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A S, 2 Reaction That Avoids Its

Deep Potential Energy Minimum
Lipeng Sun," Kihyung Song,2 William L. Hase'*

Chemical dynamics trajectory simulations were used to study the atomic-level
mechanisms of the OH™ + CH;F — CH,OH + F~ 5,2 nucleophilic substitution
reaction. The reaction dynamics, from the [OH: - :CH,- - -F]~ central barrier to
the reaction products, are simulated by ab initio direct dynamics. The reaction’s
potential energy surface has a deep minimum in the product exit channel arising
from the CH,OH: - -F~ hydrogen-bonded complex. Statistical theories of uni-
molecular reaction rates assume that the reactive system becomes trapped in
this minimum and forms an intermediate, with random redistribution of its
vibrational energy, but the majority of the trajectories (90%) avoided this
potential energy minimum and instead dissociated directly to products. This
finding is discussed in terms of intramolecular vibrational energy redistribution
(IVR) and the relation between IVR and molecular structure. The finding of this
study may be applicable to other reactive systems where there is a hierarchy
of time scales for intramolecular motions and thus inefficient IVR.

Many chemical reactions have a potential
energy surface (PES) with one or more
“wells,” which are potential energy minima
on the reaction path connecting reactants and
products (/). Furthermore, the PES may have
additional wells that are not on the path but
are accessible via pathways with potential
energy barriers smaller than those required to
form products or return to reactants. These
types of reactions include enzyme catalysis
(2), isomerizations of organic molecules (3),
and S, ;2 nucleophilic substitution (4, 5). The
standard paradigm for their chemical kinetics
and dynamics is that as the atoms undergo
their cooperative “dance” in progressing from
reactants to products, they “find” these wells,
becoming trapped in each for a period of
time, forming reaction intermediates (6). Fur-
thermore, rapid intramolecular vibrational
energy redistribution (IVR) (7) is often as-
sumed to occur and give rise to a statistical
intermediate in which energy is randomized
between its vibrational modes. Given these
assumptions, the actual dynamics of the PES
are not needed to interpret the reaction’s ki-
netics. As embodied in Rice-Ramsperger-
Kassel-Marcus theory (/) and its extensions
(8), and in combination with transition state
(TS) theory (9), the only information re-
quired to calculate the reaction rate and in-
termediate lifetimes is the properties of the
reactants and potential energy wells and of
TSs, which connect the reactants, wells, and
products.

The above assumptions transform the ac-
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tual reaction dynamics into a purely statistical
model (/, 6). Nonetheless, nonstatistical dy-
namics are often very important (4, 6, 10).
Recent advances in spectroscopic (11, 12),
theoretical, and computational methods now
allow the dynamics of a many-atom reactive
system to be probed as it moves on its PES.
Electronic structure theory and molecular dy-
namics can now be coupled directly, so that
trajectories may be calculated on the fly with-
out the need for an analytic PES (I3, 14).
This general methodology extends trajectory
simulations to a broad range of chemical
systems (/4).

The study of gas-phase S 2 nucleophilic
substitution reactions explores the limit of the
statistical model for chemical reactions (4, 5).
From both experiments (5) and classical tra-
jectory (4, 6) and quantum dynamical simu-
lations (15, 16), extensive nonstatistical dy-
namics have been observed for S, 2 reactions
of the type

X"+ CHY>XCH, + Y~ (1)

where X~ and Y~ are halide ions. Included
among the nonstatistical dynamics are a di-
rect reaction pathway without trapping in ei-
ther the X~ + *CH,Y or XCH; * Y~ potential
energy well (/7), mode-specific decomposi-
tion of the X™--CH,Y and XCH, --Y~
complexes with inefficient IVR (15, 18), ex-
tensive recrossing of the [X-:-CH, - Y]~
central barrier region of the PES (14, 19),
nonstatistical energy distributions for the re-
action products (4, 20), and a dependence of
the reaction rate on translational, rotational,
and vibrational energies inconsistent with the
statistical model (2/-25). In contrast to the
richness of the nonstatistical dynamics for
reaction 1, the statistical model gives a rate
constant for the CI~ + CICH,CN —
CICH,CN + CI~ 8,2 reaction that is in

excellent agreement with the experimental
value (26). However, for proton transfer be-
tween methanol and methoxide and in homol-
ogous systems (ROH + R'O~, where R and
R are alkyl groups), which is similar to
reaction 1, a statistical model is insufficient
for explaining the kinetics (Z0).

