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The reaction forc&(R.) of a chemical or physical process is given by the negative derivative of the potential
energyV(R.) along the intrinsic reaction coordinaf.. F(R;) unambiguously and naturally divides the
activation barrier in each direction into two contributions, one of which has been found to reflect preparative
structural factorsEac prep @and the other corresponds to the first part of the transition to prodeigtgans We

have analyze®(R.) for an $,2 substitution reaction in both the gas and aqueous phases. Although the overall
forward and reverse activation barriers are significantly lowered by the solvenE.ihansare very little

affected. Thus the increased rates that are predicted for this process in aqueous solution can be attributed to
the solvent facilitating the structural effects in the preparative stages, decreasibg;thg This example

shows how the reaction force decomposition of activation barriers can help to elucidate the roles played by
external factors, e.g., solvents.

With any chemical or physical process, there is associated a
“reaction force”F(R¢), given by

MR,
R

F(R) = — 1)

C

whereV(R.) is the potential energy of the system along the
intrinsic reaction coordinatdR.. For a process having an
activation barrier in both the forward and reverse directions, as
in Figure 1, the=(R) profile has the characteristic form shown,

with a minimum and a maximum at the inflection points of -
V(R¢). This profile identifies three key points in the process: 7%
L. . reactants B products
the minimum and maximum d¥(R.) at R = o andy, and the !
transition state at f= 3, whereF(R;) = 0. Reaction coordinate

Th.e points R.: (81' B, andy define four ZO’?ES alona?. In. Figure 1. Characteristic profiles along the intrinsic reaction coordinate
a series of studies;® we have found that certain generalizations R ”of the potential energy(R<) and the reaction forc&(R.), for a

can be made about what occurs in each of these zones. In theyrocess having an activation barrier in both directioffR) andF(Ro)

first, between the reactants and R o, the emphasis tends to  are shown in solid and dashed lines, respectively. The zef¢Ry) is

be upon preparative structural effects that will facilitate indicated. The points R= o and R = y correspond to the minimum

subsequent steps, e.g., bond stretching, rotations, etc. In thistnd maximum of(R); the transition state is at:R= f.

zone, electronic properties, such as ionization energies, usually ) . . . .

change only slowly and gradually. forming (if the process is a chemical reaction). Although
The second and third zones, from R a.to 8 to y, can be structural effects continue, what is strikingly distinctive about

viewed as “transition to products.” This features new bonds these zones are the rapid and extensive variations in electronic

properties. (Examples will be shown later in this paper.) After
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The key point brought out by Figure 1, in terms of our present a 7° ; ; 1

objective, is that the activation barrier in each direction has two 3 —— water
mponents. For the forward direction 86

components. For the forward direction, --+=-gas ph.

50

Re=a Re=p
Eact=— .[re_a_ctantE(Rc)'dRc = Jr=« F(RY)-dR. =
minimum Al

f
Eact,prep

f
+ Eact,trans (2)
2 i A e

The two contributions tcEL,, represent the energies required
for the initial preparative phase of the procel?.fa%’prep and the
first part of the transition to produc'[E,;CLtrans Decomposition 10
of the activation barrier into its two components can provide
insight into the mechanism of a process and into the roles of
external factors that may influence its rate, such as solvents
and catalysts. Our purpose in this paper is to show R(R¢) Reaction coordinate
and eq 2 can help to elucidate the role of a solvent. b 2

We have recently applied the reaction force concept to
analyzing, with the B3LYP/6-31G* procedure, the gas-phase
Sn2 substitution

20+

Energy (kcal/mol)

o

H,C—Cl+ H—OH—H,C—OH+H-Cl  (3)

We have now repeated this at the CCSD(T)/aug-cc-pVTZ level
and examined also the effect of a solvent, using a conductor-
like screening model (COSMO) continuum appro&éh as
implemented in the Gaussian 03 cddé&he dielectric constant
was 78.39, taken from the COSMO database; this is very similar
to the value for water at 20C, 80.10% It corresponds, therefore,
to a highly polar solvent. AINE values to be presented will be
from energy minima at 0 K. i i ;
Both the reactants and the products in reaction 3 interact with Reaction coordinate
each other via hydrogen bonds;G+Cl---H—OH in the former Figure 2. Profiles of (a) the potential ener@¥(R.) and (b) the reaction
and HC—(H)O---H—CI in the latter. In the gas phase, these forceF(R.), along the intrinsic reaction coordina® for the reaction
complexes are respectively 4.0 and 6.6 kcal/mol lower in energy in eq 3, in the gas phase and in aqueous solution. The poirts®
than the separated reactants and products. In solution, the valueg: andy indicate respectively the minimum &#(R), the transition
are 1.1 and 4.8 kcal/mol. Our CCSD(V{R.) andF(R.) profiles ~ State, and the maximum &(R.). In the gas phases = —2.65,f =

. . A . 0.0, andy = 2.32; in the solutiong. = —3.05,3 = 0.0, andy = 2.06.
for this reaction, presented in Figure 2, begin at the reactant vhe reactant and product complexes are 80.0 and+10.0. The units

