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Resumen

En este trabajo de tesis se establece que los mecanismos, junto con aspectos ter-
modindmicos y cinéticos de una reaccién quimica, pueden ser caracterizados a través
del andlisis de propiedades electrénicas globales y locales en complemento a la carac-
terizacién energética. En particular, se muestra que el potencial quimico () y la
dureza (17) son complementarios a la energia (E) y en muchos casos estas propiedades
est4n analiticamente conectadas definiendo la representacion {u,n, E'} en la cual una
reaccién quimica se caracteriza a través de algunos pardmetros especificos (propiedades
de activaci6n, posicién del estado de transicién, energfe de la reaccién, etc.). El marco
conceptual que permite conectar diferentes propiedades se define por un conjunto de
principios y ecuaciones de reactividad, tales como el postulado de Hammond, el Prin-

cipio de Méxima Dureza y la ecuacién de Marcus.

En este contexto, el estudio de diferentes sistemas y reacciones indica que los concep-
tos cldsicos que hemos incorporado junto con descriptores de la reactividad deriva-
dos de la Teoria de Funcionales de la Densidad (TFD) constituyen una herramienta
poderosa de anélisis para caracterizar reacciones quimicas. Ejemplos representativos
de reacciones de rotacién interna, de transferencia proténica y de formacién de agre-

gados moleculares confirman la validez del modelo propuesto en este trabajo de Tesis.

xvii




Abstract

In this work we point out that the mechanisms, the thermodynamic and kinetics as-
pects of chemical reactions can be characterized through the analysis of global and
local electronic properties that complement the energy characterization. In particular
it is shown that global properties such as chemical potential (¢) and hardness (n) are
complementary to the energy (¥) and, in many cases these properties are analytically
related thus giving rise to the so called {¢,7, E} representation in which a chemical
reaction is characterized through few specific parameters (activation properties, po-
sition of transition state, reaction energy etc.). The conceptual frame that links
different properties is defined by few reactivity principles and equations such as the

Hammond postulate, the Principle of Maximum Hardness and the Marcus equation.

Within this framework, the study of different kinds of chemical reaction indicate
that the classical concepts of reactivity that have been incorporated in connection
with Density Functional Theory (DFT) descriptors are adequate and powerful tools
for characterizing chemical reactions. Illustrative examples of representative systems
undergoing internal rotations, proton transfer and formation of molecular aggregates

reactions confirm the validity of the overall model proposed in this work.

xviii




Agradecimientos

Agradezco a las sigutentes personas e instituciones que han contribuido a la realizacién

de mis estudios de Doctorado.

e Mi més sincero y profundo agradécimiento al Dr. Alejandro Toro-Labbé, por
contribuir en mi formacién cientifica y en especial por su constante apoyo ain

en los momentos més dificiles.

o A los miembros de la comisién examinadora de esta Tesis por sus comentarios y
sugerencias en el desarrollo de ésta: Dr. Ricardo Letelier (Presidente), Dr. Arie

Aizman, Dr. Ratl Morales, Dr. Margarita Prendez y Dr. Octavio Vésquez.

e A la Comisién Nacional de Investigacién Cientifica y Tecnoldgica (CONICYT)

por una beca de Doctorado.

e Al Fondo Nacional de Desarrollo Cientifico y Tecnolégico (FONDECYT) por
financiamiento a través de los proyectos N°s 2010139, 1990543 y 1020534.

e Al proyecto Cétedra Presidencial (1998), otorgada al Dr. Alejandro Toro-
Labbé.

e Al departamento de Quimica de la Facultad de Ciencias de la Universidad de
Chile.

e A la Faculiad de Quimica de la Pontificia Universidad Catélica de Chile.

o A mi hijo Fernando, a mi hermana Lina y a mi sobrino Patricio.




o Finalmente, agradezco a mis compafieros de esta etapa y en especial a Pablo

por su amistad e infinitas discusiones cientificas inmensamente motivadoras.




Capitulo 1

Introduccién

1.1 Aspectos Histodricos

En los titimos afios la Quimica Computacional se ha transformado en un comple-
mento necesario de estudios experimentales y en una herramienta que ha abierto la
posibilidad de estudiar sistemas pequefios, macromoléculas de interés farmacolégico,
estructuras cristalinas inorgénicas y materiales de interés por sus diversas aplica-
ciones tecnolégicas. Los métodos computacionales descansan en modelos tedricos que
permiten racionalizar las caracteristicas estructurales y electrénicas de dtomos, frag-

mentos, moléculas aisladas y moléculas en interaccién.

El esfuerzo realizado por investigadores en Quimica Tedrica Computacional ha sido
reconocido mundialmente a través de varios premios Nobel otorgados & investigadores
del 4rea. La Real Academia de Ciencias de Suecia otorgd el premio Nobel de Quimica
de 1998 a.:

e John A. Pople (1925-2004) (Universidad de Northwestern, Evanston, Hlinois,
EUA), por su contribucién al desarrollo de métodos computacionales en Quimica

Cuéntica y
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o Walter Kohn (1923~ )(Universidad de California, Santa Bdrbara, California,
EUA), por su contribucién al desarrollo de la Teoria de Funcionales de la Den-
sidad.

Pople, advirtié que la utilidad de los métodos computacionales para la investigacion
cientifica estaba condicionada por la capacidad de producir una gran cantidad de in-
formacién y entonces desarrolld algoritmos para extraer de la funcién de onda datos
titiles para la comprensién del comportamiento de dtomos y moléculas. A partir del
conocimiento de una geometrfa de equilibrio correspondiente a un punto minimo en
una superficie de energfa del sistema, se desarrollaron métodos elaborados para la
determinaci6én precisa de puntos de minimo. La quimica cudntica se vuelve asi una
herramienta capaz de entregar informacién confiable sobre la geometria molecular.
Luego se desarrollaron algoritmos que permitieron localizar y caracterizar estruc-
turas de transicién en transformaciones qufmicas. En los afios 1970, Pople y col.
desarrollaron el programa computacional Gaussian, ampliamente usado para calcu-
lar propiedades moleculares, dando resultados en buena concordancia cualitativa y

cuantitativa con los datos experimentales.

En general, Pople y col. desarrollaron programas computacionales introduciendo co-
rrecciones necesarias, como por ejemplo, para obtener superficies de potencial calcu-
ladas con errores minimos, obteniéndose asi soluciones que posibilitan la utilizacion de
la quimica cudntica para estudiar reacciones quimicas. En conjunto con el formalismo
de la mecdnica estadistica, asi como con los resultados obtenidos con programas de
quimica cuéntica, se pudo establecer datos confiables para la termoquimica, inclusive

en situaciones donde no existe el acceso a trabajos experimentales.

Una alternativa simple para la ecuacién de Schrddinger fue propuesta por Thomas y
Fermi en 1927, conocida como la aproximacién de Thomas-Fermi. En esta aproxi-
maci6n, en lugar de usar la funcién de onda del sistema, se considera su densidad
electrénica p(7). Una simplificacién dréstica y admirable: una ecuacién para un sis-
tema de N-particulas con 3N coordenadas independientes es reducida por la aproxi-

macién de Thomas—Fermi a un problema de sélo tres dimensiones, las coordenadas
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de un punto en el espacio. La energfa total del sistema es escrita como un funcional
de p(7), o sea, E[p(i)]. Metodologias originadas de esta aproximacién, no tuvieron
mucho impacto para justificar cambios en el camino trazado para la resolucién de la

ecuacién de Schrodinger directamente.

Sin embargo, este panorama cambié a partir de la contribucién de Walter Kohn. En
1964, Hohenberg y Kohn demostraron un teorema importante: la densidad electrénica
exacta del estado fundamental de una molécula. determina de manera univoca todas
las propiedades del estado fundamental de esa molécula. En un trabajo posterior,
Kohn y Sham deducen las ecuaciones necesarias para que la densidad electrénica p(7)
sea calculada, utilizando procedimientos basados en el método variacional. Esta teoria,
basada. en la densidad electrénica, recibe el nombre de Teorfa de Funcionales de la
Densidad (7FD). Sin embargo, la viabilidad de la TFD depende del conocimiento del
funcional que expresa la energia total E del sistema, es decir, E[p(7)]. Desde el inicio
de su proposicién, la TFD ha sido aplicada para estudiar sistemas multielectrénicos
con énfasis en la estructura electrénica de sélidos v ha sido implementada en pro-
gramas computacionales de quimica cudntica, entre estos Gaussian. Estas nuevas
facilidades computacionales, apoyadas por una fundamentacién tedrica consistente,
ha incentivado la utilizacién de la TFD en la investigacién de propiedades electronicas
de sistemas quimicos poliatémicos, incluyendo el estudio de sitios activos en enzimas,

reacciones en superficies, propiedades electrénicas de sélidos, polimeros, etc.

Una rama de la TFD que ha sido desarrollada desde finales de los afios 1970 por
Robert G. Parr y col. [1], conocida como la TFD conceptual, conecta parametros que
formalmente se derivan de la TFD con propiedades conocidas en el dmbito de la
reactividad quimica. La TFD conceptual constituye la base tedrica de este trabajo

de Tesis.
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1.2 Algunos Principios de Reactividad Quimica

En el analisis de reacciones quimicas, el conocimiento de la estructura y propiedades
de reactivos, productos y especialmente de estados de transicién permite avanzar ha-
cia la identificacién de las interacciones especificas que producen el cambio quimico, es
decir, caracterizar mecanismos de reaccién. La comprensién de mecanismos y cambios
energéticos de las reacciones quimicas es un tema central de investigacion en quimica
bésica. Se han realizado varios intentos para proporcionar una justificacién tedrica
de la preferencia para un camino de reaccién sobre ofro y la formacién de solamente

algunos productos seleccionados entre las varias opciones posibles [2,3].

En el afio 1963, basado en observacionés experimentales, Pearson propuso el prin-
cipio HSAB (Hard Soft Acid Base) que establece que la interaccién duro — duro y
blando — blando es mas favorable, tanto desde un punto de vista termodinadmico como
cinético. El principio HSAB ha encontrado una amplia utilidad para establecer re-
glas empiricas de combinacién y predecir la formacién de productos de una reaccién

quimica {4, 5].

El principio HSAB est4 estrechamente relacionado con el principio de la teorfa de
estructura electrénica molecular propuesto por Pearson y denominado Principio de
Méxima Dureza (PMD) [6,7], que establece que las moléculas en sus estados de

equilibrio tienden a ser tan duras como sea postble [6-11].

Chattaraj y col. propusieron el Principio de Minima Polarizabilidad (PMP) [12], el
cual establece que la direccion natural de evolucidn de cualquier sistema es hacia un
estado de minima polarizabilidad. En general, las condiciones de minima polarizabili-
dad dada por el PMP y méxima. dureza dada por el PMD, complementan el criterio
de minima energia para la estabilidad molecular y son criterios usados como guia en ‘

la. caracterizacién de los sistemas que estudiamos.
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1.3 Objetivos e Hipétesis de la Tesis

Esta Tesis tiene como objetivo general, proponer un modelo tedrico unificado que per-
mita caracterizar simultdneamente los aspectos energéticos, cinéticos y mecanisticos
involucrados en una reaccién quimica, los descriptores de reactividad quimica poten-
cial quimico {1, dureza molecular (7} y energfa (E) son las variables fundamentales

de dicho modelo.

Objetivos Especificos.
1. Establecer relaciones analiticas entre energia y propiedades electrénicas.

9. Caracterizar los mecanismos de reaccién e identificar interacciones especificas

que caracterizan a los reactivos, productos y estados de transicion.

3. Caracterizar el origen fisico de las barreras de energia en términos de la natu-

raleza de las interacciones involucradas.

4. Proponer y validar esquemas de aditividad para el potencial quimico y la dureza,
molecular con el objeto de determinar el rol de dtomos y/o fragmentos en la

formacién de especies quimicas.

Para llevar a finalidad estos objetivos, se estudiaron diferentes tipos de reacciones
quimicas como reacciones de rotacién interna, de transferencia proténica y de for-
maci6n de agregados moleculares, las que involucraron el estudio de una gran varie-

dad de sistemas moleculares.

Hipdtesis. Esta Tesis se basa en las siguientes hipétesis:

1. Los findices tedricos que se derivan de la energia y de la densidad electronica
dentro de la estructura de la TFD, son adecuados para caracterizar los diferentes

tipos de reacciones estudiadas en esta Tesis.

2. El uso de la aproximacién de diferencia finita para determinar y, 7 y la funcion

de Fukui produce resultados confiables de estas propiedades.
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3. La ecuacién de Marcus y las propiedades que de ella se derivan (AE#, AET, B)
permiten caracterizar y racionalizar los estados de transicién en los diferentes

tipos de reacciones estudiadas en esta Tesis.

4. La fuerza asociada a la reaccién quimica, junto con el andlisis de propiedades
locales, permite identificar interacciones especificas que definen los mecanismos

que operan en diferentes regiones de la coordenada de reaccién.

1.4 Metodologia

La optimizacién completa de geometrias, para todas las especies consideradas en esta
Tesis, fue realizada a nivel de teoria RHF (Restricted Hartree-Fock), usando la base
de orbitales 6-311G** (RHF/6-311G**), y de Teorfa de Funcionales de la Densidad,
TFD, usando el funcional de intercambio y correlacién B3LYP (B3LYP/ 6-311G**),
todos los célculos se realizaron usando el programa. Gaussian94/98/08 [13-15]. La
optimizacién de los fragmentos radicalarios se realiz6 a nivel de teoria UHF (Unre-
stricted Hartree-Fock). Ademaés, se realizaron calculos de frecuencia sobre las especies
de referencia y los estados de transicién para su completa caracterizacién. El potencial
quimico electrénico y la dureza molecular fueron calculados aplicando las ecuaciones
(2.21) y (2.23), respectivamente (ver Capitulo 2), con g y ez, obtenidos a partir de
céleulos RHF/UHF de las especies totalmente optimizadas.

En particular, todos los perfiles de energia y propiedades electrdnicas para los pro-
cesos de isomerizacién rotacional (Capitulo 3) se obtuvieron realizando célculos cada
10° a lo largo del 4ngulo de torsién en un intervalo de 0° a 180°; ademds se realizaron
céleulos a nivel de teorfa de Perturbaciones MP2 (Mgller—Plesset de segundo orden);
ésta 1iltima metodologia fue usada con el objeto de estudiar el efecto de la correlacién
electrénica sobre los perfiles de las propiedades globales y locales. Por otra parte, to-
dos los perfiles de energfa y propiedades electrénicas para los procesos de transferencia
proténica (ver Articulo B4 y B7 en Anexo B), se obtuvieron a través de célculos de
puntos sencillos de las estructuras optimizadas indicadas por el procedimiento IRC

(Intrinsic Reaction Coordinate).
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Esta Tesis estd organizada de la siguiente manera. En el Capitulo 2 se revisan las bases
tedricas para el céleulo de propiedades que caracterizan los conceptos de reactividad
y selectividad. Ademds, se presentan expresiones analiticas para estimar barreras de

activacién y caracterizar estados de transicion.