A further understanding of the dynamics
of gas-phase S.2 reactions can be had by
examining reactions in which one of the ha-
lide ions is a strong base, such as OH™.
Experiments that probed the kinetics of

OH + CHF >CH,OH+F~  (2)

did not reveal any information concerning the
dynamics of possible reaction intermediates
(27). Ab initio electronic structure calcula-
tions for this reaction show a PES with a
double well (28-30). However, instead of
having a post-reaction potential energy well
with the traditional S,2 structure of the halide
ion bound to the back side of the CH, moiety,
there is a global minimum with the halide
bound to CH,OH via a hydrogen bond; that
is, CH,OH: - ‘F~, with a deep well with re-
spect to the CH,OH + F~ reaction products.

In the study reported here, a direct dynam-
ics classical trajectory simulation is used to
study the dynamics of reaction 2 as it moves
from the [HO- - “CH, * *F] ™ central barrier to
the CH,OH + F~ products. The simulations
illustrate how PES properties control the de-
gree of nonstatistical behavior and IVR in
chemical reactions with potential energy
wells, and that the atomic-level mechanism of
a chemical reaction cannot be ascertained
from a visual inspection of its PES. For the
system studied here, the fundamental interest
is how the deep CH,OH- - ‘F~ potential en-
ergy well affects the reaction dynamics. The
first step in the study is to establish the level
of ab initio theory that is both accurate and
practical for the simulations.

The OH™ + CH,F — CH,OH + F~ PES.
The CCSD(T) and MP2 ab initio theories
(31) are used to characterize the PES for
reaction 2. There are three stationary points
between the reactants and products: (i) the
OH™ - ‘CH,F S, 2-like potential energy well;
(ii) the [HO- - -CH,: - *F]~ central barrier; and
(iii) the CH,OH: - “F~ potential energy well,
with a hydrogen bond between OH and F~.
For this reaction, there is not a traditional
energy minimum with F~ attached to the
back side of CH,OH. The structures of these
stationary points, determined with the MP2
electronic structure theory and 6-31+G* and
6-311+ +G(2df,2pd) basis sets, are shown in
Fig. 1. Overall, the 6-31+G* and
6-311++G(2df,2pd) geometries are in very
good agreement. Their largest differences are
for the C-F bond length, the H-O- -C angle at
the central barrier, and the O-H and H- ‘F~
bond lengths for the CH,OH: * *F~ minimum.
The latter bond lengths are shorter by 0.03 A
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and longer by 0.135 A, respectively, with the
smaller 6-31+G* basis set.

The MP2 and CCSD(T) energies for the
stationary points on the PESs are listed in
Table 1. The large difference between the
MP2 energies with the 6-31G* and
6-31+G* basis sets illustrates the impor-
tance of diffuse functions to obtain accurate
energies for this S 2 reaction. The
CCSD(T) and MP2 energies for the largest
basis sets—6-311++G(2df,2pd) and aug-
cc-pVTZ—are in good agreement and pre-
dict a central barrier with an energy ~3
kcal/mol less than that of the reactants, a
reaction exothermicity of ~20 kcal/mol,
and a CH,OH- - ‘F~ potential energy min-
imum ~30 kcal/mol below the product as-
ymptotic limit. The latter well depth is in
excellent agreement with the 298 K F~ +
CH,OH association enthalpy of 30 £ 1
kcal/mol (32). Experimental energies are
not available for the other stationary points.

From an analysis of the computer times
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Fig. 1. MP2/6-31+G* and 6-311+ +G(2df,2pd)
eometries for the HO™--CH;F well,
HO- -CH, -F]~ barrier, and CH;OH:*-F~ well.

