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A theoretical formalism based upon simple bifurcation theory aimed at rationalizing elementary chemical
processes is presented. The study of a generic potential representing the evolution from reactants to products
leads us to determine a local bifurcation condition on the parameter space. Our formalism leads us to define
topological regions where chemical processes can be analyzed within the Hammond postulate and the principle
of maximum hardness framework. Furthermore, if a Gibbs-like potential is assumed to represent the profile
of any global property (energy, hardness, and chemical potential) along the reaction coordinate, then a canonical
bifurcation which is isomorphous to tHeld catastrophe is obtained.

1. Introduction potential energy hypersurface. A major focus of attention is
. ) ) _ therefore a reliable characterization of the 71®3n this paper

_ A chemical reaction can be seen as resulting from reorganiza-e investigate the bifurcations occurring during a chemical

tion and redistribution of electron density among atoms in the (eaction to provide new elements that may be used to classify

molecqles. _It has beep shown that density functlonal theory chemical reactions and may help to better characterize the TS.

(DFT) is quite well suited to describe such electronic reorga- The procedure, based upon simple bifurcation theory, is applied

nization processes through concepts such as electronic chemical, the study of the internal rotation of glyoxal and its chlorine
potential ) and molecular hardness)( which are implicated derivatives.

in the reactivity of chemical speciésu characterizes the

escaping tendency of electrons from the equilibrium system, 2 Theoretical Background

while 7 can be seen as a resistance to charge trahisfiemerical . i .
determination oft andy is possible through working formulas 2.1. Energy, Chemical Potential, and HardnessAccording
based upon the finite-difference approximation that can be found t© Leffler!° the derivative of the activation energgV*) with
elsewheré. The chemical potential and hardness, global proper- "€SPect to the reaction energ\(°) determines the slopg,
ties of the system, are by now very well-established quantities, the Brﬂnsteq_coefﬂment, that measures the relative resemblance
and they have induced considerable research activity in the last°f the transition state to the product:

few yearst—8 Furthermore, the study of the profiles @fandy

along a reaction coordinate and their connection with the energy = M (1)
profile has been shown to be useful in rationalizing rate and 0AV®

thermodynamic aspects of chemical reactibns.

The Hammond postulate (HPInd the principle of maximum
hardness (PMH)® have been invoked as powerful tools for a
qualitative characterization of transition states (T$sJhe HP
interrelates the position of the TS with the exo- and endother-
micity of the reaction. Accordingly, the TS for endothermic
reactions will be closer to the products (P), and for exothermic
reactions it will be closer to the reactants (R). On the other hand,
the PMH asserts that molecular systems at equilibrium tend to
states of high hardness; a corollary of this principle is that the
TS must present a minimum value for the hardrfegdt has A
been shown that consistency between the HP and the PMH Ieadéw =B o o .
to establishment of a bridge connecting electronic and energetic A quanutatlve chgractenzaﬂon of thg TS of a 'chemlcal
properties, i.e., reaction mechanisms and thermodyndiiicis reaction can be OE);alned from the following expression for the
is of considerable theoretical interest since it complements the activation energy:
well-known relationships between kinetics and thermodynam- N2
ics/ It is thus clear that the theory of chemical reactivity A\le(kR—i- ke) +1AV° +M
basically relies on the knowledge of the geometrical structures 4 2 A(kg + k)
and properties associated with the three stationary states on the

where kg and kp are the force constants associated with the
fcsic. reactant and product potential wells. The activation energy of

* Pontificia Universidad Catiza de Chile. eq 2 is consistent with a quadratic function representing the

Let us consider an elementary chemical reaction of the type
R — TS — P, where the reaction coordinate connects the
reactants and the products through the transition state. Reaction
path computations allow one to verify that a given transition
structure actually links the initial and final structures that are
already known. Once this fact is confirmed, the chemical
reaction can be studied gonformational spacevhere reactants
and products are connected through a reduced reaction coor-
dinate () measuring the reaction progress on going from
reactantsd = 0) to products@ = 1), passing through the TS