En el Capitulo 3, se estudian reacciones de rotacién interna. Los procesos de iso-
merizacién rotacional son caracterizados bésicamente en términos del analisis de los

perfiles de descriptores de reactividad y su relacién con la energfa potencial torsional.

En el Capitulo 4, se presenta el uso del principio de igualacién de la electronegatividad
para estimar propiedades globales de 14 sistemas moleculares. Ademds, se propone
un nuevo esquema de aditividad para obtener propiedades electrénicas de moléculas
y agregados moleculares a partir de las respectivas propiedades de los fragmentos

aislados.

En el Capitulo 5, se presentan las Conclusiones Generales y mds relevantes de este
trabajo de Tesis y en el Anexo B se adjuntan los siete articulos generados como parte

de esta Tesis.




Capitulo 2

Base y Desarrollos Teodricos

Resumen

En este Capitulo, se describen brevemente las bases tedricas de la Teoria de Fun-
cionales de la Densidad, las cuales permiten determinar la estructura electrénica y
energia de sistemas moleculares. Uno de los grandes éxitos de esta teoria, es que
ha generado descriptores para analizar procesos quimicos, en particular el potencial
quimico (u} y la dureza molecular (1), que son propiedades relevantes en relacién a la
reactividad de un sistema puesto que estdn directamente relacionadas con las energias

de los orbitales frontera HOMQO y LUMO, ey y €1, respectivamente.
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2.1 Teoria de Funcionales de la Densidad

En el analisis de reacciones quimicas, el conocimiento de la estructura y propiedades
de reactivos, productos y especialmente de estados de transicién permite avanzar hacia
la identificacién de lag interacciones especificas que producen el cambio quimico, es
decir, caracterizar mecanismos de reaccién. En este contexio, como se menciond en
el Capftulo 1, uno de los objetivos de esta Tesis, ha sido validar y establecer mode-
los de andlisis de reacciones quimicas y de la reactividad intrinseca de las especies
involucradas, sobre la base de conceptos provenientes de la Teorfa de Funcionales de

la Densidad los cuales se definen en las préximas secciones.

2.1.1 Descriptores de Reactividad Quimica

Una rama de la TFD que ha sido desarrollada desde finales de los afios 1970 por R.
G. Parr y col. [1], conocida como la. TFD conceptual, conecta pardmetros que formal-
mente se derivan de la TFD con propiedades conocidas en el 4mbito de la reactividad
quimica. En particular, la relacién potencial quimico—electronegatividad proporciona
una base formal para conceptos quimicos que hasta ahora habfan sido definidos sobre

bases puramente empiricas [16-18].

La TFD ha influido fuertemente en la evolucién de la Quimica Cudntica durante los
dltimos veinte afios, proporcionando la base para el desarrollo de estrategias com-
putacionales para obtener informacién sobre la energfa, estructura y propiedades de
dtomos y moléculas a mucho menor costo que las tradicionales técnicas ab-initio para
la. determinacién de la funcién de onda. Basada en los teoremas de Hohenberg y
Kohn [16,19], la TFD establece que existe una relacion biunivoca entre el potencial
externo, v(7), y la densidad del estado fundamental p(7) lo que conduce a la ecuacién

fundamental de Euler-Lagrange, que es la ecuacién fundamental en TFD.




Capitulo 2: Base y Desarrollos Tedricos 10
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Esquema 1: Interdependencia de las variables bésicas en el teorema de Hohenberg
y Kohn.

En el Esquema 1, se muestra la interdependencia de las variables bésicas del teorema
de Hohenberg y Kohn y, dado que p(7) determina el niimero total de electrones (V)
del sistema y el potencial externo u(7), segin el primer teorema de Hohenberg y
Kohn, se concluye que p(¥) determina el hamiltoniano H y la funcién de onda del
estado fundamental y por extensién, todas las propiedades observables del estado
fundamental. Entonces la energia del estado fundamental de un sistema electrénico

es un funcional Gnico de su densidad electrénica [19-22]:

B = Blp(7) (2.1)

Las ecuaciones bésicas de la TFD se obtienen por medio de la minimizacién de la

energia como un funcional de la densidad electrénica, E[p(7)):

5[E—ﬂ([mﬂﬁ?]=m (2.2)

bajo la condicién de que la densidad integre al niimero total de electrones N

fmﬂﬁ=N. (2.3)

En la ecuacién (2.2), i es un multiplicador indeterminado de Lagrange [16], asociado
a la condicién de normalizacién dada por la ecvacién (2.3). Este multiplicador de

Lagrange es el potencial quimico electrénico [1,16]. El principio variacional conduce
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a la ecuacién de Euler-Lagrange:

8 Frxe [p(7)]
p=vl)+ =5 24)
que es la ecuacién fundamental de la TFD, donde v(F) es el potencial externo, y
Frr[p(7)] es el funcional universal de Hohenbergy Kohn que contiene el funcional de
la energfa cinética electrénica, T'[g], y el funcional de interaccién electrén-electron,
Veelol, (Fuxlpl = Tlpl+ Veelp]) [17,19,20]. La ecuacién (2.4), nos entrega una férmula
para minimizar la energia y determinar asf, la densidad del estado fundamental.

Diferenciando la ecuacién (2.4) se obtiene [19-22]:

Elp() = f oY+ Fuaxc ()] (2.5)

Para dar un significado fisico de p e introducir otros conceptos, es necesario considerar
el cambio de energfa, dE, de un sistema atémico o molecular cuando pasa de un
estado fundamental a otro. Puesto que, segiin los teoremas de Hohenbergy Kohn [19]
la densidad electrénica estd determinada por el potencial externo v(¥) y N, entonces,
la energia se escribe como un funcional que depende del niimero de electrones y del

potencial externo E[p(7)] = E[N, v(7)], entonces :

iE = f (g—i)ymdN—l— f (%)Név(ﬂdf’. (2.6)

Similarmente, la energia se puede escribir como un funcional de la densidad electronica

y del potencial externo, E = Efp(7), v(F)], entonces:

iF = f (%)vm 5p(7)dF + / (3%%)#@ 507 &F. @27)

Se debe mencionar que la ecuacién (2.7) es solamente aproximada, porque se asume
que p(7) y v(F) son independientes, mientras que los teoremas de Hohenberg y Kohn

demostraron que v() determina completamente la densidad del estado fundamental,

(7).
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De la ecuacién fundamental de la TFD (ecuacién (2.4}) junto a la ecuacién (2.5), se

tiene que :

y diferenciando la ecuacién (2.3), obtenemos:

dN = f Dp(F)dF: (2.9)

Sustituyendo las ecuaciones (2.8) y (2.9) en la ecuacién (2.7) se llega a:
dE = pdN + / 2B e (2.10)
- 8v(7) / iy ' '

La comparacién de la ecuacién (2.10) con la ecuacién (2.6) nos lleva a una nueva

(5%) . (gg)um = (2.11)

Esta tltima ecuacién nos dice que p = p[N,v(7)] es la derivada de la energia con

definicién para y:

respecto al nimero total de electrones, nos indica ¢émo cambia la energia al variar
el mimero de electrones, y de ahi que recibe el nombre de potencial quimico, dado
que esta definicién es andloga a la del potencial quimico en termodindmica clasica.
Ademss, p ha sido identificado con el negativo de la electronegatividad (1 = —x),
lo que permite establecer relaciones formales entre la TFD y la quimica estructural

clasica.

Fisicamente, el potencial quimico es una propiedad global que caracteriza la tendencia
de escape de los electrones desde el sistema en eguilibrio. Debido a que p es una

funcién de N y un funcional de v(F), g = p[N,v(F)], tenemos:




Capitulo 2: Base y Desarrollos Tedricos 13

dp = (g—;)ﬂm dN + f (&%)Nav(mﬁ (2.12)

esta ecuacién nos indica cémo varia el potencial quimico frente a un cambio en el
ntimero de electrones y en el potencial externo. Definiendo 1 como la dureza quimica
y f{(7) como la funcién de Fukui, propiedad local del sistema que mide la reactividad

de diferentes sitios dentro de la molécula, podemos escribir:
dp = ndN + / f(F)6u(7) d, (2.13)

donde

n es una propiedad global, introducida por Parr y Pearson [5] en 1983, la cudl entrega
por primera vez una definicién precisa para la dureza, un concepto vagamente definido
hasta entonces, pero ampliamente usado por Pearson [6] en los afios de 1960 para la
racionalizacién de las reacciones dcido-base. La dureza quimica puede ser vista como
la. resistencia de un sistema a transferir carga y depende de N y v(F). Esta propiedad
juega un papel importante en la determinacién de la estabilidad y reactividad de un
sistema quimico [16,23], a través del Principio de Méxima Dureza [6,24], el cual es-

tablece que una mayor estebilidad estd asociada @ une dureza mdzima.

Por otra parte, la blandura, S, es una propiedad global definida simplemente como

el inverso de la dureza:

5o (o) -
n N0/ yn
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Como la dureza es un funcional que depende del niimero de electrones y del potencial

externo, i = [N, v(F)], se puede escribir la siguiente expresion:
dn = ~dN -+ f h(F)dv(F)F, (2.16)

con

7= (%)v(ﬂ v M= [55??")]1\;: (%)vm’ (210

donde y es una propiedad global que mide el cambio en la dureza debido a la variacién
del niimero de electrones v h(F) es una propiedad local que mide la fluctuacién de la
dureza quimica debido al cambio en el potencial externo; a través de la relacién de
Mazwell puede ser vista como la respuesta de la funcién de Fukui al variar el nimero

total de electrones.

Asumiendo la diferenciabilidad (funcional) de E con respecto a N y v(F), surgen una
serie de funciones de respuesta, como se muestra en el Esquema 2. En este Fsquema
se presentan las derivadas de orden superior de la energfa, junto con la identificacién
o definicién de la correspondiente funcién de respuesta. Aparecen dos tipos de can-
tidades en las derivadas de primer orden: una cantidad global, ¥, la cual es una
caracteristica de todo el sistema y una cantidad local, p(¥), valor que cambia depen-
diendo de 7, es decir, cambia punto a punfo. En las segundas derivadas, aparece
un kernel, x(7, 7’), que representa la respuesta de una cantidad local en un punto 7,
cuando se perturba el sistema en un punto 7. En resumen, las cantidades globales
aparecen hacia el lado izquierdo, con derivadas superiores de la electronegatividad o

dureza con respecto al mimero de electrones y las cantidades locales, hacia la derecha.
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E[N, ()]

I 3
an N @

(3D =n=—x (), =
SN SN

O2F _ 9B _ §2E (= o=
(5_1\’7) oF) L (3Nav(f‘)) = f(7) (_61)(17)61;(?"’_)) N x(7, 7).

FEsquemna 2: Derivadas superiores de la energia. En este esquema, las derivadas
que se indican por flechas hacia la izquierda son derivadas parciales de la energia con
respecto al niimero de electrones, mientras que las derivadas que se indican hacia la

derecha, son derivadas parciales de la energia con respecto al potencial, v(7).

2.1.2 Calculo de Descriptores Globales

2.1.2.1 Electronegatividad y Potencial Quimico Electrdnico

La electronegatividad es una idea antigua, originalmente introducida por Pauling
en 1932; describe la capacidad de un dtomo o molécula de atraer electrones. Unos
afios més tarde, Mulliken propuso una definicién préctica de electronegatividad, el

promedio aritmético del potencial de ionizacidn (PI) y la afinidad electrénica (AE):

_ PI+AE

5 (2.18)

Resulté interesante que Iezkowski y col. [25], sefialaran que la definicién de Mulliken
(ecuacién (2.18)) es la aproximacién de diferencia finita para una derivada parcial

de la energia versus el niimero de electrones. Esta expresién se puede obtener en
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forma natural dentro de la estructura de la TFD, a través de la identificacidn de la

electronegatividad, x, con el negativo del potencial quimico [26]:

OF
== (B_N) = (2.19)

donde E es la energfa electrénica, N el nimero de electrones y v(7) el potencial ex-

terno en el cual se mueven los electrones.

La identificacién del multiplicador de Lagrange t en la ecuacién (2.2) con el negativo
de la electronegatividad, ofrece una via para calcular valores de electronegatividad

para dtomos, grupos funcionales, clusters y moléculas.
En aplicaciones numéricas p se calcula a partir de la aproximacién de diferencia finita:
1
pe —5(PI+AE), (2.20)

donde PI y AE son el primer potencial de ionizacién y la afinidad electrénica de la
molécula neutra. En célculos basados en la teoria de Orbitales Moleculares, con el
uso del teorema de Koopmans [27], PI y AF pueden aproximarse numéricamente por
el negativo de las energias de los orbitales frontera,. HOM O (High Occupied Molecular
Orbital) y LUMO (Lowest Unoccupied Molecular Orbital), ey y €1, respectivamente,

entonces:

1
7] 5(6[, + EH) (2.21)

Las ecuaciones (2.20) y {2.21) han sido profusamente usadas en la determinacién de
potenciales quimicos; son las tinicas definiciones operacionales que permiten cuan-

tificar esta propiedad con resultados generalmente satisfactorios.
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2.1.2.2 Dureza Global y Blandura

Como en el caso de y, en aplicaciones numéricas 7 se calcula a partir de la aproxi-

macién de diferencia finita:
1
n o —§(PI — AE); (2.22)

si ademds se hace uso del teorema de Koopmans [27] 1 puede aproximarse numéricamente

en términos de las energias de los orbitales frontera [5,7,26]:
1
7= 5(er —en)- (2.23)

Estas ecuaciones permiten determinar la dureza molecular directamente a partir de
datos experimentales de PI y AE o directamente de célculos basados en la Teoria de
Orbitales Moleculares.

Por otra parte, la blandura (S) se define como el inverso de la dureza (S = 1/5},
propiedad que da cuenta de la reactividad global del sistema. En muchos casos es ven-

tajoso trabajar con S en vez de 7 debido a su caracteristica de aditividad S = ), Sk.