The lower set of bond distances, in angstroms,

are for the 6-31+G* basis set. The respective

6-31+G* and 6-311++G(2df,2pd) values for
the angles are as follows: HO™ - -CH,F well:

H-O---C, 153.3 and 171.9% and O: * -C-F, 169.0

and 135.4°. [HO-CH,--F]~ barrier: H-O-+<C,

108.8 and 104.0% and O:-:C:+*F, 177.1 and

177.9°. CH,OH:* F~ well: F~++ -H-O, 174.0 and
176.6°; and H-O-C, 106.3 and 106.2°. The

H-O---C-F, H-O-:C-H, and H-O-C-H dihedral

angles are 180° for the three respective sta-

tionary points.
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required to calculate a direct dynamics trajec-
tory at the different levels of theory and the
accuracy of these different theories, MP2/6-
31+G* theory was chosen for the trajectory
simulation study. This level of theory gives
relative energies for the [HO- - -CH,: - *F]~,
CH,OH: - *F~, and CH,;0H + F~ stationary
points within 3 kcal/mol of the values ob-
tained with the highest levels of theory.

The complete intrinsic reaction coordinate
(IRC) (33) connecting the reactants and prod-
ucts was calculated with the MP2/6-31+G*
theory by initializing the IRC calculations at
the central barrier and near the reactant and
product asymptotic limits. Energies and ge-
ometries along the IRC are shown in Fig. 2.
The initial IRC, from the central barrier to-
ward products, involves F~ dissociation
along an approximate O-C-F collinear axis.
At s of about 5 atomic mass units (amu'/?)—
Bohr, the IRC enters a flat region that is
apparently a remnant of a back-side potential
energy minimum that is “lost” because of the
presence of the much deeper CH,OH- - 'F~
hydrogen-bonded minimum. At s of approx-
imately 12 amu!/2-Bohr, the IRC leaves the
flat region and starts its descent into the
CH,OH:' - “F~ minimum.

Reaction dynamics. Ab initio direct

dynamics trajectory calculations, performed
with the VENUS96 (34) and GAUSSIAN98
program packages (3/), were used to simu-
late the reaction dynamics. The MP2/6-
31+G* theory was used for the calculations
because it correctly represents the PES
obtained at a much higher level of theory
and is a practical approach for performing
direct dynamics simulations. The relative
computer processing time to integrate
trajectories with the MP2 theory and the
6-31+G*, 6-31++G**, 6-311++G**, and
6-311++G(2df,2pd) basis sets was 1.00,
2.39, 4.09, and 92.37, respectively.

The direct dynamics trajectories were ini-
tiated at the central barrier, with conditions
chosen from a 300 K Boltzmann distribution
for reaction coordinate translation, the 14
vibrational degrees of freedom, and the three
external rotations (34, 35). Quasiclassical
sampling (35), which includes zero-point en-
ergy, was used to choose initial conditions for
the trajectories. The trajectories were inte-
grated with a Hessian-based predictor-correc-
tor algorithm (36), which includes updating
of the Hessian matrix (37). The trajectory
was terminated after 3 ps of motion or when
the F~ and CH,OH product separation ex-
ceeded 17 A. The relative energy and angular
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Fig. 2. Potential energy
4 along the IRC for OH~
+ CH,F — CH,OH +
F~. s is the daistance
1 along the IRC.
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Table 1. Electronic structure theory energies (in kcal/mol) for OH™ + CH,F — CH;OH + F~
stationary points with respect to the OH™ + CH,F reactants. Zero-point energies are not included.
The basis set is 6-311++G(2df,2pd) for the lower MP2 calculations. The basis sets for the three
CCSD(T) calculations are 6-311++G(2df,2pd), aug-cc-pVTZ, and TZ2pf + dif, respectively. For
CCSD(T) (3), the calculations are from (30).

