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How formation of CH3CH3
�� competes with H� loss from C3H6O

�� isomers with the CCCO
framework has been a puzzle of gas phase ion chemistry because the first reaction has a
substantially higher threshold and a supposedly tighter transition state. These together should
make CH3CH3

�� formation much the slower of the two reactions at all internal energies.
However, the rates of the two reactions become comparable at about 20 kJ mol�1 above the
threshold for CH3CH3

�� formation. It was recently shown that losses of atomic fragments
increase in rate much more slowly with increasing internal energy than do the rates of
competing dissociations to two polyatomic fragments. This occurs because fewer frequencies
are substantially lowered in transition states for the former type of reaction than for the latter.
The resulting lower transition state sums of states cause the rates of dissociations producing
atoms as fragments to increase much more slowly than competing processes with increasing
energy. Here we show that this is why CH3CH3

�� formation competes with H� loss from
CH3CH2CHO

��. These results further establish that the dependence on energy of the rate of a
simple unimolecular dissociation is usually directly related to the number of rotational degrees
of freedom in the products, a newly recognized factor in determining the dependence of
unimolecular reaction rates on internal energy. (J Am Soc Mass Spectrom 2003, 14, 136–142)
© 2003 American Society for Mass Spectrometry

In 1983 Bombach and coworkers suggested that theformation of CH3CH3
�� by losses of CO from both

ionized allyl alcohol and ionized cyclopropanol
does not compete with the other primary fragmenta-
tions of those ions “in the sense of the statistical theory
of unimolecular reactions” [1]. Although it is an endur-
ing issue, there are very few clear violations of statisti-
cal theory in gas phase ion chemistry [2–5]; thus candi-
date examples thereof are of substantial interest.
Bombach and associates concluded that, contrary to
their observations, the rate of H� loss should exceed the
rate of CH3CH3

�� formation by several orders of magni-
tude at the threshold for the latter because they as-
sumed a considerably looser transition state for the
former and knew its onset to be substantially lower (the
thermochemical threshold is 80 kJ mol�1 lower accord-
ing to the most recent 298 K heats of formation
({�fH(CH3CH3

��)� 1028 kJ mol�1, �fH(CO)� �110.5 kJ

mol�1, �fH(H
�) � 218 kJ mol�1} [6] and

�fH(CH3CH2CO
�)� 619.6 kJ mol�1 [7]). This difference

is lowered to 50 kJ mol�1 by a 30 kJ mol�1 reverse
activation energy for H� loss from CH3CH2CHO

�� [8].
Bombach and coworkers speculated that involvement
of the first electronic A state of the 1,2-epoxypropane
ion might produce CO elimination from cyclopropanol
and allyl alcohol ions. Dannacher and Stadelmann
recently extended these views [9], suggesting that the
inferred non-RRKM behavior of C3H6O

�� isomers with
the CCO frame might be due to formation of CH3CH3

��

by an electronic predissociation, or perhaps in some
way might be caused by CH3CH3

�� formation through
an ion-neutral complex. They concluded that the elec-
tronic state of the dissociation step is common among
the initial isomers considered. This is consistent with
many reports demonstrating that these isomers inter-
convert extensively and decompose from the same
precursor at low energies [8, 10–16]. Recent theoretical
studies by our group demonstrate that CH3CH3

�� is
indeed formed from C3H6O

�� isomers through an ion-
neutral complex, but on the ground state manifold of
that potential surface [10]. Therefore, an explanation
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other than participation of an excited electronic state is
needed for the competitiveness of the two reactions.
We recently discovered that the rates of losses of

atoms from ions in the gas phase generally increase
much more slowly with increasing internal energy than
do the rates for competing losses of polyatomic frag-
ments [17–19]. The rates of losses of atoms are slower at
higher energies for the following reason. When a tran-
sition state is located close to its dissociation products in
energy, as is usually the case in simple bond cleavages,
that transition state resembles the dissociated partners.
The number of rotational degrees of freedom for an
atom plus a polyatomic fragment is three less than the
number for two polyatomic fragments (two less if one
polyatomic fragment is linear, as is the case in one of the
reactions considered here). Since frequencies of incipi-
ent rotations are generally much lower than vibrational
frequencies, more frequencies are markedly lowered
and the associated sums of states correspondingly in-
creased in the transition state for the loss of a poly-
atomic fragment versus that for losing an atom. This
makes the rate of production of a pair of polyatomic
fragments increase much more rapidly with increasing
internal energy than that of a competing loss of an
atom. We show here that this is why CH3CH3

�� forma-
tion competes with H� loss from C3H6O

��, despite the
former having a substantially higher onset and the
previous assumption [1] that it has a tighter transition
state.

