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This article presents a molecular orbital model for ion polar molecule capture collisions which was developed
by building on classical theoretical treatments. We replace the polarization potential with a perturbation
molecular orbital potential, and assume that the molecular dipole does not change as a result of electron
exchange at distances greater than or equal to the critical radius in the collision complex. Overlap integrals
are introduced in this treatment of iemolecule collision rates. For calculation of the perturbation molecular
orbital potential, the overlap integral is approximated by use of Gaussian wave functions with scaled Slater
atomic radii. The molecular dipole is assumed to be “locked” by the ion at the critical radius. The rotational
mode of the molecular dipole along the locked axis is excited by coupling with themafecule motion.

The gain in rotational energy by the molecular dipole under the torque of the ion is approximated by a
first-order Stark effect. Use of a Stark effect model results in the conservation of both energy and angular
momentum. The net contribution of the iedipole interaction potential to iehmolecule capture collisions

is to remove the rotational energy of the ion and dipole. The decrease in the ion polar molecule interaction
potential caused by Stark effect excitation of dipole rotation accounts for the fact that the locked dipole
approximation without Stark effect coupling significantly overestimates the rates of ion polar molecule
collisions. Ab initio molecular orbital calculations on model systems were conducted to convert Slater atomic
orbital radii into approximate molecular orbital radii by evaluating a scaling parameiperimental hydride
transfer rates reflect the convolution of collision rates and subsequent hydride transfer rates. The reaction
efficiency for hydride transfer is the ratio of the experimental reaction rate divided by the collision rate.
Reaction efficiencies obtained using the collision model developed here are in qualitative agreement with
Golden Rule reaction rate models. This result is in contrast with reaction efficiencies calculated by classical
potentials that show a monotonic increase in reaction efficiency with increasing reaction free energy.

Introduction electric field3 The effect is due to the interaction of the dipole
moment of a gas molecule and an electric field. Following the
formalism developed by Baker and Ridgeie will begin with
the Stark effect in our examination of ion and dipole interactions.
We first develop the treatment of the interaction potential
between an ion and a nonpolar molecule, which is a part of all
ion molecule capture collisions. The ion nonpolar molecule
potential is assumed to be independent of the—idipole
interaction terms both in classical treatments and in the treatment
presented here.

Early in this century Langevin introduced a model for+on
molecule collisions based on a point charge and a point-
polarizable moleculéThis theory was subsequently elaborated
and reformulated by several authés.The presence of a
permanent dipole moment introduces strongly anisotropie ion
dipole interactions and significantly complicates the calculation
of an attraction potential. A variety of theoretical treatments
have been introduced to address -atipole interactions.
Averaged dipole orientation (ADO) thedrynay be the best
known and most widely used of these theories. Advances on Molecular Orbital Model for lon Nonpolar Molecule
this theory have included many new models. The names of theseCathIre Collisions
models are descriptive of their focus: angular momentum

corrected ADO theor?yspherica”y averaged energy modéel, . When the attraction _potential between an ion and molecule
free energy treatment modelrajectory calculation modél, is sufficient to cause ioAmolecule capture and subsequent

adiabatic invariance methddsemiclassical perturbed rotational ~ reaction, the attraction potential is a first-order molecular orbital
state model° and statistical adiabatic channel motieAll these effect!* The attraction potentiaAEpa, between the ion and

models predict collision rates using a polarization potential the molecule is given by eq*2.

modified by a co®) dependence for the ierdipole interaction .

term. In the spherically averaged energy mddeBaker and AEpa = Ngop@oafon @)
Ridge introduced the Langevin function in the treatment of the

lon—dipole interaction term. orbital of the ior-molecule complexg,p andaya are the frontier
. T ) f . oD A
The Stark effect is the splitting of the lines in the microwave orbital coefficients at the reaction site for the donor and acceptor,

spectrum when gaseous polar molecules are examined in an . . X
P 9 P andpfpa is the resonance integral for bond formation between

i the donor and acceptor. In a catiemolecule complex the bond-
* To whom correspondence should be addressed: ralphd@chem.fsu.edu o S h .
t Department of Chemistry. forming interaction is between the vacant orbital of the cation
* Department of Physics. and the highest occupied orbital of the neutral. In an anion

wheren, is the number of electrons in the highest occupied
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molecule complex the bond-forming interaction is between the molecular orbital model. We obtain the value of this parameter
lowest vacant orbital of the molecule and the highest occupied by use of ab initio calculations of the ion molecule potential.
orbital of the anion. The value off is then adjusted to bring the PMO calculation

The Mulliken approximation for the resonance integral uses into agreement with the ab initio calculation. The valué fafr
the average of the orbital energies for the frontier orbitals of data in this manuscript has been set to 1.6 using comparisons
the reactive species (eq ). of PMO and ab initio collision rates.