Stationary points

Theory
OH™CH;F [HO-+-CH,- - -F]~ CH,OH: - F~ F~ + CH,OH
MP2/6-31G* —23.55 —12.30 —68.19 —14.90
MP2/6-31+G* —14.89 —5.05 —53.55 —24.99
MP2/6-31++G** —15.10 —4.62 —52.80 —23.67
MP2/6-311++G** —14.21 -1.32 —52.50 —22.78
MP2 -14.10 -2.99 —52.21 —19.94
CcsD(T) (1) —14.36 -3.91 —52.43 -19.84
ccsD(T) (2) -13.91 —3.02 —49.95 —19.59
CCsD(T) (3) -13.78 —3.05 —50.88 —20.80
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momentum were conserved to within 0.01
kcal/mol and 108 #, respectively (where 7 is
Planck’s constant divided by 21r). The actual
computer processing time for a trajectory
ranged from 2 to 6 days on a two-processor
Pentium IIT 733-MHz workstation.
Sixty-four trajectories were initiated at
the [OH: * -CH,- * ‘F]~ central barrier, with
the sign of the reaction coordinate momen-
tum chosen randomly; that is, directed to-
ward either reactants or products. Of these
trajectories, 33 formed a reaction interme-
diate in the HO™ - -CH,F pre-reaction po-
tential energy well. Two reaction pathways
were identified for the remaining 31 trajec-

Fig. 3. The two pathways
for motion from the
[HO-++CH; - -F]~ central
barrier to the CH,OH +
F~ reaction products. Most
of the trajectories follow
the direct dissociation
path. A small amount,
~10%, form the
CH;OH: - -F~ hydrogen-
bonded intermediate and
follow an indirect path.

Fig. 4. Potential energy
contour diagram for
[HO'"CHB“'F]_ frag-
mentation as a func-
tion of the C-F dis-
tance and the O-C-- F
angle. The remaining
coordinates are opti-
mized at each point
on the PES.
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tories. One followed the IRC, and the sys-
tem became trapped in the deep
CH,OH: - ‘F~ potential energy well and
formed a reaction intermediate. Four of the
trajectories were of this type, of which one
formed the CH,OH + F~ reaction products
during the 3 ps of the trajectory integration.
The remaining 27 trajectories followed the
second pathway, which was a direct disso-
ciation, with departure of the F~ ion ap-
proximately along the O-C- - F~ collinear
axis. These two pathways are depicted in
Fig. 3 for two of the trajectories calculated
in this study. Only a‘small fraction (~10
%) of the trajectories actually followed the

Indirect reaction path

IRC reaction path. The vast majority of the
trajectories followed a non-IRC direct dis-
sociation path, for which ~1 ps was re-
quired for the system to move from the
central barrier to the F~ and CH,;O0H prod-
ucts separated by 17 A. Recrossing of the
central barrier is unimportant for this reac-
tive system. Of the 64 trajectories, there
was a nonstatistical single barrier recross-
ing for only 4, and no trajectories under-
went multiple recrossings. The unimpor-
tance of barrier recrossing for OH™ +
CH,F — CH,;OH + F~ is in sharp contrast
to what was observed for C1~ + CH,Cl —
CICH; + CI” and CI™ + CH,;Br —
CICH, + Br~ (12, 16, 17). Identifying the
origin of this difference will require further
work. The origin of the propensity for the
direct reaction path is seen in the PES
diagram in Fig. 4, in which potential energy
is plotted versus the C- - -F~ distance and
the O-C: - ‘F~ angle. The release of poten-
tial energy to the asymmetric O-C-+-F~
stretch motion of the reaction coordinate,
as the system moves off the central barrier,
tends to propel F~ from CH,OH, with the
O-C: - 'F~ angle maintained at nearly 180°.
The PES is rather flat for bending of the
O-C- - F~ angle, and there is only a very
weak force to pull the reactive system from
the direct dissociation reaction path into the
CH,OH: - ‘F~ potential energy well with a
C-O- - F~ angle of 102.8°. In the language
of IVR, there is very weak coupling be-
tween CH;OH + F~ relative translation
and O-C: - *F~ bending and other vibration-
al degrees of freedom of the reactive sys-
tem. As the system moves off the central

barrier, it moves directly to products with-

out forming an intermediate trapped in the
CH,OH: - ‘F~ potential energy well.
The nature of the energy distribution of