Forces

complex and terminate at the product complex. ~ of F(R¢) are those corresponding ¥R.) in kcal/mol.
As discussed earliérjn the gas phase, the major event in
the preparative zone of reaction 3, prior to #(@&.) minimum R. = a and R = y; both the HOMO energy and the hardness

at R. = q, is the stretching of the €CI bond by about 0.5 A, pass through extrema between these points.
with the Cl becoming more negative; this is accompanied by  The overall gas phas&E for the forward process in eq 3,
the CH group becoming more planar and theHmoving from separate reactants to separate products, is 7.6 kcal/mol.
toward it. In proceeding from R= a to the transition state at ~ With B3LYP/6-31G* vibrational and thermal corrections, this
R: = 3, the G-0O bond begins to form, while the Cl continues Yields AH(298 K) = 6.8 kcal/mol, in good agreement with the
to move away from the carbon and increasingly acquires Cl experimental 7.7 kcal/mol from gas phase heats of forméation.
character. At the transition state, thedHmolecule is still largely The predictedAE in aqueous solution is 9.1 kcal/mol.
intact. Between R= 5 and R = v, however, the HG-H bond Figure 2a shows that agueous solution has the effect of
stretches by nearly 0.2 A, and the Cl---H becomes more lowering the activation barriers. For the forward process, the
covalent. The final separation of H from OH and the relaxation change is 7.8 kcal/mol (from 66.6 to 58.8) and for the reverse,
of the CH and G-O bonds to their values in the product 8.3 kcal/mol (from 61.6 to 53.3). (The activation barriers are
complex is after R= y. calculated relative to the reactant and product complexes.)
The sequence of steps is qualitatively similar in the solution, ~ The energetic results presented up to this point have come
but the CI moves away from the Glhore rapidly and the D entirely fromV(R). What additional insight caR(R¢) provide?
remains essentially intact longer. The polar solvent presumably In Table 1 are given the values of the components of the forward
promotes the departure of the quasi-@n, CP~. and reverse activation barriers, as defined by the reaction force,
In Figure 3, we have plotted the variations of two electronic Figure 2b and eq 2. Note that for the reverse proce€R)
properties alongR.: the energy of the highest occupied Wwould be the negative of that shown; the preparative zone would
molecular orbital and the hardnegs,The latter was estimated ~ be from the complex to R= y, and the first transition zone
from the highest-occupied and lowest-unoccupied molecular from R; =y to R. = f.
orbital energiesgenomo and e.umo, by the widely used ap- The striking feature of the data in Table 1, in the context of
proximations ~ eLumo — eromo.2314 Figure 3 illustrates our  our present objective, is that boB) yansaNd Elg yans@l€ VEry
earlier statement that the greatest changes in electronic propersimilar in the gaseous and the aqueous phases, even though the
ties, in both the gaseous and the aqueous phases, occur betwegoints R = a and R = y have shifted slightly relative to the
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Figure 3. Variation of (a) the energy of the highest-occupied molecular
orbital and (b) the hardness, along the intrinsic reaction coordRate

for the reaction in eq 3, in the gas phase, and in aqueous solution. The

points R = a, 3, andy correspond respectively to the minimum of
F(R¢), the transition state, and the maximun¢R,). In the gas phase,
o = —2.65,4 = 0.0, andy = 2.32; in the solutionp. = —3.05,4 =
0.0, andy = 2.06. The reactant and product complexes are 2.0
and+10.0.

TABLE 1: Computed Components of the Forward and
Reverse Activation Barriers of the Reaction in Eq 3

component zone gas phéseaqueou’
Forward Reaction

E;cl,prep preparative; complex> R. = o 39.1 32.6

E;c‘,“ans transition; R =a — R, = f8 27.5 26.2
Reverse Reaction

E;cl,prep preparative; complex> Rc =y 34.9 29.1

E transition; R=y —R.=f 26.7 24.2

act,trans

a CCSD(T)/aug-cc-pVTZ calculation8 Units are kcal/mol.

transition state (Figure 2b). Thus the energy required for the
first part of the transition to products, which is where covalent
bond formation and/or breaking primarily start to occur, is very
little affected (+-2 kcal/mol) by the presence of the solvent,

for both the forward and reverse reactions. It is in the preparative

zones that the solvent’s influence is most felt6( kcal/mol).

In the forward process, it helps the negative Cl move away from
the CH; group, which is reflected in Figure 3a by the shifting
of the HOMO energy maximum in solution to earlier in the
reaction; the HOMO is associated largely with thé Cln the
reverse process, the solvent assists ait b leave the CI.
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From the V(R.) profiles in Figure 2a, it might well be
concluded that the lowering of the activation barriers by the
solvent is due to its stabilizing the transition state relative to
the reactant and product complexes. The solvent is certainly
interacting with the system throughout the course of the reaction;
this presumably accounts for the-2 kcal/mol decreases in
Efactytransand Ezctiransthat do take place. However, decomposing
the activation barriers into their components in accordance with
F(R¢) indicates that the main effects of the solvent are localized
in the preparative stages, facilitating the structural changes that
occur there.

The conclusions that have been reached in this work are of
course specific to the reaction in eq 3. What it has demonstrated,
however, is that reaction force analysis provides a rational and
unambiguous basis for decomposing activation barriers into
contributions that help to explain how external influences, e.g.,
solvents, affect reaction rates.
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