) ) Using eq 6 for the molecular orbital radius, the+amolecule
Boa = cSa(average frontier orbital energy) (2)  overlap integralSy, and potentialVy, become:

Herec is a constant (set to 1.0) ai®a is the overlap integral onn,, (E E,) %> 2

: B ; I 'MA=T=M —r
for the donor and acceptor frontier orbitals. For an arion W= | el 7)
molecule complex the appropriate orbitals are the highest (nfE,, + nyE) 5 o [N "
occupied orbital of the anion and the lowest vacant orbital of fagE, EI + E_M

the neutral. The energies of these orbitals can be approximated

by the negative of the electron affinity corresponding to 2
production of the anio_n and the negative of the electron af_finity V,, = AE,, = Aex _re (8)
of the neutral. For cationmolecule complexes the appropriate B?

orbitals are the highest occupied orbital of the neutral and the

lowest vacant orbital of the cation. These orbital energies can 2nn,(EE )1/ 32
: : PP : 1M MAEEMm

be approximated by the negative of the ionization potential of =-S5 (E, +Ey)
the neutral member of the complex and the negative of the (n'Ey + nyE)
ionization energy of the neutral corresponding to the cation.

Replacing the classical polarization potential with the per- n|2 nf,l 12
turbation molecule orbital (PMO) ion molecule potential for ion B= fzaéEH E + =
nonpolar molecule collisionsAEpa, the central effective 1 M

potential becomes: . . .
The approximate molecular orbital potential (eq 8) uses the

L2 frontier orbital energies for the ion and molecul&,and Ey;
Veit = ——— — AEp, ) the principal quantum numbens, andny, associated with the
2ur orbitals on the ion and the molecule; the iemolecule

Once the appropriate orbital energies have been determinedSeParationr; and the orbital radius scaling parameterThis
it is only necessary to obtain the overlap integrals to evaluate @PProximation to the ionmolecule Hamiltonian is an algebraic

the effective potentialer. Gaussian spherical orbitals have the function. Once the calculation has been set up in a spreadsheet,

form: or other calculating engine, the calculations are simple to
perform.
—r2 The ion—molecule attraction potential has the greatest
Wi =N, exg—- (4) susceptibility to alteration caused by electron exchange. Dipole
& moments are much less susceptible to perturbation by electron

exchange than polarizabilities. We have treated the—ion
molecule potential with an approximate quantum mechanical
function and all other potentials have been treated classically.
In this treatment the ioAmolecule orbital, translational, and
rotational motions are treated classically.

We use Langevin capture criterifrwith eq 3 to obtain the
relative energy (eq 9, in terms of the critical radius;,
the impact parameter (eq 1®), and the collision rate constant

Here N; is the normalization constant, is the electron

coordinate relative to the atomic center at the origin, and

the orbital radius. We use spherical orbitals to represent both
the ion and the molecule. This was done primarily for simplicity
in calculation. For small molecules this approximation is not
extreme. For larger molecules with complex shapes or for
complex polyatomic ions, it will be necessary to use a different
approximation. Using the Gaussian wave functions, eq 4, we

obtain the overlap integral (eq 5). (eq 11).keor
2 2
2a 32 2 re le
S zj_amz ex’{ 2_: 2 (5) Erel = (Ez -1 Aexr{_ E) ©)
g T ay g T ay
Orbital energies are correlated with orbital radii for spherical e i rg
orbitals. Slater-type atomic orbital radii are directly related to b, = - Aexp— —|=
orbital energy (eq 6 VEel B
2
E, 12 re re
ayo = faon(—) (6) —\/A EX[{_ - + kBT (10)
E \Y% Erel B

amo is the molecular orbital radiug;is a molecular orbital 2 2
scaling parameter, obtained here by ab initio calculatianis _ _ 2 c c
the thF; radius;Ey is the energy gf a hydrogen 1s atomic Koot = U, = b = mc\/ UE,, E) Aex;{— 52) 11)
orbital; E is the energy of the frontier orbital associated with
the ion or moleculeN is the principal guantum number for the B is the term defined in eq 8. The relative translational
“spherical” molecular orbital. The molecular orbital scaling velocity, u, is calculated from the reduced mags,and the
parameterf, is needed to adjust the scaling in this approximate relative energy. The relative enerdy., is assumed to be equal
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to keT (U = (2kgT/u)¥?). We obtain the values of the critical
radius,r¢, by a graphical method.