En resumen, uno de los grandes éxitos de la TFD es que ha generado descriptores para
analizar procesos quimicos, propiedades relevantes en relacién a la reactividad de un
sistema puesto que estdn directamente relacionadas con las energias de los orbitales
frontera, y de esta forma se establece un vinculo con la teorfa de Fukui de reactividad

quimica basada en la caracterizacién de los orbitales frontera.
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2.2 Otros Descriptores de Reactividad Quimica

2.2.1 Potencial Electrostatico Molecular

El potencial electrostatico molecular, V(7), ha sido reconocido como una medida
efectiva de anélisis e interpretacién de la conducta reactiva molecular, particularmente
en interacciones no-covalentes [28,29]. El potencial electrostdtico que es creado en un

punto T por los electrones y niicleos de una molécula, estd dado por:

oS 25

donde Z4 es la carga sobre el nicleo A localizado en R4 y p(7) es la densidad
electrénica molecular. V() es un observable fisico, el cual puede ser determinado
experimentalmente por técnicas de difraccién [29-31]. El signo de V() en cualquier
regién del espacio depende de la contribucién dominante, ya sea positiva del micleo o
negativa de los electrones. Los valores méds negativos son generalmente asociados con
pares solitarios de dtomos electronegativos, mientras que los valores més positivos son

asociados a hidrégenos enlazados a tales dtomos (ver Articulo B7 en Anexo B).

2.2.2 Energia de Ionizacién Local Promedio

Otra propiedad interesante es la energfa de ionizacién local promedio, I(7), definida

como [32]:

I =>" % (2.25)

i
donde p;(7) y &; son la densidad electrénica y la energia del i-ésimo orbital atémico o
molecular ocupado, respectivamente. Haciendo uso del teorema de Koopmans [27), el
cual otorga la justificacién para tratar a e; como el potencial de ionizacién electrénico,

se interpreta I{¥) como la energia promedio requerida para remover un electrén de
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cualquier punto 7 de un 4tomo o molécula. I(7) es un descriptor que ha sido exitosa~
mente usado en predecir la activacién y el efecto de los sustituyentes en el benceno [28],
sitios reactivos en varias moléculas organicas, incluyendo bases de nucledsidos [33,34].
En particular, en un reciente trabajo que hemos realizado [35] (ver Articulo B7 en
Anexo B), este descriptor ha sido usado con éxito, junto con otros indices de reac-
tividad, en el andlisis del mecanismo involucrado en las reacciones de transferencia

proténica intramolecular.

En general, estos descriptores de reactividad global y los principios de estructura
electrénica asociados han sido muy ttiles en la comprensién de la reactividad quimica,

formando una base conceptual de cualquier teoria de reactividad.
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2.3 Modelo Teodrico para Rotaciones Internas

Los procesos quimicos pueden ser caracterizados a través de perfiles que ilustran el
camino en el cual las propiedades de los sistemas que reaccionan cambian en funcién
de la coordenada de reaccién (CR). Estas propiedades pueden ser globales (energia,
potencial quimico, dureza, polarizabilidad, etc.) o locales (poblaciones electrénicas,
funciones de Fukui, etc.). Dentro de la aproximacién de Born-Oppenheimer [36],
1a CR representa la reorganizacién nuclear que tiene lugar a medida que la reaccién
avanza, es decir, la variacién de las longitudes y 4ngulos de enlaces durante la reaccién
quimica, por lo tanto, la CR. es una coordenada multidimensional. En muchos casos
la coordenada de reaccién puede ser una variable conformacional la cual conecta dos
conformaciones que pueden ser vistas como reactantes y productos de una reaccién
quimica, desafortunadamente, en muchos procesos quimicos la CR es muy dificil de
visualizar. En esta Tesis, nos interesamos por reacciones elementales dentro de la
estructura de la teoria del estado de transicién en la cual los reactantes (R) cambian
a producios (P) pasando por un estado de transicién (TS), quedando conectados

estos tres estados por una dada CR.

El entendimiento de la reactividad quimica nos permite predecir los mecanismos de
la reaccién y determinar cémo la energia de activacién depende de las propiedades
especificas de los reactantes y productos. En este contexto, la identificacién de estas
propiedades y la caracterizacién de los estados de transicion pueden llegar a ser espe-
cialmente importantes. Para el primer propdsito, la TFD es adecuada para describir
la reorganizacion electrénica que tiene lugar durante una reaccién quimica a través de
las definiciones de las propiedades de reactividad. Por ofra parte, para caracterizar
los estados de transicién existe un conjunto de interesantes herramientas conceptuales
que proporcionan ideas complementarias sobre su estructura y propiedades. Estos ele-
mentos conceptuales son: (a)} el postulado de Hammond (PHY) [37] que interrelaciona
la posicién de la estructura de transicién con la exotermicidad de la reaccién, el PH
establece que si el T'S es cercano en energia o un complejo estable dado adyacente,
entonces puede ademds ser similar en estructura al mismo complejo; (b) el postulado

de Leffler [38] que sugiere una interpretacién mecanistica del llamado coeficiente de




Capitulo 2: Base y Desarrollos Tedricos 21

Bronsted (), el cual es una medida de la localizacién del TS a lo largo de la CR;; esto
define 8 como un indice de similaridad que puede ser interpretado como el grado de
semejanza del TS con respecto al producto; (¢} la ecuacién de Marcus (EM) [39] que
es una expresion simple para la energia de activacién en términos de la energia de la
reaccién y de propiedades estructurales de reactantes y productos y {d) el Principio
de Méxima Dureza (PMD) que establece que los sistemas moleculares en equilibrio
ttenden a estados de mdzrima dureza [6,7]. Como corolario del PMD se espera que
el TS presente un minimo valor de dureza. Aunque estos principios no son ampli-
amente aplicables ellos proveen una estructura conceptual para racionalizar estados

de transicién y ayudan a caracterizar los mecanismos de una reaccion.

Un proceso de isomerizacién rotacional puede ser visto como el resultado de la re-
distribucién de la densidad electrénica de la molécula manteniendo el niimero total
de electrones constante. Ahora bien, la modelizacion de estos procesos presenta gran
importancia en campos que van desde la bioquimica hasta la ingenieria de materiales
moleculares. La determinacién de estabilidades relativas, identificacién de mecanis-
mos de reaccidn e interacciones especificas y la evaluacidn de barreras de potencial
entre varias conformaciones, son factores de relevancia de investigaciones que tienen
como objetivo la obtencién de propiedades bioldgicas, quimicas y fisicas. En este con-
texto, un objetivo de este trabajo de Tesis, ha sido la proposicién de formas analiticas
parametrizadas que conduzcan al andlisis simplificado del proceso de rotacién interna
y que permitan determinar caracteristicas fisicas de estados de transicion involucra-

dos en el proceso de rotacién interna.

2.3.1 Coordenada de Reaccion

Demntro de la teoria del estado de transicién se asume gue una reaccion se lleva a cabo
desde un minimo de energia a otro via una coordenada de reaccién, pasando por un
méximo intermediario {R— TS — P). Esta representacion cldsica se muestra en la
Figura 2.1(a), la cual estd caracterizada por un perfil de energfa potencial donde, los

puntos estacionarios estdn conectados a través de la CR. Por otra parte, es 1til y
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siempre posible expresar la CR en términos de una coordenada de reaccion reducida
(CRR), definida en el intervalo [0,1], que mide el progreso de la reaccién desde reac-
tantes hacia productos. En la Figura 2.1(b), se muestra un esquema del mismo perfil
de energia, pero ahora a lo largo de una nueva coordenada reducida. Es importante
hacer notar que la nueva representacién entrega una correcta y directa caracterizacion
de la posicién y de la energia del estado de transicién, el proceso quimico queda es-

pecificado de una forma simple y esquematica y sin perder informacion relevante.

R CR P R CRR P

Figura 2.1: Representacidn del perfil genérico de energia potencial para una situacién de
doble—pozo (a) e lo largo de la coordenada de la reaccidn (CR) y (b) de la coordenada de
reaccidon reducide (CRR).

En el Capitulo 3, consideraremos reacciones quimicas del tipo que se muestra en la
Figura 2.1, la cual es una representacién general de la energia potencial para una
situacién de doble-pozo de potencial (Figura 2.1(a)), donde el reactante (R) se trans-
forma en producto (P) pasando por un estado de transicién (T'S). Ademds, se con-
siderardn reacciones quimicas del tipo que se muestra en la Figura 2.2, la cual es una
representacion general de la energia potencial para una situacion de doble-barrera de
potencial (Figura 2.2(a)), donde el estado inicial i cambia a un estado final f pasando

por un intermediario estable.
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Energia

-
s

CR CRR f

Figura 2.2: Representacion del perfil genérico de energia potencial pare una situacidn de
doble-barrera {a) o lo largo de la coordenada de reaccion (CR) y (b) de la coordenada de
reaccion reducida (CRR).

Los resultados que se presentan en el Capitulo 3, muestran perfiles del tipo que se
muestran en las Figuras 2.1 y 2.2; los estados involucrados estdn conectados por una
coordenada de reaccién a, la cual es el dngulo de torsion (ver Figura 2.4) definido
con respecto al enlace ceniral y medido desde el R (@ = 0°) a P {a = 180°). De
aqui en adelante, R. define la conformacién trans y P la conformacion cis. Ademais,
si consideramos a la conformacién trans como el origen de la energia, el potencial
modelo que usamos para describir la rotacién interna de las moléculas de interés
es [40-42]:

Ela) = %Kﬁ(l —cos® o) + %AE“(I — cosa), (2.26)
donde Kg es un pardmetro asociado con las conformaciones de referencia (Kg es

negativo en procesos de doble barrera [41]) y AE° = (E(180°) — E(0°)) es la energia

de la reaccién entre los isémeros trans y cis.
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Tigura 2.3: Representacion general del proceso de isomerizacion rotacional, donde o es el
dngulo de torsion.

Ademss, la coordenada de reaccion reducida w, que define la funcidn conformacional,
estd relacionada con el angulo de torsidn a través de w = {1 — cosa}/2, nétese que
w varia desde 0 {trans) a 1 (cts). La funcional que define la energia potencial, en la

nueva representacién w estd dada por [41-44]:
Elw] = Kgpflw] + wAE°, (2.27)
donde fjw] = w(1—w), obtenida al reemplazar la definicién de w en la ecuacion (2.26).

Puesto que ¢ y n son propiedades globales del sistema, su evolucién a lo large de
w puede ser representada a través de la misma forma analitica usada para Ew],

entonces:

ple) = plo) + K, fle] + wipe, (2.28)

7l = 0] + Ky fle] + wir (2.29)

Los pardmetros Ap®, K, y Ay, K, tienen el mismo significado que AE®, K tienen
para Efw]. Hacemos notar que ufw] y n{w] son relativos para u[0] y n[0], para simpli-
ficar debemos usar la siguiente ecuacién Apfw] = plw]—p[0] y Anlw] = nlw]—n[0]. Es
posible determinar los valores numeéricos de los pardmetros de las ecuaciones (2.27),
(2.28) v (2.29), a partir de cdlculos en la vecindad de los conférmeros de referen-
cia [43,44].
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2.3.2 Relaciones entre y, ny F

Es claro que, a partir de las ecuaciones anteriores, F, i y n estdn conectadas a través

de flw], entonces al combinar las ecuaciones (2.27), (2.28} y (2.29) se obtiene:

Eylw] = wAE® + Qq (Aplw] — wAp®), (2.30)

Euwl = wAE® + @, (Aniw] — wiAn°), (2.31)
b

Aplw] = wAp® + Q (Aglw] — wA7n°). (2.32)

Los nuevos pardmetros {Qn, @, Q} estén relacionadas con los antiguos ({Kg, Ky, K, })
a través de Q, = Kg/K, and Q, = Kg/K,, y se obtiene Q = Q,/Qp, estos nuevos
parametros estan relacionados con la redistribucién de carga electrénica durante el

proceso de rotacién interna.

A partir de las ecuaciones anteriores es posible obtener una expresién global para la
evolucion simultdnea de las tres propiedades a lo largo de una coordenada de reaccion,

tal que combinando las ecuaciones (2.30) y (2.31) se obtiene:

Bl = 5 (Bl + Bw)

= wAE°+ %Qn(/_\p[w] —wAR°) + %QF(An[w] —wAn°).  (2.33)

Nétese que esta dltima ecuacion combina aspectos energéticos, como el potencial tor-
sional, con aspectos mecanisticos, que estdn incluidos en las propiedades g y 1 de
los procesos. Es interesante mencionar que esta ecuacién es homogénea con la in-

troducida por Parr y Pearson que describe la energia de un atomo en una molécula
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con un flujo de electrones, desde o hacia el atomo, manteniendo el potencial externo
constante v(7) [5]. Una decripcién més detallada de este desarrollo tedrico que hemos

realizado, se encuentra en el Articulo B1 del Anexo B,

2.3.3 Caracterizacion de Puntos Criticos

En esta seccién se presentan expresiones analfticas, que hemos desarrollado en este
trabajo de Tesis, las cuales caracterizan al punto critico presente en un perfil entre las
conformaciones de referencia trans y cis. Este punto critico, puede estar asociado a un
estado de transicién para un perfil que presenta doble—pozo de potencial (ver Figura
2.1) o a una conformacién estable gauche para un perfil de doble-barrera de potencial
(ver Figura 2.2). La posicién del punto critico se determina diferenciando la ecuacién
(2.26), tal que (dE/da)a=ag = 0, {0 es la posicién de la conformacién gauche o del
TS). En la representacion w del potencial torsional definimos 3 = (1—cosag)/2 como
la posicion del punto critico. Estas cantidades pueden ser definidas en términos de

parametros de energia potencial, como:

dE AE° 1  AF°
($)a=au =0 = cos(a,) = — e =f= gt Ky (2.34)

Al introducir cos{a.) en la ecuacidn (2.26) o 3 en la ecuacién (2.27), obtenemos la
siguiente expresién para la energia del punto crftico:
1 1 (AE°)?

AE* =+E|fl =+ | Kg+ SAE° +—— 2 2.35
donde el signo positivo se aplica a reacciones de doble-poze y el signo negativo se
aplica a reacciones de doble-barrera. En el primer caso AE# representa una barrera
de energia mientras en el segundo caso corresponde a una energia de estabilizacién.
Al evaluar la ecuacién (2.35) con w = § obtenemos una expresién alternativa para

AE?#, shora en términos del potencial quimico y la dureza evaluados en w = Jéi
(Ap7 = ApfBl y Aq™ = Anlg)).
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AE” =+ (ﬁAE" + %Qn(mﬁ* — BAp°) -+ %Q#(An* - ﬁAn")) : (2.36)

Es interesante observar que esta ecuacién otorga nuevas interpretaciones acerca de
la naturaleza de la energias de activacién o de estabilizacion y ciertamente ayuda a
obtener nuevas sefiales sobre los mecanismos de reaccién. Se ha encontrado en dife-
rentes tipos de reacciones que p y 7 pasan por o muy cerca de un extremo en g lo
que asegura que la ecuacién {2.35) produzca valores flables de barreras de potencial
o energias de estabilizacién a partir del conocimiento de las propiedades electrénicas

globales ¢ y 7.

