The charge densities of the van der Waals dipoles and face-centered cubic
crystal structures of noble gas condensates, all to the same scale. (A) The
charge density and crystal structure of neon. (B) The charge density and
crystal structure of argon. (C) The charge density and crystal structure of
krypton. (D) The charge density and crystal structure of xenon.



Reaction Kinetics and Thermodynamics

Reaction kinetics and thermodynamics are modeled using the classical solutions
of reacting species, complexes, transition states, and products.

For the gas-phase reaction of two species 4 and B comprising the reactants
that form one or more products C, where » is an integer:

A+B&=C +-+C,

the concentrations (denoted [4], [B],...) as a function of time can be fitted to a
second-order rate law arising from collisional probabilities:

AL 4 B)-kTT[C]

i i=1
where &k and &’ are the forward and reverse rate constants.

The equilibrium constant K corresponding to the balance between the forward
and reverse reactions is given by the quotient of the forward and reverse rate
constants:

K=

=



Reaction Kinetics and Thermodynamics

The relationship between the temperature-dependent equilibrium constant and
the standard Gibbs free energy of reaction AG (7) at temperature T is

~AGY(T)
K=0Qy(T)e #T

where R is the ideal gas constant,

%)L

is the reaction quotient at the standard state, and

AGY(T|=AHY(T)-TAS}

where AHY (T) and AS) are the standard-state enthalpy and entropy of
reaction, respectively.

Rearranging gives the free energy change upon reaction in terms of the
reaction quotient:

AG:RTln%—K



Transition State Theory

Transition state theory (TST) has been widely validated experimentally.

It entails the application classical trajectory calculations that allow the study
of the dynamics at the microscopic level such as differential cross sections,
total cross sections, and product energy distributions, as well as at the
macroscopic level for the determination of thermal rate constants by solving
the classical equations of motion with the formation of the transition state.

The data of the variation of the rate constant £ with temperature of many
reactions fit the Arrhenius equation given by
-E,
k=AeRT
where E_ is the activation energy and 4 is a preexponential or frequency
factor.

The Arrhenius equation confirms that typically two colliding molecules require
a certain minimum Kkinetic energy of relative motion to sufficiently distort
initial reactant bonds and concomitantly allow nascent bonds to form.



Transition State Theory cont'd

The cross over species from reactants to products called the transition state
will proceed through the minimum energy complex involving the reactants.

Thus, the activation energy can be interpreted as the minimum energy that
the reactants must have in order to form the transition state and transform to
product molecules.

E_ can be calculated from the total energy of the transition state relative to
that of the reactants and is achieved when the thermal energy of the
reactants overcomes the energy deficit between the energy of the reactants
and that of the transition state.

The preexponential factor corresponds to the collision frequency and energy
of collisions upon which the formation of the transition state is dependent and
is obtained by dynamical classical equations of motion involving species
trajectories having typically a Maxwell-Boltzmann distribution.



S\2 Reaction of CI~with CH,CI

The S,2 (bimolecular nucleophilic substitution) gas-phase
reaction of CI~ with chloromethane proceeds through a
transition state:

Cl-+CH,CI—>CICH ,+CI~

that obeys the Arrhenius equation

_AE*
kT Of T

where &, is the Boltzmann constant, # is Planck’s constant, AE}
is the activation energy of the transition state i, T'is the
temperature, ®* is the reaction partition per unit volume, and
Q1 is the coordinate independent transition-state partition
function.



S\2 Reaction of CI~with
CH,CI cont'd

: k,T Of . :
The preexponential factor BT% is calculated classically and

shown to be in agreement with the experimental rate constant.

Then, only the transition state need be calculated, and its
geometry and energy compared to observations to confirm that
classical physics is predictive of reaction kinetics.

The activation energy is calculated by determining the energy
at the point that the nascent bond with the chloride ion is the
same as that of the leaving chlorine wherein the negative
charge is equally distributed on the chlorines.



Transition State

The reaction proceeds by back-side attack of CI” on CH,CI.

Based on symmetry, the reaction pathway passes through a
D,, configuration having Cl°"—C —Cl°” on the C, axis.

The hydrogen atoms are in the o, plane with the bond
distances the same as those of the alkyl CH, functional group,
since this group is not involved in the substitution reaction.

The transition-state group Cl°” — C — Cl°” is solved as a three-
centered-bond functional group that comprises a linear
combination of C/”and the C —CI group of chloromethane.



Transition State cont'd

Color scale, translucent view of the chloride-ion-chloromethane transition state
comprising the CP~ — C — CI°~ functional group (hydrogen nuclei red, not to scale). As
a symmetrical three-centered bond, the central bonding species are two CI bound to a
central CH, per CP°~ — C MO with a continuous current onto the C — H MO at the
intersection of each CI~ — C MO with the CH3 group. Due to the four electrons and
the valence of the chlorines, the latter possess a partial negative charge of —0.5¢
distributed on each CFP~ — C MO such that the far field is equivalent to that of the
corresponding point charge at each CI nucleus.