)
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energy along the reaction coordinate; therefore, it can be seen 6

as an approximation of the actual activation energy. However, 2)

it has been shown that it gives quite good estimates of this o |
property in different kinds of chemical reactidhs.On the other 5+

hand, it is important to note that eq 2 has the same form of the
Marcus equation, originally proposed to characterize electron-
transfer processéd,and later on used for the interpretation of S 4] ™
different kinds of chemical reactiofi$:12 Therefore, from eqs .
1 and 2 we obtain

AN
A\

1,2
1 AV° ’
=+ 3 -
f=3 2k + k) 3) 0 /\ \
The coefficientd quantifies the HP leading to an early TS for 0,4 / \
exoenergetic reaction\{y° < 0, f < 1/2) and to a later TS /’ (3) l
for endoenergetic reactionay° > 0,8 < 1/2). Note that since 0.0 A - \
p depends on the reaction energy only (it depends parametrically 02 03 04 05 06 07 08 09 1,0
onkgr + kp), it is a coefficient that gives the location of the TS X

with respect to reactants and products in reactions where therjgyre 1. Bifurcation condition (dashed line) partitioning the parameter
HP is satisfied but it cannot be used to characterize deviationsspace in two regions, | and Il. The values ffor the rotational

from the Hammond behaviérThe PMH is in turn a local isomerization process trars cis of the following molecules have been
principle in that it does not require the most stable species calculated: {) glyoxal, (2) Cl-glyoxal, and(3) oxalyl-Cl.
between reactants and products be the hardest one, although in

reactions satisfying the HP this seems to be $¥riédong the parameter§,or their bifurcation features. This is the way we
reduced reaction coordinaterelying on reactants and products, ~Will explore reactions in this paper.
we write the potential energy profile in terms of theand 2.2. Elements of Bifurcation Theory. We have shown
profiles a§” previously that the evolution of any global property (sucluas

7, orV) along the reduced reaction coordinatean be written
V(w) = wAV° + l/2Q,7[p¢(a)) — wAu’] + in terms of a general function (that comes from a cosine Fourier

i i 6,7
1/2Q#[17(w) — wAy°] (4) expansion up to the third teff) as followsé
where: Flo] = (A+ B)o — [A+ 3B — O)lw’* + 2B — C)o° (7)

AV — AVP whereA, B, andC are parameters which are intrinsic properties

" :m ®) of the reaction. These parameters are expressed in terms of
physical properties associated with reactants and products, that

and is, the curvature of local minima &f, «, andy, and the overall
change of these properties. Thus, for example, for the energy

AVF — AV° profile V[w], we haveA = kg + kp, B = kg — kp, andC =

Q=""%5"—2 (6) AV°. Similar expressions for the parameters of the hardness and

A" — An chemical potential profilesy[w] and u[w], can be found

are parameters related to the electronic charge redistributedEIS?Wheré'The. b|furqat|0n (BF) condition (|ssueq frqm elimi-
during the chemical reactidn® The validity of the PMH entails ~ "aing the variable in the first and second derivatives bf
an opposite curvature for the energy and hardness. This leaddVith respect tav set to zero, that if'[w] = F"[w] = 0) leads
to a negativeQ,.’ to
At this point we have a simple analytic framework to study
chemical reactions in terms afv¥, 3, and the relation between y'=-9x—1)x— ") >0 (8)
energy and the electronic properties, which together with the
HP and the PMH were used to classify different types of herex = C/B, y = A/B, andx e [Y/3, 1]. This local condition
reactions It should be stressed that eqs 2 and 3 are consistent(g) is a parabola which is plotted by a dashed line in Figure 1.
with a quadratic analytic form used to represent the evolution This separatrix makes a partitioning of they) parameter space
of the energy alongw. Most chemical reactions can be in two regions (I and Il) wherd[w] has to display different
rationalized using this simple formalism. However, there are topologies. In region I falls any chemical reaction, independent
chemical processes that are difficult to classify within this of its HP or PMH behavior. In region Il lie chemical processes
scheme basically because they present anomalous behavior, antthat cannot be viewed as typical chemical reactions in the sense
HP or anti-PMH processésin such cases, we expect that the  that reactants and/or products may not be clearly identified as

use of higher order polynomial functions representing the stable species. The critical points,, on each region are located
evolution from reactants to products Yfw], u[w], andn[w] at