Negative and Positive lons in the Model

J. Phys. Chem. A, Vol. 104, No. 32, 2001613

reactants. londipole potentials, like the polarization potential,
extend to very long distances 100 A) and bring ions and
molecules together.

We used the following assumptions in developing the ion

Negative ion formation rates span a significantly larger range polar molecule collision model: (1) a polar molecule is regarded

than the rates of corresponding positive ion reactive formation as a rigid dipole at iormolecule distances greater than or equal
processes. It is possible to detect as few as 200 000 moleculeso the critical radiust; (2) the PMO potential between the ion
(100 ag) of octafluoronaphthaleffein negative chemical  and molecule is the only quantum potential, all other interactions
ionization mass spectrometry. In a similar experiment, benzene(e.g., the ion-dipole potential) are treated classically; (3) at the
is not detected when introduced at concentrations nearly a trillion critical radius the dipole orientation is ‘locked’ by the ien
times higher. These two molecules have roughly comparable dipole interaction; (4) for nonlinear molecules the dipole’s
sensitivities for reaction in positive chemical ionization ion rotation around the locked axis is excited by the-omolecule
formation processes with protonated methane as the reactiveinteraction; and (5) the change in rotational energy is ap-
ion. The difference between the positive and negative-ion proximated by a first-order Stark perturbation. The first as-
molecule collision rates depend more on orbital energies thansumption is common to most other treatments of ion polar
on polarizabilities. If polarizability controlled the ietrmolecule molecule collisions. The usual assumption for the potential
collision rates, the rates for proton and hydride collisions, or (assumption 2) is that it is either a quantum potential or a
other isobaric pairs, with a given molecule would be the same. classical potential. The assumption that the-idipole potential
This would imply that benzene should be as easily detected inis classical does not differ from the assumption of a completely
negative ion collisions as octaiodonaphthalene. In reality the quantum potential, except at distances that are generally shorter
negative ion sensitivities for benzene and octaiodonaphthalenethanr.. The basis for the assumption that the ion locks the

differ by at least a factor of 28, Instead of polarizability, the
frontier orbital energy controls the rates of iemolecule

orientation of the dipole (assumption 3) comes from ab initio
calculations of ior-molecule geometries as a function of

collisions. Benzene has a negative electron affinity, whereas distance. All these calculations show that the locked geometry

octaiodonaphthalene’s electron affinity is positive.

The frontier reactive orbital on the molecule, for positive ion
collisions, is the highest occupied molecular orbital (HOMO).
The corresponding frontier orbital for negative ion collisions is
the lowest unoccupied molecular orbital (LUMO). In a simplistic
view, the switch of the collision-controlling orbital from the
HOMO to the LUMO accounts for the differences in sensitivity

is the lowest in energy, as one would expect. Addition of thermal
agitation will make this minimum fuzzy. It will not change its
location.

In the absence of a mechanism for dissipation of the change
in potential associated with the locked dipole (our assumption
5), the presence of a locked dipole would make the—ion
molecule collision cross-section unrealistically large. We assume

of benzene and octafluoronaphthalene in positive and negativethat the reduction of the impact of the dipole moment on the

ion-forming processes.

cross-section is caused by the operation of the Stark effect

lonization energies, the energies of the HOMOs, for closed (assumption 5).

shell organic molecules generally range between 7 and 12 eV.

In the ADO treatmerfP->8the assumption that there is an

This relatively small range for frontier orbital energies accounts average dipole orientation different from the locked geometry

for the relatively small range in the rate of positive ion

reduces the influence of the molecular dipole on the—ion

molecule collision processes. In contrast, the electron affinities molecule collision cross-section. This assumption cannot be
of closed shell organic molecules range from positive to negative correct. There is no mechanism for changing the orientation of
values!® For molecules with negative electron affinities ion  the molecular dipole toward a gas-phase ion from an average
molecule interactions are repulsive and the corresponding angle of O (locked orientation) to a larger angle. On the other
collision processes are slow and often difficult to observe. hand, the Stark effect is known to operate for gas-phase
The rates of negative iermolecule reactions involving  molecules.