Experimental Reaction Rates

The C2H6
��:C3H5O

� abundance ratio in the 70 eV mass
spectrum of CH3CH2CHO

�� is 0.37 [20], demonstrating
similar rates for the two reactions at higher energies. To
evaluate further the competition between H� loss and
CH3CH3

�� formation, we characterized the energy de-
pendence of those reactions by recording photoioniza-
tion efficiency curves for them and then plotting the
first differentials of these curves as a function of photon
energy [21, 22] (Figure 1). The extent of a dissociation at
the internal energy E � h� � IE (ionization energy) is
proportional to the value of the corresponding differ-
ential at that energy [21, 23]. IE � 9.96 eV for
CH3CH2CHO [24]. The differential curves show that H

�

loss is the dominant reaction up to about 11.6 eV photon
energy, but the rates of the two reactions become equal
at 0.18 eV above the threshold for CH3CH3

�� formation
(11.40 eV [10]) and remain approximately so for about
another 0.15 eV. Thus, CH3CH3

�� formation clearly rises
much faster with energy than does H� loss. However, H�

loss increases further at higher energies, while
CH3CH3

�� formation declines to negligible importance.
We attribute the latter to very rapid dissociation to
CH3CH2

� � CHO� and/or CH3CH2
� � CHO� at higher

energies, thus preventing an intermediate ion-alkyl
radical complex from existing long enough for H-
transfer to occur. This behavior is typical of elimina-
tions of neutral alkanes [25–27]. An alternate explana-

tion might be the appearance of an additional H�

reaction(s) with high rates at elevated internal energies
[14, 16]. However, RRKM calculations presented below
make the last possibility unlikely.

Structures, Frequencies, and Energies
from Theory

Structures obtained by theory [28] for the transition
states for CH3CH3

�� formation and H� loss are given in
Figures 2 and 3. Structures of pertinent C3H6O

�� iso-
mers have been published (8,10). Vibrational frequen-
cies (Table 1) used for RRKM calculations [29] were
obtained by B3LYP/6-31G(d)//B3LYP/6-31G(d) the-
ory. Frequencies below 600 cm�1 were multiplied by a
correction factor of 1.0013 and those above 600 cm�1 by

Figure 1. Plots of the first differentials of the photoionization
efficiency curves for the loss of H� (m/z 57) and formation of
CH3CH3

�� (m/z 30) from CH3CH2CHO
��. The rates of the reactions

at each energy are proportional to the values of the corresponding
differentials at that energy.

Figure 2. Geometry obtained by B3LYP/6-31G(d) theory for the
transition state for the formation of CH3CH3

�� from
CH3CH2CHO

��.
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0.9614 [30]. Energies of stationary points were obtained
by ab initio and hybrid functional theories (Table 2). As
indicated in Table 2, some of the energies were taken
from a previous study of CH3CH3

�� production by
C3H6O

�� isomers [10]. A potential energy diagram in
Figure 4 summarizes pertinent reactions and ab initio
energies.
The B3LYP/6-31G(d) transition state for CH3CH3

��

formation is 14 kJ mol�1 below the energy of the
dissociated partners at the same level of theory. The

potential energy must decrease in both directions from
a saddle point in a reaction coordinate, so products with
an energy above that of a nearby transition state imply
a shallow minimum, i.e., an ion-neutral complex, be-
tween that transition state and the dissociated products.
However, no effort was made to locate such a mini-
mum. This transition state was not found in QCISD
theory by moderate effort, so there may not actually be
a saddle point transition state for this reaction. If the
latter is so, as may often be the case for simple bond
cleavages, the rate would be determined by an entropic
bottleneck, i.e., the point on the reaction coordinate at
which the sum of states is a minimum [31–33]. Since
such entropy bottlenecks occur just below the threshold
for complete dissociation of the associated reactant [32],
one for CH3CH3