Por lo tanto, el punto critico se caracteriza en términos de su posicién en la coordenada
de reaccion y de la energia, del potencial quimico y de la dureza molecular. Junto a
estas propiedades, es interesante considerar la constante de fuerza forsional, la cual,
a partir de un modelo de potencial arménico como E(a), se define a partir de la
segunda derivada de la ecuacién (2.26):

d’E 1 1

—— = ~Kg{2cos’ o — 1) + ~AE°cos 2.37

da2 9 E( cos™ )+ 9 a, ( )
Evaluando la posicién del isémero estable (ag), pero introduciendo de inmediato el
parametro 3, obtenemos la constante de fuerza torsional asociada a la conformacién

de minima energia:

k(B) = (%) - % (Kp+ AE°) — (4Kp + AE?) B+ 4Kpf?.  (2.38)

Debido a que todos los pardmetros involucrados en la ecuacion anterior son conocidos,
los valores numéricos de k(B) se pueden determinar directamente. Usando £, dado

en la ecuacitén (2.34), obtenemos:
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k(B) = % ((A}g)? - KE) . (2.39)

Es interesante analizar la constante de fuerza torsional no sélo paramétricamente, sino
también como una funcién de 3 y eventualmente se puede maximizar con respecto a

este pardmetro. Diferenciando la ecuacién (2.38) con respecto a £, obtenemos:

dk(B) _

d,B = — (4KE -+ AEO) + SKEﬁ (2.40)
La condicién que maximiza k(3) es:
dk(5) _ 1, AP
( 15 )ﬂ=ﬁ0_0=>ﬁg_2+8KE, (2.41)

¥ la posicién del méximo de k() no coincide con el valor determinado a partir del

potencial torsional (ecuacién (2.34)). Entonces 3y puede ser escrita como:

3AE°

ﬁﬂzﬁ_ SKE,

(2.42)

donde es aparente que las desviaciones a partir de 8 pueden ocurrir dependiendo de

los valores relativos de AE° y Kpg.

La evaluacién de la ecuacién (2.38) en f; conduce a kg

 9(AB)

(2.43)
Noétese que aunque fy ¥ kmer 1o presentan un significado fisico preciso, las ecuaciones
(2.42) y (2.43) se pueden usar para ayudar a caracterizar tendencias cualitativas
observadas en las moléculas bajo estudio {ver Articulo B3 del Anexo B). Fisicamente,
la constante se asocia con la rigidez y fuerza de un enlace, y ademds estd usualmente
relacionada con la poblacidn electrénica de tal enlace, este punto es discutido en el
Capitulo 3.
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2.4 Mecanismos de Reaccidon

2.4.1 Fuerza Quimica

El concepto de mecanismo de una reaccién quimica estd relacionado con la idea de
estructura molecular y cualquier proceso reactivo puede ser representado por des-
plazamientos nucleares del sistema molecular cuando va desde reactantes a produc-
tos. Estos desplazamientos estdn relacionados con las fuerzas que actiian scbre el
sistema para fransformar reactantes en productos y se asume que dependen sélo de
la posicién a lo largo de la coordenada de reaccién (w). Entonces, definimos la fuerza

de Hellmann-Feynman [45] de una reaccién quimica como (35,44, 46]:
(2.44)

y suponiendo que E(w) {(ecuacién (2.27)) pueda ser expresada en términos de una

coordenada de reaccién reducida definida en el intervalo [0,1] como [44]:
Elw] = Kgf|w] + wAE®, (2.45)
entonces:
F(w) = —(Kg+ AE°)+ (2Kg)w. (2.46)
En la Figura 2.4, se ilustra el comportamiento cualitativo de la fuerza a lo largo
de w para reacciones con diferentes contribuciones termodindmicas. Entonces, para

tener una adecuada descripcidn de toda la reaccién quimica, es necesario distinguir

los diferentes procesos que tienen lugar a lo largo de la coordenada de reaccidn.
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Fuerza

o

-(K,+AE")

-K

(K, + AE)

Figura 2.4: Perfil cualitativo de la fuerza de la reaccion quimica a lo largo de la coorde-
neda de reaccién. La linea de referencia (sdlida) representa una reaccidn isoenergética. La
linea superior (segmentada) e inferior (punteada), representan reacciones exoenergéticas y
endoenergéticas, respectivamente.

Dentro de la region de reactantes un proceso de activacién tiene lugar, mientras que
en la regién de productos tiene lugar un proceso de relajacidn; el trabajo asociado

con estos procesos se define como:

8
Woet = / Flw)dw = AE* (2.47)
0

1
Wet = f F(w)dw = AE® — E*. (2.48)
8

Las reacciones isoenergéticas (representadas por la linea sélida en la Figura 2.4),

presentan el estado de transicién en 8 = w = 1/2, donde el trabajo de activacién es




Capitulo 2: Base y Desarrollos Tedricos 31

igual al trabajo de relajacién. Por lo tanto, la cantidad de energia requerida para la
activacién llega a ser igual a la cantidad de energia liberada durante la relajacién.
Por otra parte, las reacciones exoenergéticas (representadas por la linea superior seg-
mentada en la Figura 2.4), son caracterizadas por un estado de transicién temprano
(B < 1/2) y el trabajo de activacién es menor que el trabajo de relajacién. Final-
mente, una reaccién endoenergética (representada por la linea inferior de puntos en
la Figura 2.4}, estd caracterizada a través de 8 > 1/2 y el trabajo de activacién es

mayor que el trabajo de relajacién.

En la Figura 2.5, se ilustran los perfiles cualitativos de la energia vy de la fuerza, en
funcién de una coordenada de reaccidn general £, para una dada reaccién. Este fipo
de perfiles son analizados simulténeamente para racionalizar los mecanismos involu-
crados en una reaccién quimica [35]. En particular, en el Articulo B7 del Anexo B,
se estudia el mecanismo involucrado en dos procesos de transferencia proténica. En
la, Figura 2.5, los puntos criticos en el perfil de fuerza (Figura 2.5(b)) corresponden a
los puntos de inflexién en el perfil de energia (£, &). El andlisis del perfil de fuerza
permite ampliar el concepto de regiones mencionado anteriormente, se puede definir
la regién de reactantes (—oo < € < &), asociada a un proceso de activacion, la regién
de productos (§; < § < oo ) asociada a un proceso de relajacién y la regién del estado

de transicién (£, < £ < wy), donde los procesos de activacién y relajacién coexisten.
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Energia
Fuerza

Figura 2.5: Perfiles cualitativos de la energfa (a) y de lo fuerza quimica (b), en funcidn
de una coordenade de reaccién reducida, £, para una dada reaccidn quimica. Los puntos

criticos en el perfil de fuerza (£,£1), corresponden a los puntos de inflexion en el perfil de
energia.
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2.5 Quimica de Fragmentos

Uno de los objetivos més ambicionados que se propone cualquier modelo de analisis
de reacciones quimicas es la posibilidad de establecer esquemas de transferibilidad y
aditividad de propiedades locales en el contexto de la prediccién de propiedades de
moléculas a partir del conocimiento de las propiedades de las especies constituyentes
aisladas [46-48], esta idea es particularmente interesante en el estudio de reacciones

de formacion.

La energia asociada a la formacion de una molécula o complejo molecular a partir de

ny fragmentos constituyentes no enlazados, viene dada por:
AE, =E-— E, ; (2.49)

donde FE es la energia de la molécula o del complejo molecular resultante optimizado
y B, = > of B, con E; la energia del fragmento  debidamente optimizado. En
nuestro caso la energia de los complejos moleculares serd estimada a partir de la -

energia de dos o cuatro fragmentos, con energias F§ y Ej, respectivamente.
Por otra parte, el principio de igualacién de la electronegatividad propuesto por
Sanderson, que define la electronegatividad molecular como el promedio geométrico

de las electronegatividades de los dtomos o fragmentos aislados, permite estimar di-

rectamente potenciales quimicos y durezas moleculares a partir de [12,46]:

b, =— (H mzl) v (2.50)

donde el producto es tomado sobre los ny fragmentos constituyentes y p se refiere

al potencial quimico del fragmento aislado x.

La dureza obtenida diferenciando p7;, con respecto a N, conduce a [46-48]:
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. dien,, Hin, i 70
Ty = ( dw)vm =y (2:51)

donde 7% es la dureza del fragmento z. La diferencia entre los valores aproximados
(12 ;Y 1 f) v los valores de referencia determinados a partir de calculos ab-initio,
puede ser atribuida a la relajacién de la densidad electronica después del enlaza-
miento. La cuantificacién de esta diferencia puede ayudar en el entendimiento del

reordenamiento de la densidad electrénica cuando ocurre la reaccién.

La derivada de la dureza con respecto a N a potencial externo constante, ha sido
definida previamente [49] como -y y ha sido numéricamente estimada sélo en dtomos
e iones atdmicos. Como es de esperar en la mayoria de los casos v presenta valores
més pequenios que gy 1 [49]. Dentro del esquema de Sanderson, hemos obtenido a

partir de la ecuacién (2.51) la siguiente expresién [47]:

o (3??;;) _ ()" _&i(ﬂ;)2+£‘iiﬁ (2.52)
“ ON Jum M2, My TON\ME ng oy

que permite estimar -y, usando potenciales quimicos y durezas atémicas (o de fragmen-

tos). El tercer término de la ecuacién (2.52) contiene la propiedad « de los fragmentos,

¥a, que serd obtenida a través de una expresién empirica en términos de las energias

de los orbitales frontera de los fragmentos involucrados, como se veré en el Cépitulo 4.

Dentro de los resultados més relevantes relacionados con las reacciones de formacién
de agregados moleculares (Capitulo 4), se encuentra la formulacién de un nuevo es-
quema de aditividad para el potencial quimico y la dureza molecular, esquema al-
ternativo al propuesto por Sanderson [47]. Estos resultados, que se muestran en el
Capitulo 4, fueron confrontados exitosamente con los obtenidos a través del esquema

de Sanderson y otros esquemas de aditividad de propiedades electronicas.
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Capitulo 3

Reacciones de Rotacion Interna

Resumen

En este Capitulo, se muestra el estudio de varios procesos de rotacién interna desde la
perspectiva de la evolucion simultdnea de los perfiles de energia, potencial quimico y
dureza molecular. El interés de este estudio se centra en la caracterizacién y raciona-
lizacién simultanea de los aspectos energéticos y mecanisticos durante el progreso de
una reaccién quimica. Dentro de los resultados maés relevantes que se muestran ests la
caracterizacion de diferentes mecanismos de isomerizacion a través de la identificacion
de interacciones locales especificas y la clasificacién de las correspondientes barreras

de energia en términos de interacciones a través del enlace y del espacio.
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3.1 Introduccién

En este Capitulo, se muestra el estudio de los procesos de isomerizacién rotacional
mediante el andlisis de perfiles de energia, potencial quimico y dureza molecular. En
este contexto, nuestro trabajo contribuye a la racionalizacién y comprensiéon de los
aspectos energéticos y mecanfsticos involucrados en reacciones de isomerizacion rota-

cional.

En este Capitulo, se presentan resultados para los procesos de rotacién interna de
diferentes tipos de reacciones de isomerizacién: (a) perdxido de hidrégeno (HOOH),
tioperdxido de hidrégeno (HOSH) y perstlfuro de hidrégeno (HSSH), resultados que
permiten caracterizar los mecanismos de isomerizacion desde la conformacién mas
estable gauche pasando por barreras en las conformaciones frans y cis. Estas son
reacciones que hemos denominado de doble-barrera (ver Figura 2.2, Capitulo 2). Se
identifican interacciones especificas y clasifican las correspondientes barreras de en-
ergfa de acuerdo a interacciones a través del enlace y/o del espacio; (b) 4cidos nitroso
(HONO) y ditionitroso (HSNS), reacciones de doble—pozo (ver Figura 2.1, Capitulo
2}, donde se discuten los perfiles de los indices de reactividad para la rotacién interna
a través de principios de reactividad quimica; y {c) cloruro de oxalilo (CIOC-COCI),
reaccién cuyo perfil de energia presenta un minimo y un méximo. En este caso los
resultados permiten explorar las interacciones intramoleculares especificas que son el

origen de la estabilizacién de las conformaciones de interés.

3.2 Resultados y Discusion

3.2.1 Rotacién Interna de HOOH, HSOH y HSSH

En esta seccién presentamos el proceso de rotacién interna en peréxido de hidrégeno
(HOOH) y derivados azufrados, tioperéxido (HSOH) y persilfuro (HSSH) y se mues-
tran los resultados del estudio de la evolucién simultédnea a lo largo de la coordenada

de reaccion de F, u y 1. Nétese nuevamente que se trata de procesos torsionales que
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presentan un pozo de potencial en la conformacién gauche y dos barreras de energia
en trans y cis. BEsto nos lleva a estudiar, en un sistema simple, dos posibles caminos
de isomerizacidén que estan asociados a diferentes mecanismos debido a interacciones
locales especificas. Como se mencioné en el Capitulo 1, dentro de los objetivos es-
pecificos de esta Tesis estd la caracterizacién de los mecanismos de reaccién y la

naturaleza de las barreras de potencial.

Existe bastante informacién experimental sobre HOOH [50-52] y HSSH [37, 53-55].
La unidad OO aparece en muchas moléculas interesantes y reacciones atmosféricas
que involucran radicales; moléculas que contienen enlaces SS sirven como prototipo
para las uniones SS en proteinas, otorgando un punto de partida para entender la
estructura de muchos sistemas. Por otra parfe, el tioperdxido de hidrégeno es una
molécula que se cree participa como intermediario en reacciones atmosféricas que con-
ducen al consumo de ozono ¥ en varios procesos asociados con la oxidacidn atmosférica
de sulfuros, uno de los procesos quimicos que conducen a la lluvia dcida [56-59]. Desde
un punto de vista tedrico, estas moléculas han sido estudiadas extensamente, en espe-
cial HOOII [42,60-62] y HSSH [40,41,63,64]; HSOH ha sido menos estudiada aunque
existen algunos trabajos en donde se han estudiado la estructura molecular y la ter-
moquimica a partir de sus radicales [48,65-67]. Todas estas moléculas poseen dos
conformaciones planares, los isémeros trans y cis, los cuales presentan mayor energia

que la conformacién estable gauche.

3.2.1.1 Caracterizacién del Isdmero Estable

Los pardmetros geométricos optimizados al nivel de célculo ya mencionado (ver
Capitulo 1) para la conformacién estable gauche, estdn dados en la Tabla 3.1. Las
longitudes de enlace de HSOH son muy similares a las de HOOH y HSSH; nétese que
la. distancia S-0O es infermedia entre las distancias O-O y 8-8. Es interesante notar
que la configuracién estable gauche en HOOH es més cercana al isémero trans que

en las moléculas que contienen azufre.
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Tabla 3.1: Pardmetros estructurales (longitudes de enlace (v), dngulos (<) y momentos
dipolares (fi) de las conformaciones gauche de los perdzidos de hidrdgeno, calculedos a
través de cdlculos ab-initio 6-311G**. oy es la posicidn del isémero gauche. r estd en A, <
en grados y & en Debye.

