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The “reaction force’F(R.) is the negative derivative of a system’s potential endrf@3.) along the intrinsic
reaction coordinate of a processMiR.) goes through a maximum, as is commonly the case, BiRg has

a characteristic profile: a negative minimum followed by zero at the transition state and then a positive
maximum. These features reflect four phases of the reaction: an initial one of reactant preparation, followed
by two of transition to products, and then relaxation of the latter. In this study, we have analyzed, in these
terms, a gas-phase3 substitution, selected to be @& + H,O — CH;OH + HCI. We examine, at the
B3LYP/6—31G* level, the geometries, energetics, and molecular surface electrostatic potentials, local ionization
energies, and internal charge separation.

Introduction as rotations) that will facilitate the subsequent transition to

products, which occurs primarily in the zones—  andf —

y. The last phase; — P, is then a relaxation to the equilibrium

states of the products.

This interpretation, and indeed the profile EfR.), reflects

the variation of structural and electronic properties along the

1) intrinsic reaction coordinate. For a series of hydrogen and
fluorine transfer processes, we have found that the participating
atoms’ electrostatic potentials, local ionization energies, atomic

In the commonly observed case in whi¢{R.) passes through ~ charges, Fukui functions and bond orders show a characteristic
a maximum, as in Figure 1&(Ro) has the general features Pattern®™® a slow and gradual increase or decrease in the
shown in Figure 1b. It is zero for the reactants and products, Preparation zone between R aada very rapid change in the

For any chemical process, the potential enev{fg.) of the
system along the intrinsic reaction coordindg'? has an
associated “reaction forcd®(R.), defined by

MV(R,)

FRJ =~ 7R

C

has a negative minimum at the first inflection point\&R.), transition regionst — /5 and$ — y, and then again slow and
has a positive maximum at the second, and is zero for the 9radual as the system relaxes to the prodycts,P. The rapid
transition state. These characteristicsF¢R,) are universal, ~ change in the property betweél = a. andR; = y may be

independent of the specific process and whether it is exo- or Monotonic, or it may go through a maximum or minimum at
endoenergetic, as long ¥¢R.) has a maximum. In the reverse ~ the transition stateR = f3. It is important to keep in mind that
reaction R. increases in the opposite direction d#(Ry) is the it is thle electronlc anq structural changes occurring along the
negative of that in Figure 1b. intrinsic reaction coordinate that determine the featurd4&f)

The significance and interpretation of the reaction force has @1d hencé=(Rc), not the reverse. _
been investigated in a series of recent studi@The minimum, In this work, our objective has been to extend the analysis to

zero, and maximum oF(R.) identify three key points along & different type of chemicql reaction. As an example, we chose

the intrinsic reaction coordinate, labeleg, andy in Figure the gas-phaseng substitution of Cl by OH:

1b. These establish four zones aldRg reactants (Ry~ o, a CH,CI + H,0 — CH,OH + HCI @)

— f (transition state)3 — y, andy — products (P). In the first ) ] ] )

of these, R~ a, F(R.) is a retarding force, which increases While H;O is a less effective nucleophile than, e.g., Qflwe

until Rc = a. At this point it begins to diminish, presumably prefer to use n_eutral reactants in the present context, since the

because a driving force has begun to be felt. The two exactly charge on an ion could distort or mask some of the property

balance at the transition staf, = 3, after which the driving  variations of interest.

force dominates and continues to become stronger Ratit

y, whereupon it begins to weaken, and is zero at the products.
We have suggestéd that the R— o portion of a process is All of the computations in this work have been at the density

one of preparation, involving mainly structural changes (such functional B3LYP/6-31G* level. Apart from the energy and the

reaction force, the two properties upon which we shall focus

*To whom correspondence should be addressed. E-mail: ppolitze@ are the electrostatic potentiaf(r) and the average local

Procedure

uno.edu. inizati V(r): ; i
T Part of the special issue “Donald G. Truhlar Festschrift”. !Onlz.atlon Qnergy(r), thes.e shall be. defined ?‘f‘d discussed later
* University of New Orleans. in this section. For analyzing chemical reactivity, we have found
8 Charles University. it useful to calculate/(r) andI(r) on the respective molecular
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Figure 1. Potential energy/(R.) (a) and reaction forcE(R.) (b) along
the intrinsic reaction coordinate of process in eq 2. The positions of
the reaction force minimum and maximumandy, and the transition
state,3, are indicated. For practical reasons, these profiles were not
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One of the quantities in terms of which we charactekige
(r) is its average absolute deviation, which we denotdpy

170 _
[1=53 Vve) =V (4)

In eq 4, the summation is over timepoints on a grid covering
the molecular surface, and is the overall average ofs(r):

_ 1"
Vg=- ) V)
n&

(5)

