants, if
it is possible to assign quantum numbers to their reso-
nance states.3” Another limiting case arises when the
resonances are unassignable and, with orthogonality
constraints maintained, are simply random projections
onto any basis set. As a result there are random fluctua-
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tions in the rate constants, which has been identified as
statistical state specific unimolecular decomposition.3”

A model for the distribution of statistical state specific
rate constants in the energy interval E — E + dE is known
from work in nuclear physics.38 It is a y? distribution and
given by?20°

-1 w/2)-1 _
o) G efz) o

where k is the average state specific rate constant
k= ["kP(k) dk 9)

and v is the “effective number of decay channels”. For
large v, Pe(k) approaches a delta function peaked around
k. Thus, there are no fluctuations in the state specific rate
constants and exponential decay within the energy inter-
val E — E + dE results, as predicted by RRKM theory. It
has been argued?° that k should approximate the RRKM
rate constant k(E) and, for energies above the unimolecu-
lar threshold E,, v equals the transition state sum of states
N*(E). For energies below E,, v is related to the tunneling
probability.2° In addition to eq 8, a more general distri-
bution function has been advanced for Pg(k).20-21

It is of interest to identify the effects of the above
microscopic statistical state specificity on macroscopic
unimolecular kinetics. The gas-phase unimolecular de-
composition of a monoenergetically excited molecule A*,
in a collision environment, is often interpreted by the
mechanism3°

K(w,E) ..
A* —— decomposition (D)
~- stabilized reactant (S) (10)

For standard RRKM theory, there is only one rate constant
at energy E and k(w,E) in the above mechanism is
independent of w.4® However, for statistical state specific
decomposition, k(w,E) is pressure dependent.l Reso-
nance states with large rate constants are more likely to
contribute to dissociation at high pressures, while all states
contribute equally at low pressures. This effect is seen in
standard RRKM theory when a molecule is not excited at
a fixed energy, but with a distribution of energies.3°

When Pe(k) in eq 8 is incorporated into the above
mechanism, it is found that k(w,E) has very simple forms
in the high-pressure w — o and low-pressure o — 0
limits.4? For the w — oo limit, k(w,E) is independent of v
and equals k. At the v — 0 limit, k(w,E) depends on the
value of v. It equals zero for v of 1 and 2, and equals [(v
— 2)/v]k for v > 2 and finite. The latter value is the same
as the value of k for the maximum in the P(k) distribution
when v > 2 and finite. Thus, the pressure dependence of
k(w,E) becomes negligible as v becomes large.

It has been found that the 28 300 cm~* photodissocia-
tion of H,CO occurs via statistical state specific reso-
nances, whose rate constants are represented by a Pg(k)
distribution with v = 4.29 For this case k(w,E) varies from
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k to k/2 between the w — » and w — 0 limits. Thus, in
very low-pressure experimental conditions the mono-
energetic rate constant is predicted to be a factor of 2
smaller than the RRKM prediction.

If there are fluctuations, e.g., given by Pg(K) in eq 8,
the Lindemann—Hinshelwood monoenergetic unimolecu-
lar rate constant kyni(w,E) may be expressed as*0:42

Kuni(@ E) = [k Pe() 52 (12)

Averaging over E gives the Lindemann—Hinshelwood
thermal unimolecular rate constant3”

Kyni(@,T) = % [7dE € 5T p(E) ky(@B)  (12)

where Q is the reactant’s partition function.

Equations 11 and 12 show that a distribution of state
specific rate constants only affects k,ni(w,T) at intermediate
pressures, where kyni(w,T) is lowered by including Pe(k).4t
In the second-order low-pressure limit, kyni(w,T) is pro-
portional to w and the Boltzmann-weighted density of
states of reacting molecules. At high pressures it is only
the average rate constant k for each energy interval which
contributes to Kyni(w,T).

To study how statistical state specificity affects thermal
unimolecular rate constants, kyni(w,T) curves have been
calculated for HO, — H + O, dissociation using standard
RRKM and RRKM theory with the Pg(k) distribution
included,*® i.e.,, egs 11 and 12. Quantum dynamical
calculations by Schinke and co-workers'® show that HO,
dissociates via isolated resonances, whose wave functions
have random characteristics and whose rate constants
appear to be statistical state specific, in accord with the
Porter—Thomas Pg(k) distribution. Comparisons were
made between Kkyni(w,T) curves calculated with the Pg(k)
distribution and those calculated with standard RRKM
theory. The calculations were performed with the rota-
tional quantum number K treated as either active or
adiabatic. The maximum difference between the Kyni(w,T)
curves, calculated with the Pg(K) distribution and by
standard RRKM theory, occurs at a higher pressure as the
temperature is increased. For the K adiabatic RRKM
model, the pressure at which the maximum difference
between the two curves occurs smoothly increases from
1 x 10%to 1 x 108 Torr as the temperature is increased
from 100 to 6000 K. Figure 3, which gives plots of the
maximum difference between the curves as a function of
temperature, shows that the sensitivity of the Lindemann—
Hinshelwood kyni(w,T) rate constant to the Porter—Thomas
Pe(k) distribution depends on whether the K quantum
number is treated as active or adiabatic. For example,
with K adiabatic the difference between the two curves is
30% at 100 K, while only 5% with K active. Thus, to
establish the importance of including the Pg(k) distribu-
tion when calculating kyni(w,T), one needs to know
whether K is adiabatic or active.
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FIGURE 3. Maximum percent difference between kiqi(w, T) curves
calculated with the Poter—Thomas Pg(k) distribution and those
calculated with standard RRKM theory: (—) K adiabatic model;
(- - -) K active model.