�� formation would have frequencies
and a critical energy much like those for the B3LYP/6-
31G(d) transition state that we located. As expected for
four vibrations and the reaction coordinate being trans-
formed into rotations and translations, the four lowest
vibrational frequencies for the B3LYP/6-31G(d) transi-
tion state leading to CH3CH3

�� formation (excluding the
reaction coordinate) are 4.6–14 times lower than the
corresponding lowest CH3CH2CHO

�� frequencies.
These low frequencies arise from the C™C bond in the
transition state for forming CH3CH3

�� being extended to
5.457 Å.
In QCISD/6-31G(d) theory, the transition state for H�

loss from CH3CH2CHO
�� occurs at a relatively short

C™H bond extension—to 1.701 Å from 1.114 Å in the
ground state. The lowest frequencies in the transition
state for H� loss are reduced at most by about 50%
relative to those in CH3CH2CHO

��. The four lowest
frequencies in the transition state for CH3CH3

�� forma-
tion are 4.0–17 times lower than the four lowest fre-
quencies for the transition state for H� loss, demonstrat-
ing a much looser transition state for the first reaction.
This is contrary to the supposition of Bombach and
coworkers [1]. Similar frequencies were reported to be
relatively unchanged in the transition state for H� loss
from some C4H8

�� isomers years ago [32], regarding
which the comment was made “While saddle points
and tight transition states for simple H bond fissions
may appear unusual, they are not unprecedented.” In
that study the transition frequencies (those that change
substantially between the ground and transition state)
for loss of methyl were markedly lowered.
A reverse activation energy of about 30 kJ mol�1 was

found for H� loss both here and previously [8]. Our
relative energy for the products of H� loss, 45 kJ mol�1,
agrees reasonably with 60 mol�1 derived by correcting
heats of formation [6, 7] listed above to 0 K values using
enthalpy corrections provided by theory (13.6 kJ mol�1

for CH3CH2CO
�, �2.0 kJ mol�1 for H�, and 16.4 kJ

mol�1 for CH3CH2CHO
��) and combining them with

�fH(CH3CH2CHO
��) � 772.9 kJ mol�1 [6]. We believe

therefore that the theoretical parameters for the transi-
tion state for that reaction are reasonable.

Figure 3. Geometry obtained by QCISD/6-31G(d) theory for the
transition state for the loss of H� from CH3CH2CHO

��.

Table 1. Vibrational frequencies used in RRKM calculations

CH3CH2CHO��a H� lossa CO lossa CO lossb

78.4 555.9i 31.9i
244.7 130.5 7.6 100,125.0
257.2 212.8 16.9 100,125.0
475.3 224.3 55.6 100,125.0
602.5 434.9 57.3 100,125.0
630.1 493.9 233.7 230.1
833.6 603.8 414.8 391.4
876.2 755.2 519.9 620.5
981.3 779.1 645.0 700.6
1025.5 883.4 799.4 810.3
1070.3 1027.0 903.5 1041.0
1203.3 1075.0 1111.3 1105.5
1247.5 1220.8 1118.4 1122.1
1357.7 1244.1 1164.4 1182.7
1385.3 1376.2 1215.9 1207.5
1394.8 1379.8 1435.0 1427.5
1454.9 1441.6 1455.2 1447.8
1651.5 1457.0 2143.3 2123.4
2772.8 2156.0 2405.4 2515.8
2907.0 2936.0 2463.6 2564.3
2919.0 2967.6 3018.7 3044.8
2947.3 2977.3 3029.4 3049.2
3008.7 3049.4 3094.5 3127.8
3052.3 3067.5 3108.5 3136.4

aObtained with B3LYP/6-31G(d) theory at the B3LYP/6-31G(d) geometry.
All frequencies in the table are adjusted by multiplying frequencies less
than 600 cm�1 by 1.0013 and frequencies greater than 600 cm�1 by
0.9614 [30].
bObtained by combining B3LYP/6-31G(d) frequencies of the products
with 4 125 cm�1 frequencies to represent the transition modes.
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Reaction Rates
Since both dissociations of interest take place directly
from CH3CH2CHO