[1is a measure of the internal charge separation that is present
in any molecule, even if its dipole moment is zero due to
symmetry, e.gpara-dinitrobenzene. We have demonstrated that
[1 correlates with several empirical polarity scal&3®

The average local ionization energy was originally introduced
within the framework of HartreeFock theory?2®

pi(r)lel

— p(r)

In eq 6,pi(r) is the electronic density of théh occupied atomic
or molecular orbital and; is its energy. We view(r) as the
average energy needed to remove an electron at the point
the space of an atom or molecule, the focus being upon the
pointr and not a particular orbitdf. This interpretation is based
upon Hartree-Fock theory and Koopmans’ theoréithiowever,
it has been shown to be qualitatively applicable to KeBmam
density functional results as weH.

1(r) and its molecular surface versiog(r) are related to a
number of fundamental atomic and molecular properties, as has

1(r) (6)

extended to the relatively large reactant and product separations at whichbeen reviewed on two occasioffs® these include shell

there would be no CkCI- - - -H,O and CHOH- - - -HClI interactions
whatsoever, an®¥/(R.) would equal zero. Thus, thé(Rc) and F(R¢)

profiles begin at a point where there is already some hydrogen bonding

between the reactants, withsEICI- - - -HOH and HO- - - -HCH,CI
distances of 2.693 and 2.385 A, respectively; at their termination, there
is still some interaction between the products, the ©O-H separation
being 1.748 A.

surfaces. These are defined, following Bader eflals the 0.001
electrons/bolrcontours of the electronic densities.
The electrostatic potential that the electrons and nuclei of a

structure, local temperature, electronegativity, local polarizability
and bond strain. With respect to reactivity, the local minima of
Is(r), thels min reveal the sites of the most energetic electrons,
most readily transferred to electrophifég83%33 |ndeed,
V4(r) andlg(r) can often be utilized in a complementary fashion,
the minima of the former (its most negative values) showing
where an approaching electrophile will initially be attracted and
those of the latter indicating where are the most available
electrons?2:33

system create at any point in the surrounding space is given byResults

p(r") dr’

Ir'—r

vI(r) & I 3)
N B
Z |RA =]

Za is the charge on nucleus A, locatedRy, andp(r) is the
electronic densityV(r) is a physical observable and can also
be measured experimentally, by electron or X-ray diffractfol

Figure 1 presents the potential energy and reaction force
profiles along the intrinsic reaction coordinate of the process
in eq 2. The position of the transition state is indicatedsby
the minimum and maximum ofF(R.) are at o and y,
respectively.

Table 1 presents the calculated geometries, the energy minima
at 0 K and the enthalpies at 298 K for the isolated ground-state
reactants and products and for the systems correspondiRg to

Its sign is any region depends on whether the positive contribu- = @, 8, andy. The structures of the latter three are shown in

tion of the nuclei or the negative one of the electrons is dominant
there. WherV(r) is evaluated on a molecular surface, we label
it Vs(r).

V(r) and Vs(r) have long been used in interpreting and
predicting molecular reactive behavigri*16-22 particularly
noncovalent interactions, e.g. hydrogen bondth@he most
negative values of¥/s(r), the surface local minim&s min, are

usually associated with the lone pairs of electronegative atoms,

Figure 2. The transition state differs from that expected for an
Sn2 attack by an ionic nucleophile, such as Qihich would
be approaching a planar methyl group on the side opposite to
the departing C1.10

Energetics related to the reaction in eq 2, as determined from
the data in Table 1, are given in Table 2. The ovedt(298
K) for the process is predicted to Be3.8 kcal/mol, compared
to +7.7 kcal/mol obtained from experimental gas phase heats

such as nitrogen, oxygen and the halogens; they can also beof formation3* The discrepancy of 3.9 kcal/mol is consistent

found in thes-electron regions of unsaturated hydrocarbons.

with what would be expected at this computational |€¥vel.
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TABLE 1: Structures and Energies Computed at the B3LYP/6-31G* Levelt