Parametro IOOII IHISOII HSSI

r(OH) 0.942  0.942

7(SH) 1.333  1.331
(el 1.386

r{S0) 1.652

r(S5S) 2.078
< HOQ 1027

< HOS 109.1

< HSO 98.7

< HSS 98.6
[ 63.7 88.4 90.2
it 1.911 1,992 1.573

La Figura 3.1 indica que los perfiles de energia de HSOH y HSSH son similares pero
difieren significativamente del perfil de HOOH. Esto indica la posibilidad de distinguir

estos sistemas en términos de sus interacciones locales especificas.

En la Tabla 3.2, se presentan lag barreras de activacién junto con las propiedades
més relevantes de la conformacién geuche y los pardmetros necesarios para definir,
los perfiles de E, p v 1 a lo largo de la coordenada de reaccién. La conformacion
estable gauche se enconfré en 8 = 0.279, 0.486 y 0.502 para HOOH, HSOH y HSSH,
respectivamente, con barreras cis més altas en energia que las barreras trans (AE* =
0.87 keal/mol, 4.62 keal/mol y 5.65 kcal/mol, para HOOH, HSOH y HSSH, respecti-
vamente). Las barreras trans experimentales estdn disponibles para HOOH y HSSH:
éstas son de 1.10 keal/mol [52] y 5.82 keal/mol [53], respectivamente, valores que estdn
en muy buen acuerdo con nuestros cilculos. Es importante destacar que la barrera
trans de HSOH se encontr6é dentro de los limites definidos por las correspondientes
barreras de HOOH y HSSH.
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Table 3.2: Propiedodes de activacidn y pardmetros que definen los perfiles de energia,
potencial guimico y dureza de HOOH, HSOH y HSSH. La energia estd en kcal/mol; p y n
estdn en eV,

Parametro HOOH HSOH HSSH

AFEL . 087 462 565
AFET, 865  6.83  7.90
AE® 778 221 225
B 0.279  0.486 0.502
E(3) 0.87 -4.62 -565
©(3) -4.24 -358 -4.17
H0) 856  6.62  6.35
Kg -15.03  -22.68 -26.92
K, 2141 -055 -2.02
K, 2.00 1.48  3.01
Qr -0.33 -067 -0.39
Qs 0.46 1.78  0.58

@ 071 037 -0.67
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Figura 3.1: Perfil a lo largo del dngulo torsional « de HOOH, HSOH, HSSH. La energia
estd en kcal/mol, o estd en grados.

Usando los valores optimizados de AE* y AE° en la ecuacién (2.35), hemos deter-
minado los pardmetros Kz de las tres moléculas. Estos son Kg(HOOH) = -15.03
kcal/mol, Kg(HSOH) = -22.68 kcal/mol y Kg(HSSH) = -26.92 kcal/mol. Debemos
mencionar que el uso de § y AE® en la ecuacién (2.34) para obtener todos los K
conduce a resuttados poco fiables debido a la inestabilidad numérica que aparece para.
valores de 3 muy cercanos a 0.50, como es el caso para HSOH y HSSH. Sin embargo,
hemos usado la ecuacién (2.34) para chequear la consistencia del modelo de poten-
cial: los valores numéricos de todos los Kz son usados para obtener una estimacién
independiente de # y hemos obtenido 0.241 para HOOH; 0.451 y 0.458 para HSOH y
HSSH, respectivamente, valores que son muy cercanos a los optimizados. La diferen-
cia en 3 supone un cambio pequeiio de alrededor de 5° en el dngulo torsional ¥ puede
ser usado para estimar la exactitud de nuestros resultados. La consistencia se ha
alcanzado dentro de un margen razonable de error en 8 y por lo tanto, los resultados

a partir del modelo son considerados fiables.
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Conociendo ahora los valores de todos los Kz , es posible tener una mejor caracteri-
zacion de los isémeros estables gauche, calculando la constante de fuerza torsional a
través de la ecuacién (2.39) y obtenemos k(HOOH) = 0.0382 mdynA /rad?,k(HSOH)
= 0.0781 mdynA /rad® y k(HSSH) = 0.0929 mdynA /rad?. Nuevamente notamos que
la, constante de fuerza de HSOH se encuentra dentro de los limites de los valores de
HOOH y HSSH, aunque es més cercana a k(HSSH) como se esperaba a partir del

andlisis de los perfiles de energia.

Los valores de & muestran que HSSH es torsionalmente la molécula més rigida, seguida
de HSOH, HOOH presenta un movimiento vibracional de gran amplitud alrededor
del dngulo de equilibrio ap. Es necesario mencionar que sélo en esta tiltima molécula,
existe una desviacién significativa de fy {ecuacién {2.42)) con respecto a 3, encon-
trando un valor de f = 0.435 comparado con 8 = 0.279. Esta diferencia se debe
al alto valor de AE°. En las otras dos moléculas la diferencia entre 8 y 8 no es
relevante. Observamos que un mdximo valor de la poblacién electrénica del enlace

central en HOOH es muy cercana a .

3.2.1.2 Perfilesde pyn

En las Figuras 8.2(a) y 3.2(b) se presentan los perfiles del potencial quimico y de
dureza. A partir de los valores optimizados de p[8] y 5[] hemos determinado los
pardmetros K, y K de las ecuaciones (2.28) y (2.29), valores que se muestran en la
Tabla 3.2 junto con Kg y . Es asi, como los perfiles analiticos de E, i y 7 son total-
mente definidos a través del conocimiento de los pardémetros involucrados. Nétese que
en la Figura 8.2(a) los perfiles de p de HOOH y HSSH son cualitativamente similares:
en ambos casos p decae en forma dréstica a partir de la conformacién trans y estas
dos moléculas presentan una variacién mayor del potencial quimico a lo largo de «a.
Nétese que el valor miimo de 4 se encuenira alrededor de & = 90° y en HOOH se
desvia significativamente del minimo de energia que se muestra en la Figura 3.1. En
HSOH, u permanece casi constante a lo largo de la coordenada de reaccién. En la

Figura 8.2(b) se presentan las tres moléculas con una méxima dureza cerca de a = 90°.
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En general, se sabe que g y 7 presentan puntos criticos cercanos a la posicién donde
el perfil de energia presenta un punto critico, este es el caso para HSOH y HSSH,
pero como ya mencionamos, HOOH presenta un desplazamiento entre la posicién del

minimo de energia y los puntos criticos de p v 7.

£l - Ty Fo H
_— i 3 : I «

4.8 T = —T—TT -

| |}
0 60 120 180 0 60 120 180

Figura 3.2: Perfil a lo largo del dngulo torsional o de (a) potencial quimico y (b) dureza
molecular para HOOH, HSOH, HSSH. i y 7 estdn en eV.

En la molécula de peréxido de hidrdgeno, los punios criticos para u y 17 se encontraron
en # = 0.45, muy cercano a [, la posicién para el valor méximo de la constante de
fuerza torsional. Esto indica que las interacciones locales especificas que aseguran
la estabilidad de la conformacién gauche no son el origen de la méxima dureza,
probablemente debido al hecho de que el potencial quimico no permanece constante

a lo largo de la coordenada de reaccién, como lo requiere el PMD.

3.2.1.3 El Principio de Maxima Dureza

En la Figura 3.3 se presentan simultaneamente los perfiles de potencial torsional y
de la dureza molecular para los tres sistemas, se observa que en los tres casos el

minimo de energia estd asociado con la maxima dureza, mientras que los méximos
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en energia estan asociados con minimos de dureza. Entonces, el PMD se satisface
¥ la condicién de méxima dureza complementa el criterio de minima energfa para la

estabilidad molecular,

. . ST
e S e [
2-= T T -~ 8 T T T
0 60 120 180 0 60 120 180
o o
Figura 3.3: Perfiles de energia y dureza molecular (- - -), a lo largo del dngulo torsional

o para (a) HOOH, (b) HSOH y (¢) HSSH. La energia estd en kcal/mol, 7 en eV y o estd
en grados.

Sin embargo, se ha mostrado que el PMD no es el producto de una simple relacién
opuesta entre energia y dureza; por ejemplo, los perfiles de dureza y energia pueden
presentar puntos criticos que no coinciden entre si, produciendo una particular con-
ducta en la representacién {n, E}. En el presente caso, un anélisis de los perfiles de
E y n muestran que globalmente estas propiedades presentan una tendencia opuesta,
aunque presentan discrepancias que pueden ser debido a otros efectos o al hecho de
que el PMD fue planteado bajo las condiciones de potencial quimico y externo cons-
tantes [24, 68).

3.2.1.4 Mecanismos de Isomerizacién

Con el objeto de avanzar en él entendimiento del mecanismo torsional, es nece-
sario caracterizar cuantitativamente la densidad de carga. Sin embargo, aunque

no hay una via rigurosa para esto, el andlisis de la poblacién electrénica se puede
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usar para este proposito. Entonces, analizamos la evolucién a lo largo de w de
la poblacién electrénica de Mulliken localizada sobre las regiones del enlace. La
poblacién electrénica total de enlace pyong estd dada por la suma de las poblaciones

electrénicas localizadas sobre las regiones de enlace de la molécula:

Prond(w) = pxa(w) + pxv{(w) + pra(w), (3.1)

con X, Y= O, S. La Figure 3.4(a) muestra la evolucién de peong y Ia Figura 3.4(b)
muestra la variacién de la poblacién del enlace central pz,. En HOOH y HSOH pyyng
disminuye monoténicamente a partir del isémero trans (w = 0.0) hacia el isémero cis
{w = 1.0), mientras que en HSSH presenta una conducta parabélica con un méximo
valor en el isdmero gauche. Por otra parte, en las tres moléculas, la poblacién del
enlace central p,, muestra una conducta parabdlica con un méaximo valor en la regién
del isémero gauche. En conexién con las constantes de fuerza torsional, las que varian
segtin k(HSSH) > k(HSOH) > k(HOOH), esperariamos el mismo orden para gy, sin
embargo y como resultado opuesto, hemos encontrado a lo largo de la coordenada de
reaccién que pgo > pss > poo- Estos resultados indican que las conformaciones esta-
bles no estdn determinadas sélo por un fuerte solapamiento, sino que también, por in-
teracciones especificas a través del espacio y las constantes de fuerza asociadas pueden
ser caracterizadas a través del teorema electrostdtico de Hellman— Feynman [42,45).
Este es el caso para el perdxido de hidrégeno, donde poo presenta un valor méximo
pero no en el minimo de energia sino que alrededor de G, donde la constante de

fuerza torsional y la dureza presentan valores méximos.

La Figura 3.4(a) muestra que el isémero estable de HOOH y HSOH no est4 asociado
con un valor extremo de ppond, 10 cual indica que los dos mecanismos para la isomeri-
zacion, los caminos trans v cis son diferentes, debido a que ellos estdn acompanados
de un aumento y disminucién de los valores de ppong, respectivamente. Como se indica
por las flechas de trayectoria. Es por esta razén, que hemos caracterizado cualita-

tivamente el mecanismo frans principalmente con interacciones a través del enlace
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Figura 3.4: Perfiles para HOOH, HSOH y HSSH a lo large de la coordenada de reaccidn
w de (a) la poblacién electrénica de enlace total {pyona) ¥ (b) la poblacidn del enlace central
(pzy). Las flechas verticales indican la posicidn de la conformacidn estable. Las flechas
de trayectoria « y — indican el camino hacia el isémero trans y hacia el isdmero cis,
respectivamente,

(aumento de ppong), mientras que el mecanismo cis puede ser asociado con interac-
ciones electrostdticas a través del espacio (disminucién de ppong). El caso de HSSH
es diferente, ya que cualquier desviacion desde la estructura de equilibrio, involucra
una disminucion en ppong v pss. Este tltimo resultado indica que los cambios locales
concentrados en los centros atémicos estdn aumentando. En los términos anterior-
mente mencionados, concluimos que en HSSH, ambos mecanismos de reaccién son
caracterizados principalmente a través de interacciones electrostticas a través del

espacio.

3.2.1.5 Naturaleza de las Barreras en la Rotacion Interna

Debido a que no hay cambios en el nimero total de electrones durante la rotacién
interna, cualquier cambio en ppng puede estar acompaifiado por un cambio opuesto
en las cargas atomicas. El cambio en las cargas atdmicas locales a lo largo de la
coordenada de reaccién, se puede reflejar en el cambio de una propiedad global como

el momento dipolar. En la Figura 8.5, se presenta la evolucidén de esta propiedad a lo
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largo de w. El analisis simultdneo de la poblacién electrénica de enlace y el momento
dipolar ayudan a entender la naturaleza de las dos barreras de potencial involucradas

en el proceso de isomerizacion rotacional.

Momento Dipolar

00 0.2 04 06 0.8 1.0
w

Figura 3.5: Momento dipoler para HOOH, HSOH y HSSH o lo largo de la coordenada de
reaccidn w. El momento dipolar estd en Debye.

En el peréxido y tioperdxido de hidrdégeno, la barrera trans se puede ser racionalizar
en términos de un aumento de ppong ¥ una disminucién en el momento dipolar y, por
esta razon, esta barrera se debe principalmente a interacciones a través del enlace.
Por otra parte, la barrera cis presenta una conducta opuesta, la cual estd asociada
con una disminucién de pyong ¥ un aumento del momento dipolar, lo que conduce a

una barrera debida principalmente a interacciones a través del espacio.

En HSSH ambos pasos torsionales estin acompafados por una disminucidn de los
valores de Prond ¥ Pss ¥ un aumento en el momento dipolar estd indicando que la ba-
rrera cis esta asociada con interacciones a través de espacio. No es posible clasificar
con certeza la naturaleza de la barrera frans; creemos que ésta debe ser el resultado

de un balance de interacciones a través del enlace y del espacio.




Capitulo 3: Reacciones de Rotacién Interna 47

3.2.2 Rotacién Interna de HONO y HSNS

En esta seccién presentamos los resultados mas relevantes para la reaccién de iso-
merizacién trans < cis de acido nitroso (HONO) y su andlogo azufrado (HSNS), el
cual se ilustra en la Figura 3.6. La importancia de estos sistemas radica en que am-
bos compuestos contienen la unidad S{O)-N, que permite caracterizar enlaces S(Q)-N

presentes en compuestos inorgdnicos de interés [69].

Figura 3.6: Representacion del equilibrio conformacional en la reaccidn de isomerizacion
rotacional de las molécules HXNX, (X= O, S).