molecules with positive electron affinities and thermal electrons  We use the semiclassical Hamiltonian equation for—ion
are increased substantially by the low mass of the electron asmolecule collisions and replace the polarization potential with
compared with the positive ion counterpart. The de Broglie the molecular orbital potential (eq 12). In this case the

wavelength of a thermal electron at 300 K is 7.63 nm. This is corresponding central effective potentidls, becomes (eq13):

10 times the radius of the LUMO of a small molecule ion. For

resonance electron capture, only the electron affinity of the
molecule and the overlap integral for the LUMO of the molecule
and the free-electron wave function are involved in the effective

ion molecule potentiaVes. This means that the overlap integral

contribution to the rate process will favor negative ion reactions

by a factor of roughly 1000 compared with a positive ion

2
L S r?\  upa
KR TR Rt It e R
L2 AP r?\  upd
Veff—zu—rz‘f‘j—AeXF(—g)——z (13)

counterpart. Negative ion processes are also favored because

the energy of the LUMO on the reactive molecule and the free

Here H, is the Hamiltonian for the radial motiom, is the

electron are generally much closer to each other than theradial momentum of the collision compley, is the reduced
corresponding energies for positive ion collision processes. First-mass,L is the orbital angular momentum of the collision
order molecular orbital perturbations are maximized when the complex,J is the angular momentum of the dipolar rotbis

interacting orbitals are degeneraft.

Molecular Orbital Model for lon Polar Molecule
Collisions

In ion polar molecule collisions, one of the roles of the-ton

its moment of inertiay is the distance between the collision
partnersup is the molecular dipole moment, agds the ion
charge. Equation 13 for the central effective potentigk,
contains all the terms that explicity depend on AJ%2
represents the increment in dipole rotational energy from infinite

dipole interaction is to increase the local concentration of separation ta.
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Figure 1. Net ion—dipole potential for (a) different dipole moments
and (b) different temperatures as a function of+omolecule distance.

Xu et al.

“pq | \#od
Vion—dipole—net= _(1 - L{ I'szBT] )r_Dz (15)

It would be possible to model these nonlinear functions with
nonlinear parametric equations, but that modeling might disguise
the basis for the conversion of orbital angular momentum to
angular momentum of the dipole in the ion polar molecule
complex.

A macroscopic mechanical analogue for the Stark effect
coupling of the approximately orthogonal rotational motions in
an ion—molecule collision complex is available in the form of
a truncated spherical top attributed to Niels Bohr. These tops
are available in several models from suppliers of scientific
demonstration equipment. When spun with the spherical surface
down the top will flip over and spin on its spindle. The flipping
motion is accomplished at the expense of the rotational and
precessional angular momentum of the top, both of which are
approximately orthogonal to the flip axis.

Using the Stark effect to model the change in dipole rotor
angular momentum, the net effective central potential is:

2 2
s e

By applying the Langevin capture criteria to this equation
we can obtain the relative energy (eq 17), the impact parameter
(eq 18), and the collision rate constant (eq 19). The critical

(16)

We use the first-order Stark effect to approximate the gain radius,r¢, can be obtained graphically using the net effective

in dipole rotational energy in ion polar molecule collisions. The
ensemble averaged enerjyiglis given by eq 14. In eq 14
L{x} is the well-known Langevin function. With linear polar

molecules the rotational energy levels of the dipolar rotor lack

the degeneracy necessary to produce a Stark éfféat: these

central potential (eq 16) and the following expressions.

molecules we assume that rotation of the dipole is not excited b, =

by the ion’s electric field. The net contribution of the ien
dipole interaction potential to ieamolecule capture collisions
is to remove the rotational energy gained

upQq upQ
= —|—|L 14
( r? [rszT] (14)
g+e* 1
L = —
4 g—e* X

by the dipole rotor from the interaction potential energy of the
ion and dipole. The decrease in the ion polar molecule
interaction potential caused by the Stark effect excitation of
dipole rotation accounts for the fact that the locked dipole
approximation without Stark effect coupling significantly
overestimates the rates of ion polar molecule collistghghe
dipole orientation in an ion polar molecule collision complex
must be approximately locked at,ecause the field strength

needed to rotate a dipole is smaller than the field strength neede
to cause an equivalent translation of the molecule. In ion polar

molecule collisions the field strength due to the ion is sufficient

will definitely cause rotation of the molecular dipole to

maximize the attraction potential between the ion and molecule.