�� [8, 10], we performed RRKM
calculations for dissociations from that structure. These
calculations appropriately characterize the competition
between the loss of H� and formation of CH3CH3

�� while
keeping simple the effort to define the origin of the
competition at issue. Bouchoux et al. [8] suggested that
choosing CH3CH2CHO

�� as the dissociating species gives
RRKM rates higher than the experimental ones because
the facile interconversion of CCCO C3H6O

�� isomers [8,
10–16] effectively makes the much more stable
CH3CHCH¢OH

�� the reactant for RRKM purposes. How-
ever, we show below that this is probably not so.
The experimental PIE curve for H� loss approaches its

onset slowly, making it difficult to extract an accurate
threshold for that reaction. Therefore, we used the
critical energy from Table 2 (76 kJ mol�1) and the
frequencies in Table 1 for RRKM calculations of rates of

H� loss. The rate constants that we so obtained for H�

loss from CH3CH2CHO
�� varied from 2.5� 106 s�1 near

threshold to 6.1 � 1011 s�1 at 178 kJ mol�1 above the
threshold for CH3CH3

�� formation (Figure 5). Corre-
sponding rate constants obtained previously for this
reaction were slightly above 108 s�1 at threshold in one
study [1] and in another they varied from 1.8 � 108 s�1

to almost 1 � 1012 s�1 over the energy range considered
here [8]. Our rates are slower than previously obtained
ones primarily because our critical energy for the reac-
tion is higher (76 kJ mol�1 versus 44 kJ mol�1 [8]).
A number of models were considered for the transi-

tion state for RRKM calculations of the rate of formation
of CH3CH3

��. The first model used exclusively the

Table 2. Ab initio energies for dissociations of CH3CHi2CHO
��

B3LYP/6-31G(d)//
B3LYP/6-31G(d)

QCISD/6-31G(d)//
QCISD/6-31G(d)

QCISD(T)/6-311G(d,p)//
QCISD/6-31G(d) ZPEa E (kJ mol�1)b

CH3CH2CHO�� (1)c �192.788003d �192.200867 �192.341978 209.5 0
[CH3CH2™™™HCO]�� (2)c �192.751597 �192.165020 �192.315377 193.2 54
[CH3CH2 CHO]�� (TS(1 3 2))c �192.741115 �192.153418 �192.300832 198.4 97
TS(2 3 CH3CH3

�� � CO)e �192.724244 185.3
COc �113.309454 �113.029616 �113.093770 13.0
CH3CH3

��c �79.410498 �79.114215 �79.193846 175.1
CH3CH3

�� � CO �192.719952 �192.143831 �192.287616 188.1 121
TS(1 3 CH3CH2CO� � H�)c �192.745239 �192.163829 �192.307253 194.2 76
CH3CH2CO� �192.246649 �191.680454 �191.817561 190.4
H� �0.498231 �0.498231 �0.499809
CH3CH2CO� � H� �192.744880 �192.178685 �192.317370 190.4 45
�CH2CH2CH¢OH�� (3) �192.201047 �192.343768 215.2 �10
CH3CH¢CHOH�� (4) �192.233054 �192.374860 219.8 �76
TS(1^ 3) �192.761833 �192.167593 �192.312437 202.8 71
TS(3^ 4) �192.173416 �192.320844 210.1 56
CH2¢CHCH¢OH� �191.658214 �191.793978 193.1
CH2¢CHCH¢OH� � H� �192.156445 �192.293787 193.4 110

aValues given were obtained from those produced by B3LYP/6-31G(d) theory by multiplying by a scaling factor of 0.9806 as described in ref. 30.
bQCISD(T)/6-311 G(d,p) energies relative to the energy of 1 � 0.
cFrom ref. 10.
dNot comparable to other B3LYP values because a more stringent optimization criterion was applied; this was necessary to achieve optimization.
eBased on the B3LYP/6-31G(d) data. At this level of theory, TS(2 3 CH3CH3

�� � CO) is 14 kJ mol�1 below �fH(CH3CH3
��) � �fH(CO).

Figure 4. Potential energy diagram for the reactions of interest
based on energies given in Table 2.