will produce more general results that may explain peculiar

features. Notice that HP and PMH reactions can be explained , 1.3 B

using eq 3 whereas peculiar chemical processes which do not we X5+ IA\(C - §) )
belong to the above kind of reactions may be classified and

characterized differently according to, for example, the pattern wBF=1 A 1 y (10)

of the electronic distribution through topological similarity ¢ T2 6(B — C) ~2 6(1—x)
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Figure 2. Trans== cis isomerization process in glyoxal and chlorine
derivatives (X= H, CI). The torsional angle is defined as the rotation
about the CC central bond.
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Notice that the critical points depend on the three parameters Torsional Angle (degrees)
and in all three cases are different from the Bransted coefficient g e 3. Ab initio HF/6-31G energy profiles along the torsional angle
that in terms of the parametefs B, andC is given by of glyoxal (), Cl-glyoxal (— — —), and oxalyl chloride ).

1, C 8

P=2%m

Comparison between eaeh, and the Bragnsted coefficient i I
is not straightforward since the latter index has been defined
from a quadratic function representing the energy alonthe
Hammond condition being stated under that definifidrn
region | the reactant- or product-like character of the reaction
should be determined from the index instead off. It is
important to stress that this new index depends on all three
parameters involved in eq 7. Moreover, in contragt tavhich
depends oA = (kg + kp) andC = AV?®, w. also depends on
B = (kr — kp), which gives the relative curvature of the potential 31 ]
wells associated with reactants and products. This shows that
the reactant- or product-like character of the reaction depends 2|
not only on the energy criterion, as originally stafduljt also
on the relative difference of force constants. Therefore, besides
the usual HP behavior, our model gives evidence that it should
be possible to find endothermic reactions with a reactant-like
TS and exothermic reactions presenting a product-like TS. This  © T T T T

is exactly what we have called anti-HP behaior. 00 02 04 ® 06 08 10

Figure 4. Different topologies displayed by the energy profile (in
arbitrary units) in regions | and Il, and on the bifurcation curve.
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3. Results and Discussion

As an illustration, we have chosen the tran<is rotational
isomerization process, represented in Figure 2, of the following given the different topologies displayed by the energy profile
molecules obtained from simple substitution of the two H atoms along the variablew in each region, | and Il, and on the
by Cl atoms in the glyoxal moleculel)glyoxal, 2) Cl-glyoxal, bifurcation curve. As can be seen, in region | where molecules
and @) oxalyl-Cl. The corresponding potential energy profiles 1 and 2 lie, the quadratic term is predominant and only a
along the torsional angle defined with respect to the central CC nondegenerate critical point (maximum) is exhibited. These two
bond were obtained at the Hartreleock (HF) level with the molecules are therefore expected to behave according to the
standard 6-31G basis set and full optimization of the molecular HP and PMH. On the bifurcation curve or separatrix, the critical
geometry along the torsional angle. All calculations were point is 2-fold degenerate and a largteauis displayed by
performed using the Gaussian 94 pack&gand the resulting the energy profile. By crossing that curve, in region Il, the cubic
torsional potential profiles along the torsional angle are displayed term begins to be important, leading to the appearance of two
in Figure 3. It should be noted that the reduced reaction nondegenerate critical points. This behavior is not isomorphous
coordinatew, which provides a general representation of any to any of the elementary catastrophes known (in particular, to
chemical reaction, can be defined by the torsional angle throughthefold catastrophe). Reacti@®lies in region I, and therefore
a simple scaling procedureVe note in Figure 3 that whereas it cannot be classified in terms of its HP and PMH behavior. In
glyoxal and Cl-glyoxal present double-well energy profiles with particular, the energy profile for the internal rotation of oxalyl
an energy barrier separating them, oxalyl chloride presents achloride presents a minimum at the trans conformation and a
topologically different profile. Here the cis conformation maximum at the cis one. No TS between these two conforma-
corresponds to an energy maximum. tions is actually found. From the PMH requirements and eq 4,

Shown in Figure 1 is the bifurcation condition partitioning this behavior should also be expected in the hardness and
the parameter space in regions | and Il, and in Figure 4 are chemical potential profiles.
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