system distance, A angle, deg Emin(0 K), hartrees H(298 K), hartrees
HsC—Cl C—H: 1.090 (1.090) HC—H: 110.4 (110.8) —500.10854 —500.06645
C—ClI: 1.804 (1.785) HC—CI: 108.5
H,O O—H: 0.969 (0.958) H-O—H: 103.7 (104.5) —76.40895 —76.38401
H;C—OH C—H: 1.094-1.101 (1.0936) HC—H: 108.0-108.4 (108.63) —115.71441 —115.65870
C—0: 1.418 (1.4246) €0—H: 107.7 (108.53)
O—H: 0.969 (0.9451)
HCI H—CI: 1.290 (1.2746) —460.79569 —460.78572
R.=a C—Cl: 2.280 H-C—H: 115-119 —576.47442 —576.40908
C-0: 2.545 C-O—Hy 104.0
O-Hi: 0.970 H-O—H: 102.3
O—Hy: 0.972 O-H,—Cl: 130.6
Cl—Hy 2.203
C—H: 1.0771.084
O—Hg: 1.896
R.=p C—Cl: 2.598 H-C—H: 117 —576.43458 —576.36748
C-0: 2.172 C-O—Hy 102.9
O—Hj: 0.974 H-O—H: 102.3
O—Hy: 0.995 O-H,—Cl: 136.9
Cl—H,: 2.033
C—H: 1.079-1.080
O—Hg: 2.139
Re=y C—Cl: 2.740 H-C—H: 113-117 —576.46953 —576.40512
C-0: 1.760 C-O-Ht 105.8
O—Hj: 0.979 H-O—H: 102.6
O—Hgz 1.165 O-H,—Cl: 149.7
Cl—Hy: 1.682
C—H: 1.083-1.087
O—Hg 2.207

2 Reference 38° Experimental values, when availailare in parentheses. The numbering of the hydrogens in the systeras=ati,f8 andy
is shown in Figure 2.

TABLE 2: Computed Energetics (B3LYP/6-31G*) of the '
Reaction CHCIl + H,0 — CH3OH + HCIP 4 .
R— P (overall) AEnmn(OK)=+4.6 AH(298 K)=+3.8 ¢+7.7¢ { ?—C"
R— EalOK) = +52.0  Hae(298 K)= +52.1 ‘ i

R—a AEnmin(0K) = +27.0 AH(298 K)= +26.0 S, '

a—p AEmn(0K) = +25.0 AH(298 K)= +26.1 =

B—y AEmn(0K) = —21.9 AH(298 K)= —23.6

y—P AEmn(0K) = —25.5 AH(298 K)= —24.7

aExperimental, from gas phase heats of formation in ref3/alues Force Max
are in kcal/mol.

Figure 1 shows that the traditional activation enefgy can .
be viewed as a sum of two contributioh%? )

E.(0K) =— [V F(R) dR,=
- [*FR) AR, — ["F(R) dR, 3

= AE,;,(0K,R—a) + AE,;,(0 K, aa — f3) Ko Transition State

The two components 0Ex(0 K) and Hac(298 K) can be - .
evaluated from the energies and enthalpies of the reactants ant @

the systems aR. = o andR; = 3, which are in Table 1. The

results, in Table 2, show that, for this reaction, the energetic .

requirements for the preparation step;Ra, and for the first @
phase of the transitiomy — 3, are approximately the same: \D
AEnin(0 K, R— o) = +27.0 kcal/mol and\Ep,in(0 K, o — f5)

= +25.0 kcal/mol, giving Ex{0 K) = +52.0 kcal/mol.

Analogously, the second phase of the transition releases nearly'9ure 2. Structure of system at the three key points along the infrinsic

h energy as the relaxation to produtByin(0 K, 4 — reaction coordlnaye of the process in eq 2. The darkest sphe_re represents
as muc y in ! the oxygen, the lightest the carbon. The hydrogens mentioned in the
y) = —21.9 kcal/mol VAAEmin(0 K, v — P)= —25.5 kcal/mol. text are numbered.

It should not be inferred, however, that the two components of

the energy changes before and after the transition state aregpotential and the average local ionization energy of the reaction

typically so similar; this is often not the ca%e®.8° system, computed on the molecular surfaces. The two negative
In Figures 3-5 can be seen the variation along the intrinsic centers are the oxygen and the chlorine atoms, and parts a and

reaction coordinate of some key features of the electrostatic b of Figure 3 follow the changes in the most negative potentials

Force Min
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on them, theilVs min Hydrogens are normally positive; accord-
ingly Figure 3c shows the most positive potentid$,max on Intrinsic reaction coordinate

the hydrogen (i) that remains bonded to oxygen throughout gigyre 5. variation of internal charge separatig along intrinsic
the process. In parts a and b of Figure 4 are shown the lowestreaction coordinate. The positions of the reaction force minimum and
local ionization energies, thés min, On the oxygen and the  maximum,a andy, and the transition statg, are indicated.

chlorine. The relationship betweafs mnandls mnfor a given 0 property changes direction, and quite soon achieves an
atom should be noted; their profiles alorR, are nearly approximately constant value.

superposable. As pointed out earfiethis is because as an “yiore specifically, the electrostatic potential of the oxygen
atomic region becomes more negative, the most energetic; \yater is quite negativeysmn = —37 kcal/mol, Figure 3a.
electron is less tightly held, and thus its ionization energy is R. = a, it is still —34 kcal/mol. Now. however. it quickly
lowered. Increasing positive character has the opposite effect.;,,.omes ’much more positive reaCthémin _ —7’kcaI/mo|