120.000

the reaction products is often used to probe
the atomic-level mechanisms of chemical re-
actions with potential energy wells. This
analysis is most useful if there is not a potern-
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tial energy barrier for association of the reac-
tion products; that is, no exit channel poten-
tial energy release as the products separate
(38). If the product energies for such reactive
systems are distributed statistically over the
available energy states, it is often assumed
that the reaction proceeds through a statistical
reaction intermediate, with its energy ran-
domized among its vibrational degrees of
freedom (/). However, this correspondence is
not definitive, because a statistical product
energy distribution may be observed for a
nonstatistical reaction intermediate (39).
Nevertheless, it is of interest to consider the
energy distribution of the F~ + CH,OH re-
action products, because there is no barrier to
their association and movement into the
CH,OH:- - -‘F~ potential energy well.

The available product energy is distributed
between relative translation of the F~ +
CH,O0H products E,, CH,OH rotation E,, and
CH,OH vibration E,. The trajectory distribu-
tions for these product energies are given in Fig.
S, where they are compared with the prediction
of phase space theory (PST) (40), which as-
sumes that the available energy is distributed
statistically between the product energy states.
The trajectory average energies are (E,) = 3.9,
(E) = 1.1, and (E,) = 17.9 kcal/mol, with the
CH,0H harmonic zero point energy removed
from E,. In comparison, the PST values for
these respective energies are 3.1, 4.2, and 15.5

Translation

-
=3
]

Relative probability
o
o

4
=)

5
]

" Rotation

LI

Relative probability
o
o

|

0 .
L Vibration R

Relative probability

0.0 Losamere=s”
0o 3 6 9 15 18
Energy (kcal/mol)

Fig. 5. Translation, rotation, and vibration en-
ergy distributions of the reaction products. The
dashed line is the statistical (PST) prediction,
and the histogram is the trajectory result.

RESEARCH ARTICLES

keal/mol. Though the PST and trajectory distri-
butions are not the same, their differences are
rather small and not as large as observed for
other S2 reactions (4, 20). It may be possible
to measure the product energy distributions,
particularly the one for translation (/4), and
compare them with the trajectory distributions.
Differences between the experimental and PST
product energy distributions would be consis-
tent with a direct reaction mechanism, without
trapping in the CH;OH- - -F~ potential energy
well, as predicted by the trajectory simulations.

Dynamics, time scales, and PESs. The
computer simulations reported here illustrate
that the evaluation of PES features such as
well depths, barrier heights, and intrinsic re-
action coordinates is insufficient for deter-
mining atomic-level mechanisms for chemi-
cal reactions. Instead, it is necessary to study
the actual motion of the atoms on a reactive
system’s PES. The simulations also show
how the efficiency of IVR and formation of a
statistical reaction intermediate are intimately
linked to the hierarchy of time scales for
intramolecular motions and structural transi-
tions on the PES. Inefficient formation of the
CH,OH: - ‘F~ reaction intermediate arises
from rapid separation of the CH,OH + F~
products in comparison to the longer time
scale for C-O- - ‘F~ bending to form the in-
termediate. Such a hierarchy of time scales
has been observed in previous work, where
the structural changes of a solvent cage are
too slow to allow a reactive system to access
its deep potential energy minimum (4/). A
hierarchy of time scales and inefficient access
of deep potential energy minima may be im-
portant in enzyme catalysis, where motions
associated with the reaction center may be
much faster than those associated with con-
formational changes and other multiatom mo-
tions of the enzyme (2).

Finally, the inability of the reactive sys-
tem studied here to find the deep
CH,OH: - ‘F~ potential energy minimum il-
lustrates the relation between inefficient
structural transitions and inefficient IVR.
This relation has also been identified in the
unimolecular decomposition of fluxional
molecules, for which fast transitions between
multiple potential energy wells are required
for statistical behavior (42). At a quite fun-
damental level, energy transfer between vi-
brational modes involves structural changes,
for when energy flows between bonds, one
bond lengthens and the other shortens. The
simulations reported here illustrate the inti-
mate relationship between IVR and structure
43).
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