3.2.2.1 Propiedades Globales: F, uy 5

En la Figura 3.7 se muestran los perfiles de E, p y 17 estudiados a lo largo del dngulo
de torsién definido como el angulo dihedro HXNX. Los resultados que se discuten
son los més relevantes evitando un anilisis similar al efectuado para los derivados
del perdxido de hidrégeno que mostramos en la seccién anterior. La isomerizacion
rotacional para HONO y HSNS presenta perfiles con doble—pozo de potencial a dife-
rencia de los perfiles de doble-barrera presentados para el perdxido de hidrégeno y

sus derivados azufrados.

La Figura 8.7 ilustra la validez del Principio de Mdaxima Dureza en estos sistemas
rotacionales. El minimo en la energia estd asociado con un maximo en la dureza,

mientras que el T'S esta asociado con un minimo de dureza.

En la Tabla 3.8 se muestran a nivel HF/6-311G*™ y B3LYP/6-311G**, los resultados
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Figura 3.7: Perfiles cualitativos de propiedades de reactividad global a lo largo de la coor-
denada torsionel de {(a) HONQ y (b) HSNS. Los valores numéricos representatives para

estas propiedades estin dados en la Tabla 8.3.

para la energfa (AE° y AE?), el potencial quimico (Ap® y Ap#) y la dureza molecu-

lar (An° y An?), también se incluye en esta Tabla el coeficiente de Brgnsted 3, cl

cual indica si el T'S es cercano a reactante o producto.

Es interesante hacer notar, a partir de los valores de la Tabla 3.8, que a los dos

niveles de teoria (Hartree-Fock y Teoria de Funcionales de la Densidad), las barreras

torsionales de HONO y HSNS son muy similares; en ambos cdlculos HSNS presenta

Tabla 3.3: Propiedades de activacion de la reaccion de isomerizacion de HONO y HSNS.

Todos los valores estdn en keal/mol.

HONO AE° AE?# Ap° Ap# An° An# J5j
HF -0.8082 11.0611 -7.3424 -7.8428 3.3876 -5.5852 0.4912
DFT -0.2391 13.0051 -5.5230 -10.2296 2.5113 -6.2125 0.4977
HSNS

HF -0.6200 12.8728 -2.3706 -6.4638 (0.7010 -2.6358 0.4941
DFT -1.1201 15.3884 -1.9463 -12.1113 1.1277 -3.5767 0.4912
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un valor levemente mayor de AE? que HONO. Esto puede estar indicando que HSNS
presenta un efecto hiperconjugativo en las unidades SNS lo que aumenta la energia

requerida para la rotacién interna.

Es importante sefialar que en el Articulo B5 (Molecular Physics, 101 (2003) 2841-
2853) del Anexo B, se incluye el andlisis exhaustivo del cambio que experimenta un

conjunto de propiedades globales y locales durante la rotacién interna de HONQO y
HSNS.
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3.2.3 Rotacion Interna de Cl1OC-COCI

En esta seccién presentamos el estudio del proceso de rotacién interna alrededor del
enlace C-C del cloruro de oxalilo (CIOC-COCI). La motivacién para este estudio
proviene de la aparente contradiccién entre resultados experimentales [66, T0-74] y
tedricos [75-79], sobre la existencia de un conférmero gauche que aparece entre los
isémeros de referencia trans y cis. El isémero frans fue identificado como un isémero
estable a través de estudios espectroscépicos y de rayos X mientras que un isémero
gouche fue caracterizado a través de experimentos de difraccién de electrones. Fstos
estudios muestran que el isémero gauche es menos estable que el frans por alrede-
dor de 1.4 kcal/mol [73,74]. Los resultados a partir de espectros Raman presentan
consistencia y predicen una diferencia de energia entre los dos conférmeros de 0.9
kcal/mol en favor de la forma frans [71,72,80]. Por otra parte hay coincidencias en
que el isbmero cis en un mdximo de energia. En este contexto el perfil energético
que presenta la torsién en el cloruro de oxalilo no se puede asimilar a los perfiles

analizados en las secciones anteriores.

El estudio tedrico de la rofacién interna en el cloruro de oxalilo ha presentado dificul-
tades tanto a nivel Hartree-Fock como post Hartree-Fock, en particular para carac-
terizar inequivocamente el isémero gauche. Un gran nimero de cdlculos, usando una
variedad de bases, fueron realizados por diferentes autores [75-79] y como resultado,

muchos de estos cdlculos fallaron en predecir la conformacién estable gauche.

El estudio tedrico que realizamos se apoya en la TFD, que ha sido usada satisfacto-
riamente en varios estudios tedricos de sistemas que contienen dtomos de oxigeno y
cloro [81,82].

Primero es importante mencionar que la comparacién favorable de geometrias de los
isémeros frans, gauche y cis nos lleva a validar los métodos de céleculo usados. La
comparacién entre los datos experimentales [73,74] y los teéricos de los pardmetros
geométricos de estas tres estructuras, son mostrados en la Figura 3.8, notamos que

la comparacién es satisfactoria.
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Figura 3.8: Pardmetros estructurales de los isémeros principales, a lo largo del dngulo
de torsion, determinados a nivel HF/6-311G** (valor superior) y BSLYP/6-311G**. Los
valores ezperimentales estdn dados entre paréntesis. Las distancias de enlace estdn en A;
dngulos de enlace estdn en grados.

3.2.3.1 Potencial Torsional

En la Figure 8.9 se muestra el potencial torsional determinado a través de la meto-
dologia HF y TFD. El andlisis de nuestros resultades muestra que la molécula, en
su estado fundamental, es plana, presentando una configuracién frans y un isémero
gauche que aparece entre el isémero trans y cis. Las curvas HF y TFD en la Figura 3.9
presentan la misma tendencia cualitativa y en ambos métodos, el isémero cis corres-
ponde al estado de transicién con barrera de energia de 2.5 kcal/mol a nivel TFD y
4.0 kcal/mol a nivel HF. Ambas curvas presentan un "hombro” alrededor de o = 90°,
el isdmero gauche aparece en nuestros cdlculos como una conformacion intermediaria,
metaestable, energéticamente sobre el isémero frans por 1.0-2.0 kcal/mol. Como
resultado relevante, los cdlculos dados por TFD otorgan una mejor caracterizacién
que HF para del isémero gauche. La evidencia energética de la existencia del isémero

gauche serd verificada, a través del andlisis de las diferentes propiedades globales.
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Figura 3.9: Potencial torsional (en kcal/mol} a nivel HF/6-811G** (o — o) y B3LYP/-
6-311G™* (e — @) para la Totecién interna del cloruro de oxalilo a lo largo del dngulo de
torsidn a (en grados).

3.2.3.2 DPotencial Quimico y Dureza Molecular

La Figura 8.10 muestra los perfiles de p y 7, calculados a partir de la definicién dada
por Parr y Pearson [5], a lo largo del dngulo torsional a. Se encontré que los perfiles
a nivel HF y TFD son similares, en ambos casos la conformacién gauche presenta

un méaximo en el potencial quimico y la dureza y un minimo en los isémeros frans y cis.

La Pigura 3.10(a) indica un méximo de dureza en la regién de la conformacién gauche,
lo que basado en el PMD agrega elementos para confirmar la existencia del isémero
gauche. La Figura 8.10(b) muestra que a nivel HF y TFD, el potencial quimico
presenta una variacién a lo largo del angulo torsional, ¢ presenta un minimo en las
conformaciones planares trans y cis y un mdximo en el isémero gauche. Los cambios
en el potencial quimico indican que la densidad electrénica sufre un reordenamiento,
la, variacién de p durante la rotacién interna puede ser explicada en términos de la

transferencia electrénica a partir de las conformaciones con valores altos de g, en este
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Figura 3.10: Perfiles a nivel HF/6-311G™ y (o — —o) BSLYP/6-311G** (e ——e) de (a)
dureza molecular, (b) potencial quimico y (¢) transferencia de carga intramolecular. Los
valores de p y 0 estdn en eV.

caso el flujo electrénico ocurre desde la conformacién gauche hacia las conformaciones
planares. Ademds, la cantidad de flujo de carga, AN, a lo largo de la rotacién
interna puede ser estimada a través de la férmula para la transferencia de carga

intermolecular [5,26], cuando vamos desde una conformacién de referencia a; a o

_ 1ip(a) — plon)]
AN = 3 10@ T (e (82)

Esta expresion muestra que cuando el sistema se aleja de su conformacién de equi-
librio, el flujo electrénico estd dado por cambios en el potencial quimico, al mismo

tiempo que la dureza actiia como una resistencia a éste [83].

Los perfiles de AN, a nivel HF' y TFD, se calculan usando la conformacién trans
como referencia (a; = 0°) y se muestran en la Figura 3.10(c), el méximo observado
en la conformacién gauche estd confirmando el flujo establecido a través del analisis

de la poblacidn electrénica y del momento dipolar.
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3.2.3.3 Analisis de la Poblacién Electrénica

Una caracterizacién cuantitativa de la densidad de carga esta dada por el anélisis de
la evolucién a lo largo de «, de la poblacién electrénica de Mulliken localizada sobre

las regiones de enlace [84] y de la valencia molecular [85,86], (ver Anexo A).

Las figuras 3.11(a) y (b) muestran los perfiles a lo largo de a de las poblaciones
electrénicas py{a} ¥ pee, respectivamente. Ambas poblaciones presentan minimos en
las conformaciones frans y cis y un maximo en la gauche. Esto indica que ambas con-
formaciones planares, trans y cis, no estdn determinadas sdlo por el recubrimiento,
sino que también por interacciones especificas a través del espacio. El méximo en la
conformacién gauche indica que esta conformacién es principalmente estabilizada por

interacciones a través del enlace.

Los resultados discutidos anteriormente se confirman debido a la forma que presenta
en la Figura 9.11(c) la valencia molecular a lo largo de a. El perfil de Vs presenta
un mdximo en la conformacién geuche, confirmando que este isdmero estd favorecido

por interacciones a través del enlace.

Es posible identificar, al menos cualitativamente, la naturaleza de las barreras de
potencial en la conformacién cis. Cuando vamos desde el isémero gauche hacia el
CiS, Pb, Pec ¥ Var disminuyen, mientras que la poblacion electrénica total permanece
constante, hay enfonces un reordenamiento de la poblacién electrénica de enlace que
favorece la localizacién de la poblacién electrénica sobre centros atdmicos especificos,
esto conduce a un importante cambio en el momento dipolar (ver Figura 8.12), el
aumento hacia el isémero cis y la disminucién hacia el isémero trans. La barrera
de energia en la conformacién cis parece ser del tipo a través del espacio, en otras
palabras, la barrera de la conformacién cis para la rotacién interna se debe princi-
palmente a interacciones electrostéticas entre cargas locales centradas en los 4tomos

de oxigeno y cloro.

Por otra parte, la concentracién de carga observada en la regién del enlace del isémero
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Figura 8.11: Perfiles torsionales a nivel HF/6-811G** (o —o) y BSLYP/6-311G** (e —e)
de (a) poblacidén de enlace total, (b) poblacidn del enlace central CC, (c) valencia molecular
y (d) distancia del enlace CC a lo largo del dngulo de torsion .

gauche estd acompainada por un acortamiento de la distancia del enlace central C-C,
Figura 8.11(d), siendo este resultado consistente con las conductas descritas anterior-

mente por las poblaciones y valencia.

3.2.3.4 Momento Dipolar

La discusién anterior sugiere que la energia relativa de los tres conférmeros a lo largo
de « se puede racionalizar en términos de interacciones electrostaticas a través de

espacio y del enlace y, por lo tanto es pertinente analizar la evolucién del momento
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dipolar (MD) a lo largo de la coordenada de reaccién, esperando que esta propiedad
de cuenta, de forma cualitativa, de las interacciones electrostdticas a través del es-
pacio. La Figura 8.12 muestra que el MD aumenta monotdnicamente a partir de la
conformacién estable frans y llegando a una mdaximo en el isémero inestable cis. Un
valor méaximo del MD junto con minimos de pp, pec ¥ Vin €n €l isémero cis, confirman

que la barrera es principalmente debida a interacciones a través del espacio.

Momento Dipolar

0 60 120 180

Figura 8.12: Perfiles del momento dipolar (en Debye) a nivel HF/6-811G** (o —o) y
B3SLYP/6-811G*™ (e —e) a lo largo del dngulo de torsién o (en grados).
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3.3 Conclusiones

1. El estudio de la evolucién simultdnea de propiedades globales como E, i y n,

permitié caracterizar los procesos de rotacién interna en HXYH (X, Y = O, S).

2. Junto con el anglisis de indices de reactividad global, {u, 5, ¥}, para estu-
diar los procesos de isomerizacién rotacional, es necesario incorporar el estudio
de poblaciones electrénicas de enlace y momento dipolar para identificar las

interacciones especificas que caracterizan los mecanismos de reaccién.

3. Las barreras de potencial que estdn presentes en el proceso torsional de HXYH
(X, Y = 0, 8), son debidas principalmente a interacciones a través del enlace
en HOOH y HSOH y debidas a un balance de interacciones a través del enlace

y del espacio en HSSH.

4. Bl PMD se verifica cualitativamente para los sistemas HOOH, HSOH, HSSII,
HONO y HSNS.

5. Los caleulos a nivel HF y TFD del potencial torsional para el cloruro de oxalilo
muestran la existencia de un isémero planar estable trans y un isémero cis que

corresponde al estado de transicién para este proceso torsional.

6. Los calculos a nivel HF y TFD, de la rotacién interna del cloruro de oxalilo,
indican la existencia de un isémero gauche, el cual es caracterizado a través de
los perfiles de energia, dureza y propiedades locales. El méximo en la poblacién
electrénica asociada al isémero gauche indica que estd especialmente estabi-

lizado por interacciones a través del enlace.

7. Los resultados de la rotacién interna del cloruro de oxalilo, a partir, de los
perfiles de energia, poblaciones electrénicas y momento dipolar indican que la
estabilidad del isémero #rans se debe a un balance entre interacciones a través
del espacio y del enlace, en cambio la barrera de potencial para la conformacion

cis se debe principalmente a interacciones a través del espacio.
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Capitulo 4

Reacciones de Formacion

Resumen

En este Capitulo se usa el principio de igualacién de la electronegatividad para derivar
expresiones para la dureza molecular y su derivada y= (g—’lN)vm. Estas expresiones
permiten estimar las propiedades electrénicas de catorce moléculas y complejos bi-
moleculares enlazados por puentes de hidrégeno (cuatro moléculas del tipo HCX-YH y
diez complejos bimoleculares ciclicos del tipo HCXYH:::HCXYH, (XY =0,5)). Més
alld de la determinacidn de propiedades electrénicas, se muestra que este esquema
puede ser usado como un método para racionalizar reacciones quimicas cuando el
nimero de electrones N y el potencial externo v(F) varian.