Finally, Figure 5 depicts the internal charge separatidn, 5t R = 5, before leveling off to—20 kcal/mol in methanol.
during the reaction. The chlorine potential behaves in an analogous but opposite

. . manner, Figure 3b, starting witkls min = —14 kcal/mol in
Discussion

methyl chloride, progressing te21 kcal/mol atR. = o and
The trends in the electronic properties shown in FigureS 3 then going all the way te-47 kcal/mol nealR; = y prior to
emphatically underscore the significance of the minimum and settling to—27 kcal/mol in hydrogen chloride. These patterns
the maximum ofF(R¢) as indicators of different phases of a are essentially duplicated by the local ionization energies of
process. Starting with the reactants, each property initially the oxygen and the chlorine; thdis nin increase as the atom
changes relatively slowly and gradually. HoweveRat= a, becomes more positive, and vice versa (Figure 4).
the minimum ofF(R.), begins a very rapid increase or decrease  In physical terms, what is taking place in the four reaction
which continues untiR; = y, the maximum ofF(R¢). Then zones defined by the poin®. = a, 8, andy? Some insight
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into this can be obtained by looking at the structural details in concept has been invoked in interpreting the sensitivities of
Table 1 and Figure 2. energetic material¥,*2 aqueous aciditie® etc.

In the first stage of the reaction, R o, the primary effects We suggest, therefore, that a key component of the driving
are within the methyl chloride. The-6CI bond lengthens from  force afterR. = y is a tendency to diminish charge separation.
1.804 to 2.280 A, and the methyl group moves toward planarity, This is accomplished in part by breaking away from the
the H-C—H angles increasing from 110 to 1351F. (Planar-  0Xygen, causing th¥s min of the latter to become more negative
ity would correspond to angles of 12D The geometry of the ~ @nd theVs maxof Hi less positive. At the same time, the-O
water molecule is essentially unchanged from that in its isolated @1d CHH distances relax to their equilibrium values, the
equilibrium state. However there are two intermolecular hy- chlorine Vs min thereby becoming less negative. )
drogen bonds @& = o, Cl- - -H, and O- - -H; this is confirmed A very striking feature of the transition state Ri=p)is
by the respective separations, 2.203 and 1.896 Fhe ClI- - - that it marks the greatest rate of qhange (increase or decrease)
H. interaction is one of the factors causing the transition state fOr €ach of the properties shown in Figures3 (betweerR.
to differ from that found for an ionic nucleophile like OH?° = a.andR. = y). Of course the transition state also has the

For the electronic properties in Figures3, the consequences univerilzil significance of being the maximum ¥R) and a
of the changes that occur in going from Rdoare relatively zero of F(R).

minor. .
. N . Concluding Remarks
The dominant event in this preparatory phase of the reaction

is the stretching of the €CI bond by 0.476 A. This produces The minimum, zero, and maximum of the reaction fdr(R.)

an increasing retarding force, which reaches its extrenf at prowde_an effective and unlver_sal basis for gaining insight into
= o, the minimum of~(R). The preponderant role of this<Cl a chemical process. The maximum and minimum, and some-
lengthening can be seen by applying the Morse potéhtial times the zer§,show where distinct phases of the reaction begin
estimate the energy needed for this. Using the experimental@d end, and where marked changes occur in the variation of

HaC—Cl force constant, 3.44 N/ci%and taking the computed certain structural and electronic properties. These frequently
bond energy, 84.1 kcai/mol the er,lergy required to stretch the increase or decrease quite gradually in the initial and final phases

C—Cl bond by 0.476 A is 26 kcal/mol. This is very close to of the process, but much more rapidly between the minimum
our calculatedAEmin(0 K, R — a) of 27 kcal/mol and maximum of the reaction force, the greatest rate of change
I 3 .

being at the transition state. The particular properties that show
this behavior may differ from one reaction to another, but the
features of(R.) represent a unifying approach to their analyses.

Moving now to the second reaction zone, betw&gr= a
andR. = 3, what is most notable is that the-© bond starts
to form, the effect of which begins to counter the retarding force.
The C-O distance decreases from 2.545 to 2.172 A. Internally, Acknowledgment. This study was supported by Charles
the H,0 molecule is still largely unaffected. The chlorine moves ypjversity grants GAUK 181/2004/B_CH/MFF, and NSF-
farther away from the carbon, and its hydrogen bond 1asH  SMT CR 1POSME784 grant (J.V.B.). Special thanks are given
strengthened. As the reaction proceeds fRyw /3 to Re = v, to the computational resources from the University Meta-Centre
the C-O and CkH; bonds continue to develop and now, of Charles University in Prague.
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