The magnitude of the Stark effect perturbation on the-ion

2 2 2.2 2
r r
2= {5 - 1) mex| - 5| + ST sin? 22| (4n)
B rekgT reke T
2
r
1 \/rﬁ Aexp(— =]t keT|+|1- L[Zﬁ])/‘Dq
VEu B reke T
(18)
kcol =Uuo,. = J'[chz = kpMO + kionfdipiole (19)

We graphically solve eq 16 for the impact paramelbgrby

2

2 2 rc

= mr Aexp——

kcoll ¢ /"Erel( 4 B2

JT

+ kgT| +

2 | )
1—-—L{——
/"Erel ( {I’ikBT] )/’th

setting the maximum value for the net effective central potential,
Verr, €qual tokgT. With the value of the impact parameter and
the critical radius, it is possible to obtain the collision rate
onstant. The graphical solution of eq 16 Bgris illustrated in
igure 2 for hydride transfer to ammonia. The electron affinity
of ammonia is negative, which leads to a repulsive surface for

. S . - the hydride ammonia encounter. For this graphic we have used
to induce translation in molecules near the ion. The same field the ©

virtual electron affinity” of ammonia, the electron affinity
of NHp, 0.75 eV. Access to this virtual state of ammonia requires
electron tunneling. In solving eq 16 the orbital angular
momentumlL, of the complex is approximated lyub, where

dipole potential as a function of dipole moment and temperature y is the reduced mass, is the relative velocity, anth is the

is illustrated in Figure 1a and 1b, respectively. The netion
dipole potential, Figure 1, is given by eq 15.

impact parameter. The expression comes from the classical
Hamiltonian. With the assumption that the relative energy is
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Figure 2. Graphical solution for. and b using eq 16 for hydride
collision with ammonia (see text).

TABLE 1: Thermodynamic Data for Hydride lon Proton
Transfer Reactions H- + YH — H, + Y~

J. Phys. Chem. A, Vol. 104, No. 32, 2000615

mass centers of the collision pair from the energy at infinite
separation (300 nm). The nuclear coordinates from the optimi-
zation placed the molecular dipole on the axis connecting the
centers of mass (locked geometry). The geometry of the target
molecule began to change significantly at 0.6 nm fo/H}0,

and at 0.9 nm for the other target molecules in Table 1. The
impact parameter and critical radius were obtained for the ab
initio values in Table 2 by adjusting the impact parameter so
that Verr (eq 20) was equivalent tkgT. The results of these
calculations are given in Table 2. The reaction efficierigy/

keoi, IS the gas-phase equivalent of the reaction rate in solution.
This is because the collision rate in solution is independent of
structure, and in the gas-phase collision rates strongly depend
on structure. Modern theories of chemical reaction fatgise

the log of the solution reaction rate as an approximate quadratic
function of the reaction free energy. For the data and molecular
orbital collision rate calculations in Table 2 this function is
illustrated in Figure 3.

For the calculations reported in Tables 2 and 3, the orbital
radius scaling parametef;, was set to a value of 1.601. This

targetyrEoIecuIe ’(‘Bz)l prOdl\J(C,tS 'ons EAzse?/f)Y (?(\(13/‘;3";?) value was obtained from the ab initio collision rate constant
for the reaction between hydride and acetonitrile. The orbital
gﬁl\,‘\l o g'ig ggN o, 8'4713 ﬁ‘gg radius scaling parameter was obtained by setting the rate
CH.CN 302 CHCN- 1.46 1528 con.sFe_tnt for thg PMQ model equal to that obtained using the
C,H, 000 GH- 3.73 1577 ab initio potential. This parameter was used for the entire series
H-0 1.85 HO 1.83 1607 of reactions.
E:CE%HH igg (C;_';k),\iu: 8'22 12%3 The overlap integral at the critical radius was nearly a factor
NT—|35 2 147 N,_; 075 1657 of 10 higher for the polar molecules in Table 2 as compared
precursor ion with acetylene. The overlap integral for HQN was essentially
H- 0.80 1649 the same as that for acetylene. HCN is a linear molecule. As a

equal tokgT, the relative velocity is given by K&T/u)Y2. After

result it is not possible for the hydride electric field to excite
rotation of the HCN.

setting up eq 16 in a spreadsheet as a graphic, we varied the In nonpolar molecules the iefdipole potential term and the

value ofb until the curve generated just touchksl (Figure
2).

Application of PMO Collision Theory to lon Polar
Molecule Collisions

translational centrifugal term cancel at the critical radius using
Langevin capture criteria. The critical radius is thus determined
solely by the molecular orbital potential. When a molecule has
a permanent dipole moment, the iedipole interaction con-

tributes to the collision pair potential. The increase in the overall

A substantial body of data exists on hydride transfer reactions ttraction causes a decrease in the critical radius and an increase

in anion—molecule collisions at relatively high pressufés.