Ademas, el desarrolio tedrico que se ha seguido permite proponer un nuevo esquemsa
de aditividad para obtener propiedades electréonicas de moléculas y agregados molecu-
lares a parfir de las respectivas propiedades de los fragmentos aislados. Los resultados

estdn en excelente acuerdo con los determinados por medio del esquema de Sanderson.
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4.1 Introduccién

Una reaccién de formacion es el resultado de la combinacién de los fragmentos
constituyentes. El sistema resultante, una molécula o un complejo molecular, pre-
senta. propiedades que en muchos casos pueden ser racionalizadas en términos de
las propiedades de los fragmentos constituyentes aislados. En este Capitulo se es-
tudian esquemas de aditividad para determinar propiedades electrénicas globales de
moléculas y agregados moleculares con la idea de determinar el rol de dtomos y/o
fragmentos en la formacién de especies quimicas e investigar si estos esquemas de
aditividad se pueden usar para discutir el reordenamiento de la densidad electrénica
mediante el proceso de formacion. En este contexto, exploramos como las propiedades
electrénicas se pueden relacionar con las energias de enlace involucradas en los pro-

cesos de formacién de moléculas y complejos moleculares.

Para relacionar la electronegatividad molecular (x) a la de dtomos o fragmentos ais-
lados que constituyen la molécula, Sanderson propuso el principio de igualacion que
define la electronegatividad molecular como el promedio geométrico de las electro-
negatividades de los dtomos o fragmentos constituyentes [23,87]. A partir de este
promedio geométrico para p, fue posible obtener expresiones para 7 y -y, que son las

derivadas de g con respecto al namero total de electrones N.

Se estudié la formacién de cuatro moléculas, HCO-OH, HCO-S5H, HCS-OH y HCS-
SH a partir de los sistemas radicalarios HCO, HCS, OH y SH. Ademas se estudiaron
diez complejos bimoleculares ciclicos del tipo HCXYH:::HCXYH enlazados por dos
puentes de hidrégeno, formados por combinacién de las especies HCX-YH (XY =

0,3) anteriormente formadas. Todas las especies estudiadas se muestran en la Figura

4.1,
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Figura 4.1: Esquema del proceso de formacién de agregados bimoleculares del tipo HCX-
YH..-HCX-YH (X,Y= 0,S) a partir de {a) 2 fragmentos moleculares del tipo HCX-YH
(X,Y= 0,8), v (b) 4 fragmentos radicalarios del tipo HCX(Y) y HY(X) (X, Y= 0,S).
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Tabla 4.1: Valores de energia, potencial quimico y dureza molecular pare las estruc-
turas optimizadas de fragmentos radicalarios determinados a través de cdlculos ab initio
UHF/6-311G**. Todos los valores estdn en ua.

Fragmento E m 7

CHO -113.2802 -0.1327 0.2450
OH -75.4107 -0.1906 0.3153
CHS -435.9153 -0.1492 0.1852
SH -398.0929 -0.1907 0.1864

4.2 Resultados y Discusion

En la Tabla 4.1 se muestran los valores de referencia de la energia, potencial quimico
y dureza molecular para las especies radicales aisladas HCX y XH (X = O, S). La for-
macién de las moléculas HCO-OH (M1), HCS-OH (M2), HCO-SH (M3) y HCS-SH
(M4) a partir de los dos radicales constituyentes involucra un cambio en la energia
y propiedades electrénicas, basicamente debido a la formacién de un enlace covalente
del tipo C -- X (X = O, S). Entonces, al comparar u y 75 con los valores de referen-
cia p y 17, obtendremos como resultado, una estimacién del efecto del potencial de

enlazamiento sobre estas propiedades electrénicas especificas.

Entre muchas estructuras bimoleculares posibles, consideramos sélo los complejos
ciclicos que estdn estabilizados a través de dos enlaces de hidrégeno [47]. La com-
binacién de unidades monomeéricas de los dcidos férmico (HCO-OH), tiona-férmico
(HCS-0OH), tiol-férmico (HCO-SH) y ditio-férmico (HCS-SH) conduce a. diez comple-
jos bimoleculares ciclicos C1—C10 (ver Figura 4.1 y Tabla 4.2). Para construir estos
complejos, hemos considerado dos aproximaciones: (a) la formacién a partir de dos
moléculas neutras (ny = 2) donde los valores optimizados ab-initio de E, p1y n de cada
molécula (HCX —Y H,(X,Y = O, 5)) se usan para producir E3, u$ y 15; la diferen-
cia AFy; = F — E$ permite cuantificar la energia de los enlaces de hidrégeno; (b}
la formacién a partir de cuatro fragmentos radicales aislados (ny = 4). Esta idltima
aproximacién conduce a Ej, u3 y n3; se espera que la diferencia AE, = E — E}
sea proporcional a la energia de los enlaces de hidrégeno mds dos enlaces covalentes

formados en cada molécula que constituye el complejo.
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4.2.1 EBEstimacién de Energfas de Enlace C-X (X= O, S)

En la Tabla 4.2 se entregan los valores de £ ; junto con las energias AEs y AFEy4. Los
valores de AE,, son todos negativos, es decir, la formacitn de las moléculas (M1—
M4) y de los complejos bimoleculares (C1-C10) son procesos termodindmicamente
favorables. La caracteristica mds importante que aparece en la energia de formacién
de M1 y M2, es que Ios valores de AE; pueden ser identificados con la energia de
un enlace simple C' — O, el valor promedio determinado a partir de la Tabla 4.2 es
< AEy >q= 0.12 ua, mientras que el valor experimental es 0.13 ua [88], lo que indica
un buen acuerdo. En la formacién de M3 y M4, AE, es principalmente atribuido a
la formacién de un enlace simple C — § para el cual la energia de enlace experimental
promedio es de 0.10 ua, nuestro valor estimado es < AFEy >~ 0.08 ua indicando
nuevamente un acuerdo satisfactorio. Aunque los valores numéricos difieren en al-
guna medida, nuestros resultados muestran que el enlace C' — O estd correctamente
estimado, siendo m4s fuerte que el enlace G — S por alrededor de 0.04 ua, lo que estd
en buen acuerdo con los datos experimentales [88]. < AEy >0y < AEy >, al menos
cualitativamente, permiten racionalizar la formacién de los complejos bimoleculares,

como se verd en los parrafos siguientes.

Cuando los complejos se forman a partir de cuatro fragmentos aislados (ny = 4), las
energias de reaccién estdn relacionadas con las energias de los enlaces que se estan
formando en cada complejo. En la Tabla 4.2, se muestra que en los sistemas C1, C2
y C3 los valores de AE, van desde —0.28 ue (C1) a —0.25 ua (C3); correspondiendo
estos valores a la contribucién aproximada de los dos enlaces C — O que se estén
formando (AF; = 2 < AFs >). En los sistemas C4-C7, encontramos que el valor
promedio de AE; es —0.21 ua que se asocia con la contribucién energética debido a la
formacién de un enlace C — O y un enlace C — S, (AFy < AEs >0 + < AF >4).
En los sistemas C8-C10, encontramos que AEy = —0.16 ua, valor que corresponde
a la contribucién energética debido a la formacién de dos enlaces C — § (AE; =2 <
AEs >).
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Tabla 4.2: Energius toteles y de reaccidn en procesos de formacidn de sistemas moleculares
a nivel RHF /6-311G**, Todos los valores estdn en ua.

Sistema _E o “E2  —ABE, —AE,
HCOOH (M1) 188.8205 188.6910 0.1295
HCSOH (M2) 5114454 511.3260 0.1194
HCOSH (M3) 5114493 511.3731 0.0762
HCSSIT (M4) 834.0867 834.0082 0.0785

HCOOH:---HCOOH (C1) 377.6641 377.6410 377.3819 0.0231 0.2822
HCOOH---HCSOH (C2) 700.2840  700.2659  700.0170 0.0181 0.2670
HCSOH.--HCSOH  (C3) 1022.9027 1022.8908 1022.6520 0.0119 0.2507
HCOOH---HCOSH (C4) 700.2847 700.2698 700.0641 0.0149 0.2206
HCOOH.--HCSSH  (C5) 1022.9176 1022.9072 1022.6992 0.0104 0.2184
HCOSH---HCSOH  (C6) 1022.9068 1022.8947 1022.6992 0.0121 0.2076
HCSSH- .- HCSOH (C7) 13455389 1345.5320 1345.3342 0.0069 0.2047
HCOSH..-HCOSH (C8) 1022.9076 1022.8987 1022.7463 0.0089 0.1613
HCSSH- - - HCOSH (C9) 13455425 1345.5360 1345.3813 0.0065 0.1612
HCSSH---HCSSH ~ (C10) 1668.1770 1668.1733 1668.0164 0.0037 0.1606

4.2.2 Energias de Enlace de Hidrégeno: H--- X (X= O, 8)

Es importante mencionar que los valores de —AEs para C1-C10 (Tabla /.2) siguen
una tendencia cualitativa correcta y son comparables satisfactoriamente con otras
estimaciones teéricas [89,90]. Respecto de la comparacién con datos experimentales,
hacemos notar que nuestros valores de energias de enlace de hidrégeno estdn en buen
acuerdo con valores experimentales disponibles en literatura. Por ejemplo, el valor
experimental de AFy = —0.0233 ua para C1 [91] se compara satisfactoriamente con
nuestro valor de AE, = —0.0231 ua (Tabla 4.2) y la energia de un enlace de hidrégeno
en C10 fue estimada experimentalmente en 0.0016 ua [92], valor muy cercano a la
mitad de nuestro valor de AE, dado en la Tabla 4.2 (AF2/2 = 0.0019 ua), donde
el factor % es introducido para una comparacién apropiada, ya que C10 presenta
dos enlaces de hidrégeno. Este tltimo resultado muestra que las energias de enlace
de hidrégeno para la serie de sistemas que hemos estudiado y presentado en este

Capitulo, pueden ser racionalizadas en términos de la suma de las energias de enlace

de hidrégeno individuales presentes en el complejo.
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Para explorar esta idea, usamos la energfa de formacién a partir de dos fragmentos
(AE,) para los dimeros C1 y C10, los cuales presentan sélo enlaces del tipo H---O
y H-..S, como valores de referencia: E(H---0) = AEy(C1)/2 = —0.0116 ua y
E(H---8) = AE,(C10)/2 = —0.0019 ua. Usando estos valores, aproximaros los
valores de AFE, para los ocho complejos restantes como AE&“) =Yy E(H---X), que
representa la suma de las energfas de los enlaces de hidrégeno presentes en el sistema.
Fstos resultados estdn incluidos en la Tabla 4.3. Hacemos notar que esta estimacion
de AEéa) presenta errores considerables que estdn sobre el 70% (C3). Ademds, esta
cruda estimacion de las energias de enlace de hidrégeno a partir de los sistemas de
referencia C1 y C10 no es lo bastante exacfa para entregar una adecuada descripcion
de los valores de AE, para los otros complejos. Queda en evidencia que para cuan-
tificar la energia de un enlace de hidrégeno se requiere ademds, caracterizar el entorno

quimico donde se encuentra dicho enlace.

Una mejor aproximacién para AF; se obtiene al considerar explicitamente el efecto
que puede tener el heterodtomo vecino; de esta forma definimos la energia del frag-
mento X —H---Y (X, Y = O, S). Para esto, usamnos como referencia cuatro dimeros
(C1, C3, C8 y C10) que presentan los fragmentos requeridos: E(Q — H---0) =
AE,(C1)/2 = —0.0116 ua; E(O — H---S) = AE,(C3)/2 = —0.0060 ua; E(S —
H---0) = AE;(C8)/2 = —0.0045 ua y E(S — H---8) = AE,(C10)/2 = —0.0019
ua. Cabe hacer notar que un dtomo de azufre adyacente al enlace de hidrégeno, hace
a éste dltimo mds débil en comparacién a un dtomo de oxigeno adyacente. Entonces,
a partir de esta aproximacién definimos AEY =% xy B(X —H---Y),los resultados
se muestran en la Tabla 4.8 y son comparados con AE; y AEg(_.a). Ahora podemos
apreciar que las desviaciones con respecto a los valores calculados de AFE, {valores
de referencia) son muy pequefias. La desviacién estindar de AEéb) con respecto de
AE; es ¢ = 0.0045, lo que indica que el efecto del heterodtomo adyacente al enlace
de hidrégeno es muy importante al momento de caracterizar las energias de enlace
de hidrégeno en diferente entorno quimico. En resumen, con esta aproximacién es-

timamos la energia del enlace H --- O en 0.0080 = 0.0036 ua y la del enlace H--- 8
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Tabla 4.3: Energias de enlaces de hidrdgeno de complejos bimoleculares (AEy = E — ES;
AE2(G) =Y v E(H. - X); AE_,gb) =Y xy B(X — H---Y)). Todos los valores estdn en ua.

Sistema N -AE, —AE® _AED

C1 48 0.0231

C2 56 0.0181 0.0134 0.0175
C3 64 0.0119 0.0037

C4 56 0.0149 0.0231  0.0160
C5 64 0.0104 00134 0.0104
C6 64 00121 0.0134 0.0134
c7 72 00069 0.0134  0.0078
C8 64 0.0089 0.0231

C9 72 0.0065 0.0134  0.0063
C10 80 0.0037

en 0.0039 = 0.0021 wua; el enlace H---O es por lo tanto, dos veces mds fuerte que el

enlace H --- 5, como lo demuestran datos experimentales,
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Figura 4.2: Correlacidn entre energias de enlaces de hidrégeno y constantes de fuerza
de complejos bimoleculares identificados o través de su nimero de electrones (a). Velores
promedios de AE> y k en sistemas que presentan igual mimero de electrones (b).

4.2.3 Constantes de Fuerza y Energias de Enlace de Hidroégeno

Hemos visto que cuando la energia de sistemas bimoleculares se estima usando 7 5 =2,

la cantidad AF, = E — E3 entrega una estimacién de las energias de enlace de
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hidrégeno y mientras mayor sea el valor de AE; més fuerte se espera que sea el par
de enlaces de hidrdgeno que se forma. En la Tabla 4.8 se muestra que la energia
de enlace dismimiye con el ntmero de electrones N del sistema y que los enlaces
O--- H son més fuertes que los enlaces §--- H. La fuerza de un enlace quimico es
usualmente representada por su constante de fuerza; en nuestro caso, esperamos que
AE, este relacionada. con las constantes de fuerza k asociadas con el par de enlaces de
hidrégeno de los complejos. Valores de las constantes de fuerza han sido determinados
a través de cdlculos ab-initio de frecuencias, sobre las estructuras optimizadas de los
complejos, la. Figura 4.2(a), muestra una buena correlacién lineal (r = 0.980) entre
AFE,; y k para los diez complejos identificados por su nimero fotal de electrones.
Debido a que existen dos complejos con 56 electrones (C2 y C4), cuairo con 64
electrones (C3, C5, C6 y C8) y dos con 72 electrones (C7 y C9), en estos casos
tomamos el promedio de los valores de AE; y los graficamos versus k, lo que mejora
la correlacién (r = 0.996). Ademds, es importante destacar que las constantes de
fuerza determinadas a través de cdlculos ab-initio son consistentes con los resultados
energéticos, es decir, el enlace de hidrégeno més fuerte estd asociado con el mayor
valor en |AEy|.