Transition State cont'd

The geometrical bond parameters of the CI°~ — C — CP” and CH, functional groups of the
chloride-ion-chloromethane transition state.

Parameter CI° —C-CI° Group C-H (CH,) Group
a (a,) 3.70862 1.64920
c' (a) 2.13558 1.04856
Bond Length 2¢' (A4) 2.26020 1.10974
Literature Bond Length
2.3-2.4 1.06-1.07
(4)
b,c (a,) 3.03202 1.27295
e 0.57584 0.63580

The calculated bond energy of the C — CI group of chloromethane is E,, (Group) (eV) = 3.77116
eV is compared to the bond energy of the Ci°~ — C — CI°” functional group of the chloride-ion-
chloromethane transition state of £, (Group) (eV) =3.73930 eV .

Since the energies of the CH; function groups are unchanged, the chloride-ion-chloromethane
transition state is AE=+0.03186 ¢V(+0.73473 kcal/mole) higher in energy than chloromethane.

Experimentally, the transition state is about 1 +1 kcal/mole higher.

Using this energy as the corresponding activation energy AE* with the classically determined

preexponential factor @TT% predicts the experimental reaction rate very well.



Negatively-Charged Molecular
Ion Complex C

In addition to the nature and energy of the transition state designated by I,
experimental gas-phase rate constants indicate that the reaction of CI~ with
CH,CI passes through a bound state comprising the attachment of C/™ to the
positive dipole of CH,CI.

This negatively-charged molecular ion complex designated C exists as a

more stable state in between the reactants and the transition state, and by
equivalence of the chlorines, it also exists between the transition state and
the products.

Experimentally C is 12.2+2 kcal/mole more stable than the isolated reactants
and products, CI”and CH,CI.

Thus, an energy well corresponding to C occurs on either side of the energy

barrier of the transition state I that is about 1+1 kcal/mole above the
reactants and products.



Negatively-Charged Molecular
Ion Complex C cont'd

Thus, the combination of the depth of this well and the barrier height yields
an intrinsic barrier to nucleophilic substitution of 13.2+2.2 kcal/mole .

The negatively-charged molecular ion complex C comprises the functional

groups of CH,CI and a CI™-C°* functional group wherein C/" is bound to the
CH,CI moiety by an ion-dipole bond.

The bond energy and bond distance of the Ci™- C°* functional group are
determined by the limiting energy and distance of the formation of a
corresponding nascent ¢/~ — CH,CI covalent bond that destabilizes the ¢ - ci
bond of the CH,CI moiety by involving charge density of its electrons in the
formation the nascent bond.

Subsequently, the higher energy Ci°~ — C — Ci°” functional group of the
transition state is formed.



Negatively-charged Molecular
Ion Complex C cont'd

9!

Color scale, translucent view of the negatively-charged molecular ion complex C

comprising the CI™- C°* functional group (hydrogen nuclei red, not to scale). The
bonding in the C complex comprises two paired electrons in the C/™-C* MO with
1/2 of the charge density from Ci~ and the other half from CH;. The central
bonding species are a CI bound to a central CH3 with a continuous current onto the
C — H MO at the intersection of the CI™-C?* MO with the CH 7 group. Due to the two
electrons and the valence of the chlorine, the latter possess a negative charge of -¢
distributed on the C/™- %t MO such that the far field is equivalent to that of the
corresponding point charge at the C/ nucleus. The bonding in the CH,CI moiety is
equivalent to that of chloromethane except that the C —H bonds are in a plane to
accommodate the C/™-C°* MO.
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Negatively-Charged Molecular
Ion Complex C cont'd

The geometrical bond parameters of the CI™-C°*, C — CI, and CH, functional groups of the
negatively-charged molecular ion complex C.

Parameter cr.c? Group C-H (CH3) Group Cc-Cl (1)
Group
a (a,) 2.66434 1.64920 2.32621
¢' (a) 1.81011 1.04856 1.69136
Bond Length
. 1.91574 1.10974 1.79005
2c (/f)
Literature Bond
( /f) curve fit 1.06-1.07 (methyl chloride)
b,c (a,) 1.95505 1.27295 1.59705
e 0.67938 0.63580 0.72709

The bond energies of the CH;CI moiety are unchanged to the limit of the formation of the
CI™-C°* functional group of the negatively-charged molecular ion complex C.

Thus, the energy of stabilization of forming the ion-dipole complex is equivalent to the bond
energy of the C/™-C?* functional group.

Experimentally C is 12.24+2 kcal/mole more stable than the isolated reactants and products, C/~
and CH,CI.

The calculated bond energy of the C/™-C?* functional group of the negatively-charged molecular
ion complex C of E, (Group) = 12.08900 (0.52422 eV)) matches the experimental stabilization
energy very well.



Reaction Mechanism

Reaction Sequence of the Cl- CH3C1 Complex and Transition State
@ BlackLight Power, Inc.

Animation of the reaction of chloride ion with chloromethane
based on analytical solutions of the C complex and transition

state.


http://www.blacklightpower.com/FLASH/CClcomplex.swf