Reactions of anions are attractive for this initial work, because

in the overlap integral in the molecular orbital potential term.
We see no direct way to verify the collision rate because the

the free energy of reaction is sufficiently small that electronically experimental observation is the product of the collision rate
excited states of product ions, or neutrals, are much less likely times the reaction efficiency. Using the model described here

than in reactions of Hefor example. The systems we have
examined are listed in Table 1.
For reactions witlAG® smaller than 1 eV in Tables 1 and 2,

it is possible to obtain reaction efficiencies that are fully in
accord with Golden Rule kinetic theoriésClassical collision
models often give reaction efficiencies greater than 8ne.

Classically calculated collision rates also increase monotonically
molecule-hydride potential surface is uniformly repulsive. with reaction free energy (see Tables 2 and 3). It is well-known
Thermal ion-molecule collisions, and hydride transfer reactions, that increasing reaction free energy will cause an initial increase
in these cases, happen through tunneling to the reactivein reaction rate (efficiency) followed by a decred%elhe
(attractive) state. To apply the model above to ion polar molecule increase and decrease in rate (efficiency) is caused by the impact
capture collisions it is necessary to set the value of the orbital of the structural reorganization in the rate process. In this light,
radius scaling parametdr that is used to determine the overlap a series of reactions that show unit reaction efficiency for widely
integral. This parameter can be evaluated using ab initio varying reaction free energies is neither physical nor reasonable.
calculations. The ab initio potentia¥a initio (€0 20), includes  Reactions that have efficiencies greater than one are, of course,
the ion—dipole contribution. absurd.

The results in Tables 2 and 3 include calculations of-ion
L Hod ”Lq —\V. molecule collision rates using a classical mot#ét For these
r2k T rz ab initio
B

the electron affinity of the molecule is negative, and the

L2
Vef'f =

20
(20) calculations the maximum value f@g k.o was obtained for

B 2
2ur
HCN (1.4), the most exothermic reaction partner in the series.

The ab initio potential was obtained using Gaussizit @ith In general the results for the classical calculations in Tables
an MP2/6-33-G(d) basis set. The potential was obtained by 2 and 3 paralleled the classical calculations reported by BdAme,
subtracting the optimized energy at a give distance between thewhich showed an almost quantal shift in reaction efficiency
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TABLE 2: PMO and ADO Capture Collision Rate Constants and Critical Radii for the Reactions H~ + HY — H, + Y~ at 297
Ka

re (nm) Keol

reactant Kexg?° PMO G94 ADC® Sx 1 PMO G94 ADC*® AG° (eV)
HCN 15 0.90 0.92 0.52 0.2400 31.8 34.9 10.9 2.19
CH3NO, 13 1.02 0.97 0.61 3.339 21.3 28.6 13.0 1.91
CHsCN 13 0.89 0.98 0.59 1.443 14.6 14.4 14.1 1.26
CoH, 4.4 0.92 0.94 0.56 0.2409 7.12 8.3 4.46 0.747
H>,O 3.7 0.87 0.61 0.44 1.027 13.8 10.9 7.11 0.436
(CHs)2NH 4.3 11.9 0.64 1.857 20.7 7.00 0.218
CoHsNH2 1.1 1.04 0.64 1.568 17.5 7.32 0.104
NH3 9.2x 104 0.99 0.5 1.358 17.5 6.46 —0.083

2 kexp, the experimental reaction rate constant®(t@lt-cm?-s ). ? kvo, kemo, the calculated (PMO or Gaussian-94) collision rate constants (10
molecule’t-cm?-s™1).

0 T = = ——NO,
| H0 b4 N— b .
I \N/. s HCN
21 ;
,ﬁ-4 1 \NH
xxg 1 : = m@
) 6 T ¢ lnkplli/[o
8 +
-10 R e i : Pt
-05 0 0.5 1 1.5 2 2.5
-AG(eV)

Figure 3. Natural log of reaction efficiencykex/keo, for hydride reactions with polar moleculdgy, from ref 20 andk., from Table 2.