Non-RRKM Kinetics: Effect of Shallow
Potential Energy Wells

An assumption widely made in chemical kinetics is that
reactions which proceed through potential energy wells
form intermediates with rapid IVR and whose unimolecu-
lar kinetics is thus in accord with the RRKM theory.®
Insight into limitations of this model have come from
trajectory simulations, statistical rate theory calculations,
and experimental measurements for the ClI— + CH;Cl,43:44
Cl~ 4+ CH3Br,25=27 and F~ + CH;ClI Sy2 reactions*® and of
the trimethylene biradical.?82°

Potential energy surfaces for Sy2 reactions of the type

X~ + CH,Y — XCH, + Y~ (13)

are characterized by shallow potential energy wells ~10
kcal/mol deep for the X—---CHzY and XCH3Y---Y~ pre- and
postreaction ion—dipole complexes, which are separated
by a [X-+*CH3--Y]~ central barrier.?® To form the X~+--CH3Y
prereaction complex, the X~ + CHj3Y relative translational
energy E, must be transferred to CHsY vibrational and/
or rotational degrees of freedom.*3 Trajectories for the
Cl~ + CHg3Cl system show the energy transfer is initially
to CH3Cl rotation, which excites the three low-frequency
intermolecular modes of the Cl—---CH3Cl complex.3 Life-
times determined for this complex from trajectories and
experiments*® are reproduced by an RRKM model with
only three active degrees of freedom.#* Energy transfer
to the higher frequency CH;Cl intramolecular modes,
which initiates the Sy2 reaction, occurs on a much longer
time scale. The trajectories indicate the bottleneck for
energy transfer between the intermolecular and intramo-
lecular modes may trap trajectories in the vicinity of the
central barrier, causing extensive barrier recrossings.?347

As a result of strong coupling between the C—Y stretch
mode of CH3Y and the reaction coordinate in the vicinity
of the central barrier, which gives rise to a large reaction
path curvature, exciting the C—Y stretch mode opens up
a direct mechanism for reaction 13.¢ This mechanism
becomes more important at low CHsY rotational energies
so that the incoming ion can orient the CH3Y dipole. Both
a direct substitution trajectory and one that forms the
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35 45
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5 25 35 45 55 65
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C—Clb DISTANCE
35 45
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5 25 35 45 55 65
C—Cla DISTANCE

FIGURE 4. Cl,~ + CHsCl, trajectories which undergo direct
substitution and form the Cl,~+--CH4Cl, complex.

prereaction complex are illustrated in Figure 4 for the Cl—
+ CH3Cl system. Direct substitution appears to be only
a minor component of the ClI= + CH3CIl S\2 reaction at
300 K.23

The apparent weak coupling between the low-fre-
quency intermolecular and high-frequency intramolecular
modes of the X~---CHzY complex suggests that mode
specific unimolecular reaction should be observed when
specific modes of the complex are excited. This type of
behavior is observed in a trajectory study of Cl=-+-CH3Br
decomposition.?6 Crossing the central barrier and form-
ing the CICH; + Br— product are promoted by exciting
the intramolecular modes, particularly the C—Br stretch,
while exciting the intermolecular modes promotes Cl— +
CH3Br formation. The exact details of these mode specific
effects are highly sensitive to the potential energy surface.

The non-RRKM dynamics described above is not
observed for all Sy2 reactions. The kinetics for the Cl— +
CICH,CN S\2 reaction is well-described by RRKM theory.#°
Apparently the much deeper well for the Cl—---CICH,CN
complex and the lower intramolecular vibrational fre-
quencies for the CICH,CN moiety make the time scale for
IVR competitive with that for unimolecular decomposi-
tion.

Non-RRKM dynamics is also seen in trajectory simula-
tions of the trimethylene biradical *CH,CH,CH,*. As
shown in Figure 5, this biradical has a very shallow well
intermediate between propylene and geometrical isomers
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Copyright 1996 American Chemical Society.
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of cyclopropane.®® The cyclopropane isomers and tri-
methylene are interconnected via three different transition
states (TSs) each with a different reaction coordinate
motion, i.e., con and dis TSs in which the two terminal
CHj, groups undergo conrotatory and disrotatory motion,
respectively, and a cis TS in which only one of the terminal
CH; groups rotates. After the reactive system crosses one
of these TSs to form trimethylene, RRKM theory assumes
trimethylene does not retain a memory of how it is formed
and a statistical model may be used to determine whether
trimethylene closes to form cyclopropane via the con, dis,
and/or cis TSs. Trajectory calculations of the trimethylene
dynamics on a modified AM1 potential energy surface
suggest that this model is incomplete.?® Boltzmann
distributions of trajectories, directed toward trimethylene,
are initialized at each of the three TSs. A strong relation-
ship is found between the TS excited and the TS at which
ring closure occurs. Exciting at the con TS yields 65% ring
closure via the con TS, while 67% of the ring closure
occurs by the cis TS when this TS is excited. Similar types
of TS memory in reaction dynamics have been observed
in trajectory simulations of other organic intermediates.?*

Perspective

From the above discussions, it is clear that unimolecular
rate theory remains a fertile and exciting area of research.
RRKM rate constant calculations need to become more
accurate by including anharmonic corrections and treating
vibrational/rotational coupling. No definitive a priori
procedures have been established to identify which reac-
tions are not accurately described by RRKM theory. Sy2
ion—dipole complexes and organic biradicals are two
important reactive systems which exhibit non-RRKM
dynamics.

The author thanks the National Science Foundation for finan-
cial support and his students and collaborators who made the
research discussed here possible.
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