Figure 5. RRKM log k versus energy curves for the dissociations
of CH3CH2CHO

��. For these RRKM calculations, a critical energy
of 139 kJ mol�1 and frequencies from B3LYP/6-31G(d) theory
were used.
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transition state frequencies produced by B3LYP/6-
31G(d) theory, and published heats of formation of the
species involved [6] corrected to 0 K (139 kJ mol�1, see
above) to provide an energy for CH3CH3

�� formation.
Frequencies for the transition state for CO loss from the
ion-neutral complex [CH3CH2. . .H. . .CO]

�� were used
because this is the actual transition state for dissocia-
tion. In this model, CO loss surpassed H� loss at 29 kJ
mol�1 above the onset of CH3CH3

�� formation (Figure
5). This is in the range in which the experimental rates
of the two reactions are comparable (Figure 1), so this
model, which is without any adjustments of its param-
eters, provides crossover energies in excellent agree-
ment with experimental results.
In the second model, the vibrational frequencies of

the separated products were combined with the fre-
quencies of four symmetric top internal rotors that were
assigned reduced moments of inertia as occurs in the
methyl-methyl internal rotation in methane. Theoretical
energies for the reactants and products (Table 2) were
used to derive the critical energy, 121 kJ mol�1. This
transition state strongly resembles the dissociated prod-
ucts (Figure 2). It is considered because even though
CH3CH3

�� is being formed by an H-transfer in an
ion-neutral complex [CH3CH2. . .H. . .CO]

�� 3
CH3CH3

�� � CO, at this transition state, the H� is
transferred to the point that the ethane ion plus CO are
essentially fully formed (Figure 2). Therefore, it is
possible that, as assumed in this model, the developing
fragments rotate fairly freely relative to each other
before the dissociation limit is reached [10], a character-
istic of ion-neutral complexes [34]. It is to be noted that
the vibrational frequencies of the separated products
correspond quite closely to the correspondingly ranked
ones obtained by theory for the transition state (Table
1), supporting the plausibility of the parameters in this
model. The free rotors were assigned to take into
account the four vibrations other than the reaction
coordinate that become rotations and translations in
this dissociation. In this model, CH3CH3

�� formation
surpasses H� loss at 14 kJ mol�1 above the onset for the
former (Figure 6), very close to the energy at which the
rates of the two reactions become equal experimentally
(Figure 1). This model is also in good agreement with
results in Figure 1. Thus a free rotor model also appears
to be accurate, suggesting that the transition state has
essentially separated fragments, as indicated by its
structure from theory (Figure 2).
In the third model, the frequencies of the separated

products were combined with four frequencies of 100
cm�1 and a critical energy of 139 kJ mol�1 for CH3CH3

��

formation to test the effect of tightening the transition
state. These frequencies were chosen arbitrarily, but are
higher than those produced by theory (Table 1) and in
the range of transition frequencies needed previously to
reproduce experimental rates of alkyl losses by RRKM
theory [18]. A crossover energy 160 kJ mol�1 above the
onset of CH3CH3

�� formation was obtained (Figure 7),
much higher than the energies at which the two rates

come together experimentally (Figure 1). Thus, this
transition state is too tight. Even so, in it the rate for loss
of the polyatomic fragment still rose much faster than
did the H� loss rate, demonstrating that the crossover
energy is also very sensitive to changes in transition
state frequencies.
In a fourth model, a critical energy of 121 kJ mol�1

(the dissociation energy from theory) was used while
retaining four 100 cm�1 frequencies; a crossover energy
of 100 kJ mol�1 resulted. Thus, the crossover energy
decreases dramatically with a mere 18 kJ mol�1 reduc-
tion in the critical energy for CH3CH3

�� formation. The
location of the crossover points in the rate curves
relative to the onset for CH3CH3

�� formation are thus
also very sensitive to the critical energy utilized. When
the four lowest frequencies were set equal to 125 cm�1

with a critical energy of 121 kJ mol�1, the crossover
energy increased to 150 kJ mol�1. This further demon-

Figure 6. RRKM log k versus energy curves obtained as for
Figure 5, except the four lowest B3LYP/6-31G(d) frequencies in
the transition state for CH3CH3

�� formation were replaced with
those for four incipient rotations.