TABLE 3: PMO and ADO Reaction Efficiency (Kexp/kcon) for the implicit assumption was that the reaction efficiency was
the Reactions H + HY — H, + Y~ at 297 K® approximately unity for all exothermic reactioh¥his assump-
Kexp/Keoll tion guided the parametrization of the method and resulted in
reactant Kex 2 PMO G94 ADO: AG° (eV) reaction efficiencies greater than 1 for the most exothermic
HCN 15 047 043 1.38 219 reactions (s_e_e Table 3). The implicit assumption that gas-phase
CH:NO, 13 0.61 0.63 1.00 1.91 reaction efficiencies should be approximately 1 for all exother-
CHCN 13 0.89 0.90 0.92 1.26 mic reactions is the equivalent of saying that all such reactions
CHa 4.4 0.62 0.53 0.99 0.747 have the same density of staf@sThe density of states must
H20 3.7 0.27 0.34 0.52 0.436 vary dramatically for reactions whose exothermicities differ by
(CHa).NH 4.3 0.21 0.15 0.218 ) ) L
CH:NH, 1.1 0.063 0.16 0.104 the order of an electronvolt. Their reaction efficiencies cannot
NH; 9.2x 10* 5.26x 105 1.4x 104 —0.083 be the same.

2 koo the experimental reaction rate constant®(@®l-2-crm-s2); If the reaction efficiency is restricted to be not greater than

ko, kemo, the calculated (PMO or Gaussian-94) collision rate constants 1 for the ADO calculation, the natural logs of the reaction
(10 molecule’*-cm?-s™). efficiency for the PMO and ADO calculations are similar.

between endothermic proton-transfer reactions (very low ef- However, the latter set of calculations increase monotonically

ficiency) and exothermic proton-transfer reactions, efficiencies With increasing exothermicity. It would be surprising if the
near 124 calculations did not produce similar results, because both have

If the calculated rates in Table 2 are compared with the been adjusted to simulate the observed reality. The maximum
experimental values, the ADO calculated rates at first seem value in the PMO calculation is obtained for acetonitrile,
much closer to the observed rates than those computed by the—0.117, exothermicity 1.26 eV. The corresponding maximum,
models presented here. The calculated rates are only the collisior, is obtained for HCN in the ADO calculation, exothermicity
rates. The reaction rates are the collision rates multiplied by 2.19 eV. If a more exothermic reaction were added to the list,
the reaction efficiency. In the development of the ADO model it is likely that the maximum efficiency would shift to that
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compound. The result of the most exothermic reaction having  (2) Su, T.; Bowers, M. T. Classical lerMolecule Collision Theory.

the highest reaction efficiency is not realistic in the context of '\;‘Oﬁ(?‘sl'gg‘;sso'lonlC‘;‘%@istrﬁo""ers’ M. T., Ed.; Academic Press: New

mOdem th,eory' Lo . (3) Ridge, D. P. Capture Collision Theory. $tructure/Reactity and
This article presents both PMO and ab initio models for ion- Thermo-Chemistry of lgrAusloos, P., Lias, S. G., Edroceedings of a

polar-molecule collisions. The PMO model is primarily a NATO Adanced Study Institufd.es Arcs, France, 1987.

ioti ; ; ; (4) (a) Su, T.; Bowers, M. TJ. Chem. Physl973 58, 3027; (b) Bass,
heuristic. It is also a simple procedure that can be applied to I SU. T.: Chesnavich. W. J.. Bowers, M. Them.Phys. Lett.1975 34,

cases in which ab initio methods fail to converge. The PMO 119; (c) Su, T.; Bowers, M. Tint. J. Mass Spectrom. lons Phy$973 12,
model shows that the collision rate in iemolecule collisions 347.

is controlled by concentrations, masses, charges, dipole mo- gg; g:’rkz-r; iOVVAefSF'{i'(\jA-eTJE-)ngenéhzmsé?ilg%%f‘-mn
ments, moments of inertia, and the energy gap between the (7) (a) Truuski, J.; Fogxs’, M. Phys. Chenn{wg 83, 2815; (b) Cell,
frontier orbitals of the iorrmolecule complex. Itis the lastitem ¢ . \weddle, G.; Ridge, D. Rl. Chem. Phys198q 73, 801.