Figure 7. RRKM log k versus energy curves obtained as for
Figure 5, except the four lowest B3LYP/6-31G(d) frequencies in
the transition state for CH3CH3

�� formation were replaced with
four 100 cm�1 frequencies.
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strates that the crossover energy is also quite sensitive
to the values assigned for the four transition frequen-
cies. The first two models gave good results; modest
changes in the critical energy or in the values of the
transition frequencies give results in much poorer
agreement with experiment. Thus the parameters that
can reproduce the observed crossover energy are tightly
constrained, supporting the validity of the parameters
derived by theory.
It is to be noted that the pathway to CH3CH3

�� from
CH3CH2CHO

�� very likely goes through a stable ion-
neutral complex [CH3CH2. . .H. . .CO]

�� [10], desig-
nated 2 in Table 2. The density of states of this complex
is equal within 5% to that of CH3CH2CHO

�� over the
entire energy range in which both reactions occur. This
means that the rates of CH3CH3

�� formation we obtained
by RRKM calculations throughout this work are prob-
ably twice higher than they should be. This would
lower the corresponding log k curves by 0.3 units, not
enough to materially affect any of our conclusions.
As already noted, our experimental results for H� loss

may be influenced by additional mechanisms for the
loss of H� at higher energies. This is not the case near
threshold, as CH3CH2CO

� is the exclusive product of
H� loss from metastable CCCO C3H6O

�� ions [13, 15]
and the dominant one in the ion source at low energies
[14]. However, CH2¢CHCHOH

�� is the major product
of H� loss from CH3CH¢CHOH

�� at higher energies
[14], so a substantial contribution from that reaction is a
possibility. To evaluate the extent of additional H�

losses, we performed RRKM calculations on the losses
of H� from CH3CH¢CHOH

��, CH2¢CHCH2OH
�� and

CH3CH2CHO
�� assuming CH3CH¢CHOH

�� to be the
effective RRKM reactant, as hypothesized by Bouchoux
and coworkers [8]. The energy and frequencies of
CH3CH¢CHOH

�� were used for the reactant in the
RRKM calculations in combination with parameters for
the transition states for dissociation from each of the
reactants. CH3CH3

�� formation treated as though it
arises directly from CH3CH¢CHOH

�� still rose rapidly
enough with energy to surpass all of the H� losses
(Figure 8). This further supports the central thesis of
this work regarding the slowness of the rates of disso-
ciations producing single atoms. In RRKM theory, tak-
ing reactions to be effectively from CH3CH¢CHOH

��

made them almost two orders of magnitude slower
than corresponding ones from CH3CH2CHO

�� at the
same energy. RRKM calculations by Bouchoux and
coworkers indicate that H� loss directly from
CH3CH2CHO

�� is about two orders of magnitude faster
than isomerization to �CH2CH2CH¢OH

�. Therefore at
higher energies in the ion source H� is probably lost
from CH3CH2CHO

�� much faster than isomerization
thereof, making simple cleavage the major H� loss. Thus
it is unlikely that this system equilibrates for the pur-
poses of RRKM calculations. This implies that our
RRKM treatment of the dissociations of interest as
coming directly from CH3CH2CHO

�� is the most valid

way to treat the competition between CH3CH3
�� forma-

tion and H� loss.
All combinations of parameters used for dissocia-

tions from CH3CH2CHO
�� produced a much faster rise

with energy of CH3CH3
�� formation than H� loss. The

range of critical energies for CH3CH3
�� formation used

in RRKM calculations was 107 kJ mol�1–145 kJ mol�1,
and the frequencies were as above. (The results of some
of these calculations are not given.) The fewer low
frequency modes in transition states for losses of atoms
versus those for losses of polyatomic fragments account
for the competitiveness of the latter type of reactions
with the former at suprathreshold energies, even in the
face of the higher onset energies for the latter. This
further supports the general occurrence of the differ-
ence between the energy dependencies of the rates of
losses of atoms versus polyatomic fragments. It also
extends it to a case producing a diatomic fragment
having only two rather than the previously investigated
dissociations to products with three rotational degrees
of freedom [17–19]. Present and other recent work
[17–19] add a hitherto unappreciated factor to the
known determinants, simple dissociation versus rear-
rangement, of the dependence of unimolecular reaction
rates on reactant internal energy. Simple dissociations
typically increase much more rapidly in rate with
increasing energy than do rearrangements.
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