that is missing from a classical treatment. The ab initio molecular ~ (8) (a) Dugan, J. V.; Magee, J. l. Chem. Phys1967, 47, 3103; (b)

orbital model produces results that are in agreement with the Linde, R. S.V.; Hase, W. L]. Chem. Physl99Q 93, 7962; (c) Chesnavich,
PMO model W. J.; Bowers, M. TJ. Chem. Physl978 66, 901; (d) Chesnavich, W. J.;
o . Su, T.; Bowers, M. TJ. Chem. Phys198Q 72, 2641; (e) Su, T.; Chesnavich,
The results in Tables 2 and 3 and Figure 3 show that . J.J. Chem. Phys1982 76, 5183; (f) Su, T.J. Chem. Phys1994 100,
calculations using an approximate molecular orbital approach, 4703.
the PMO model, give results for gas-phase reaction efficiencies, (9 (a) Bates, D. RChem. Phys. Letll981, 82, 396; (b) Bates, D. R;
that f bl ith Its f lculati . Morgan, W. L.J. Chem. Phys1987, 87, 2611.
a cqmpare avorably W', resu S, rom Calcu a 'c,m,S u?'ng (10) (a) Sakimoto, K.; Takaynagi, KChem. Phys1984 85, 273; (b)
Gaussian-942 Both calculations provide reaction efficiencies sakimoto, K.Chem. Phys. Lett1985 116, 96.
that are directly in accord with modern kinetic theoAe&olden h(11) (a) Troe, JChem. Phys. Letll985 122, 425; (b) Troe. JJ. Chem.
Rule kinetic theories require that gas-phase reactions show aPnys 1996 108 6429.
. . d . 9 .p. . (12) Wollrab, J. ERotational Spectra and Molecule Structufeademic
maximum in rate constant (reaction efficiency) as a function of p a5’ New York. 1967,
free energy3 Previous treatments of ion-polar molecule collision (13) Dougherty, R. C.; Xu, MJ. Am. Chem. Sod.996 118 9424.
rates either assumed unit reaction efficiencies for all exothermic  (14) Dewar, M. J. S.; Dougherty, R. The PMO Theory of Organic
reactions, or produce reaction efficiencies that increase with Chel"S“Stéy Pl'e”“mé ﬁf/WIYOF"’ 12925-(;10 tord University Press. N
increasing—AG® for the reaction. PMO and ab initio calcula- Y0|('k )196%9 son, &. Avalence, end edxiord Lniverstly Fress. Tew
tions of ion polar molecule collision rates using a classical Stark  (16) Gioumousis, G.; Stevenson, D. P.Chem. Phys1958 29, 294.
effect model for the iondipole interaction give reaction (17) McLafferty, F. W.; Michnowicz, J. AChem. Technol1992 22,
efficiencies that maximize atAG® ~1.3 eV. Both the position 182

. : (18) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Levin.R. D.; Mallard
of the maximum and shape of the curve are congruent with \,, 5”5 Phys. Chem. Ref. Dat088 suppl. 1.

expectations based on Golden Rule theories of chemical rate (19) Moore , W. J.Physical Chemistry4th ed.; Prentice-Hall: New
processed® York, 1962.

(20) Bohme, D. Klon—Molecule Reaction Rate Measurements at York
University through 1981; lon Chemistry Laboratory, York University:
Ontario, Canada, 1982.

A perturbation molecular orbital model has been developed _ (21) Belson, R. D.; Lide, D. R.; Maryott, A. ANatl. Stand. Ref. Data

. oy Ser.1967, 10.

for ion polar molecule captur_e collisions. T_he model replgces (22) Frisch, M. J.: Trucks, G. W.: Schlegel, H. B.: Gill, P. M. W.:
the induced dipole potential in the Langevin treatment with a Jjohnson, B. G.: Robb, M. A.; Cheeseman, J. R.; Keith, T.: Petersson, G.
perturbation molecular orbital potential. The effect of thedton  A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrewski,
dipole interaction on the collision rate is modeled using the \l\ﬂér%/a(lzgé Iy Vg Foresman, . Be r?éoséoﬂs_kl'&yilh Stefanoy. 8- B
formalism of the Stark effect. The model conserves both energy wong, M. W.: Andres, J. L.: Reblode, E.S. Go.rﬁperts,’R.i Martin, R. L..
and angular momentum. The results from the PMO model are Martin, D. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart,
in good agreement with those obtained using an ab initio model. J: P-; Head-Gordon, M.; Gonzalez, C.; and Pople, JGaussian 94

. .. . . . ... Gaussian, Inc.: Pittsburgh, PA, 1995.
Reaction efficiencies derived by this model are congruent with ™ 53" o) \iareis. R. AAngew. Chem., Int. Ed. Engl993 32, 1111:

Conclusions

expectations of modern chemical reaction rate theories. (b) Devault, D.Quantum-Mechanical Tunneling in Biological Systegr
ed.; Cambridge University Press: Cambridge, 1984.
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