4.2.4 Potencial Quimico

La ecuacién (2.50) ha sido usada para obtener el potencial quimico dentro del esquema
de Sanderson. En el caso de las moléculas M1--M4, para obtener p3 se requieren los
datos ab initio (uS y 72) de las especies radicalarias (z = CHO,OH,CHS y SH), los
cuales se entregan en la Tgbla 4.1. Los efectos de la relajacién y de la redistribucion
de la densidad electrénica sobre el potencial quimico debido a la formacién de enlaces
covalentes v de hidrégeno pueden ser cuantitativamente caracterizados por los valores
numéricos de p, , tomando como referencia el potencial quimico calculado; los valores
numéricos se presentan en la Tabla {.4. Hacemos notar que las desviaciones de y;
con respecto al valor ab initio (valor de referencia) son razonablemente pequeiias; sin
embargo en la mayoria de los casos, uS se aproxima mucho mejor al valor de referen-
cia que como lo hace u3. El potencial quimico al igual que la energia, depende del

ntimero de fragmentos usados.
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Tabla 4.4: Potencial quimico de moléculas (M1-M4)} y complejos bimoleculares (C1-
C10). u fue obtenido mediante cdlculos RHF[6-311G* y los valores de iy, fueron esti-
mados mediante la ecuacidn (2.50). Todos los valores estdn en ua.

Sistema I J134 Ha
M1 -0.1554 -0.1590

M2 -0.1402 -0.1686

M3 -0.1391 -0.1591

M4 -0.1532 -0.1687

C1 -0.1503 -0.1554 -0.1590
C2 -0.1411 -0.1476 -0.1638
C3 -0.1462 -0.1402 -0.1686
C4 -0.1402 -0.1470 -0.1590
C5 -0.1601 -0.1543 -0.1638
Cé -0.1320 -0.1397 -0.1638
C7 -0.1604 -0.1466 -0.1687
C8 -0.1331 -0.1391 -0.1591
C9 -0.1511 -0.1460 -0.1638
C10 -0.1576 -0.1532 -0.1687

Cuando dos fragmentos se ponen en contacto, los electrones fluyen desde el fragmento
que tiene el mayor potencial quimico hacia el que tiene el menor y; la cantidad de
carga que fluye es proporcional a la diferencia en los potenciales quimicos de los
fragmentos [5,16,26]. Una estimacién cualitativa de la transferencia de carga (AN)
que estd involucrada en los procesos de formacién de una reaccién de dos fragmentos

se puede determinar a través de la siguiente expresién:

AN = LU= 1) (4.1)

2 (M +my)
donde z e y representan los diferentes fragmentos usados en la formacién del producto
a estudiar. Los valores de AN estdn dados en la Table 4.5, donde es interesante
hacer notar que las reacciones involucradas en la formacién de enlaces covalentes van
acompaiiadas de valores positivos altos de AN, mientras que en la formacién de com-

plejos bimoleculares, encontramos valores pequefios de AN.
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Tabla 4.5: Valores de transferencia de carga (AN ) en la formacién de sistemas moleculares
y complejos bimoleculares.

Sistema AN dN, ONy

M1 0.0516  0.0036
M2 0.0414 0.0284
M3 0.0672  0.0200
M4 0.0558 0.0155

C1 0.0 0.0051 0.0087
Cc2 -0.0142  0.0065 0.0227
C3 0.00  -0.0060 0.0224

C4 -0.0142  0.0068 0.0188
C5 -0.0021 -0.0058 0.0037
Cé6 0.0011 0.0077 0.0318
C7 -0.0155 -0.0138 0.0083
C8 0.0 0.0060 0.0260
c9 -0.0153 -0.0051 0.0127
C1o0 0.0  -0.0044 0.011

De acuerdo con la ecuacién (4.1), la cantidad de carga que no esté relajada (6V,,) en
los procesos de formacion a partir de los fragmentos rigidos, es proporcional a Ay, ;=
(e — p2 ;). Ademds, definimos 0Nn, = Apin, cuyos valores aparecen en la Tabla 4. 5.
Es interesante hacer notar que, para complejos bimoleculares, la formacién a partir de
cuatro fragmentos en muchos casos implica valores altos de este fndice con respecto
a la formacién a partir de dos fragmentos, lo que implica que el reordenamiento de la

densidad electrénica aumenta de manera significativa con el nimero de fragmentos.

4.2.5 Dureza Molecular

Dentro del esquema de Sanderson, hemos determinado la dureza molecular N
usando la ecuacién (2.51); estos resultados se muestran en la Tabla 4.6 v se pueden

comparsr con los valores de referencia ab-initio (n), también incluidos en la Tabla.

Es interesante hacer notar que la dureza se puede aproximar correctamente usando
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Tabla 4.6: Dureza molecular de moléculas (M1-M4) y complejos bimoleculares (C1—
C10). n fue obtenida mediante edlculos RHF[6-311G* y los valores de 15, fueron esti-
mados mediante la ecuacion (£.51). Todos los valores estdn en ua.

Sistema 7 5 it
M1 0.3138 0.2783

M2 0.2206 0.2441

M3 0.2608 0.2246

M4 0.1996 0.1872

C1 0.3204 0.3138 0.2783
C2 0.2251 0.2652 0.2619
C3 0.2169 0.2206 0.2441
C4 0.2609 0.2863 0.2515
C5 0.2021 0.2563 0.2342
C6 0.2215 0.2408 0.2342
C7 0.1966 0.2108 0.2157
C8 0.2607 0.2608 0.2246
Co 0.2000 0.2319 0.2065
C1i0 0.1965 0.1996 0.1871

ya sea 15 O 73, dependiendo del sistema especifico; la dureza parece ser menos de-
pendiente del nimero de fragmentos que el potencial quimico. En este contexto, un
atributo interesante que presenta 77 es su estabilidad en términos de ny. La consis-
tencia encontrada entre 75 o 73 indica que la ecuacién (2.51) es una expresion viable

para estimar la dureza molecular.

4.2.5.1 Comparacién de Esquemas de Aditividad para 7

Existen pocas vias para estimar 17 a partir de valores de fragmentos, entre las mas
relevantes estdn: (a) el esquema de aditividad propuesto por Ghosh y col. (93], el
cual expresa la dureza del agregado molecular como el reciproco de la blandura, del
sistema (S = 1/n), calculado como el promedio de las blanduras de los fragmentos
constituyentes del sistema:

1 1 e 1

2 oI5 42
My T (42)
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Tabla 4.7: Comparacidn de valores de durezq obtenidos o través de diferentes esquemas.
n es el valor ab-initio de referencia. Las ecuaciones (4.2) ¥ (4.3) son usadas con dos
fragmentos. Todos los valores estdn en ua.

Sistema n n 7% n?
Ec. (2.51) Eec. (4.2) Ec. (4.3)
M1 0.3138 0.2783 0.2757 0.2779
M2 0.2206 0.2441 0.2333 0.2417
M3 0.2608 0.2246 0.2117 0.2137
M4 0.1996 0.1872 0.1858 0.1858
C1 0.3204 0.3138 0.3138 0.3138
C2 0.2251 0.2652 0.2591 0.2631
C3 0.2169 0.2206 0.2206 0.2206
C4 0.2609 0.2863 0.2849 0.2861
C5 0.2021 0.2563 0.2440 0.2503
C6 0.2215 0.2408 0.2390 0.2399
C7 0.1966 0.2108 0.2096 0.2008
Cs8 0.2607 0.2608 0.2608 0.2608
C9 0.2000 0.2319 0.2261 0.2282

C10 0.1965  0.1996 0.1996 0.1996

Los valores dados por este esquerna se encuentran en la cuarta columna de la Tzblg
4.7; (b) el esquema de aditividad de Datta y col. [94], el cual expresa la dureza del
agregado molecular como el promedio geométrico de las durezas respectivas de los

fragmentos constituyentes ¥ cuya expresién viene dada por:
ny
oy = ([ [ )™, (4.3)
i

donde n en ambos esquemas representa el niimero de fragmentos constituyentes del

agregado molecular.

En la Tabla 4.7 se comparan los valores numéricos de 7, calculados usando la ecuacién
(2.51), con los valores determinados usando los esquemas antes mencionados ¥y con
ny = 2. Hacemos notar que la comparacion es muy satisfactoria, solamente existen

algunas desviaciones entre los valores obtenidos a través de los diferentes métodos
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mencionados. Fstos resultados confirman nuestra observacién respecto de que la
dureza, es una propiedad numéricamente estable. Este atributo en combinacién con
el principio de méxima dureza, el cual establece que los sistermas moleculares en el
equilibrio tienden a estados de mayor dureza sugieren que para sistemas en los cuales
la. energia es dificil de obtener, el conocimiento de 7 puede abrir vias para obtener

informacién energética [44,95].

En un trabajo reciente, Sengupta y Toro-Labbé [96], compararon exhaustivamente es-
tos esquemas para determinar la dureza molecular, a partir de dos fragmentos, para
ello consideraron 46 sistemas moleculares. Los resultados indicaron que la ecuacibn
(2.51) produce valores numéricos que son muy comparables a los resultados determi-

nados a partir de ofros esquemas.

4.2.6 Relacién entre Energia y Dureza Molecular

Se han hecho algunos esfuerzos para relacionar las propiedades electrénicas con la
energia de la reaccién [43, 44, 95,97, 98]. Pearson, propuso un método empirico
para ordenar los 4cidos y las bases de Lewis en términos de sus durezas y sitios
de reaccién [6,97]. Mds recientemente, Gdzquez [98] propuso una expresién para la
energia de enlace en términos del potencial quimico, la, dureza y la funcién de Fukui
condensada de las especies aisladas. La conexién entre energfa y dureza a través
del PMD nos llevé a investigar la relacién entre las energfas de formacin AFs y
AFE, de los complejos bimoleculares y las correspondientes durezas 75 y 73, deter-
minadas usando la ecuacién (2.51). Los gréficos ¢ y b de la Figura 4.8 muestran
una buena correlacion lineal entre AE,, y 7, ; bara los complejos identificados por su
niimero total de electrones. Esta correlacién se mejora al usar el valor promedio de las
propiedades de los complejos isoelectrénicos (N = 56,64 y 72), como se muestra en las

figuras 4.3(c) y 4.8(d). Como enuncia el PMD, el complejo mis estable es el més duro.

Es interesante hacer notar que el andlisis de las figuras 4.2 y 4.3, sugieren que la
dureza y las constantes de fuerza del enlace de hidrégeno estén relacionadas. En la

Figura 4.4 se muestra una buena relacién lineal entre estas propiedades. Mientras
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Figura {.8: Correlacidn entre energia de enlace y dureza del producto determinada a
partir de la aprozimacidn de Sanderson considerando (@)ng=2y (b)nj=4. (e) y (d)
representan los valores promedio de (a) y (b) respectivamente, en sistemas que presentan
igual numero de electrones.

mas fuerte es el enlace que se forma, mds duro es el complejo. Este resultado confirma
la proporcionalidad entre durezas y constantes de fuerza observada por otros autores
[99].

4.2.7 Funcién de Fukui de la Reaccién

Formalmente el potencial quimico es una funcién de N y un funcional del potencial
externo v(7'} y se escribe como p = B[N, v(7)], entonces diferenciamos la ecuacién

(2.50) con respecto a v(7), definiendo la cantidad I
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Figura 4.4: (a) Correlacién enitre dureza y constantes de fuerza del enlace de hidrégeno
de los complejos bimoleculares. (b) Considera los valores promedios para los sistemas que
tienen igual ntmero de electrones
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Debido a que la definicién formal de Fy . es andloga a la funcién de Fukui usada para
cuantificar la reactividad de un sitio especifico sobre una molécula es que llamamos a
esta cantidad Funcidn de Fukui de la Reaccion (FFR). A partir de la ecuacién (4.4),
hacemos notar que F; , €8 una propiedad global que contiene las reactividades de
los fragmentos a través de las funciones de Fukui f2 = (8p2/dv)y. Sin embargo,
como I , s una propiedad global asociada a la formacién de una especie quimica,
las funciones de Fukui individuales no tienen la interpretacién usual de indice de
reactividad, mas bien juegan el rol de funcién de peso para el inverso del potencial
quimico del fragmento z. En este contexto, hacemos uso de la aproximacién de
densidad local y tomamos fo = —l , donde N, es el mimero de electrones del fragmento

x y N es el ndmero total de electrones del sistema que se forma.
o #n_f
Fy = m NZ( ) (4.5)

Entonces hemos determinado valores numéricos de FFR [47]. Los valores de f fueron
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aproximados como N /N, con N, definido como el niimero de electrones del fragmento
z y N el ndmero total de electrones del sistema, compuesto, tal que, > N, = N. En
la Figura {.5(a} se muestra que FFR estd linealmente relacionada con la energia de la
reaccion, indicando esto que FFR es una medida de 1a exotermicidad de la reaccién:
el menor valor de AE, corresponde al més alto valor en FFR. Por otra parte, es claro
que todo este procedimiento basado en el esquema de Sanderson es una poderosa

herramienta par caracterizar las reacciones quimicas cuando N y v varfan.

0.000 - 0.000
= W) L é + ~:a .. i!(sa) :
80 N\ 72 T omoE
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Figura 4.5: Caracterizacicn de la Puncidn de Fukui de la Reaccidn (FFR) en funcidn de
(a) la energia de la reaccion y (b) del valor promedio para los sistemas que tienen igual
ntimero de electrones. Todos los valores estdn en ua,

. . _ &
4.2.8 Derivada de la Dureza: ~ = (5‘%)1;(17)

La dureza es reconocida como una importante propiedad para caracterizar procesos
quimicos, entonces es necesario conocer cémo cambia esta, propiedad con el nitmero
de electrones y el potencial externo. La cantidad 7 mide el cambio de la dureza con el
numero de electrones. Hemos usado la ecuacién (2.52) para estimar valores numéricos
de esta propiedad. Primero, hacemos notar que al evaluar el tercer término de esta
ecuacion, necesitamos los valores de 7Yz de los fragmentos aislados. los cuales fueron
estimados a partir de la siguiente férmula. aproximada, propuesta por Fuentealba y
Parr [49):
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€ ° .
v;z[ L ]nm (4.6)

Figura 4.6: Relacidn entre 1, ¥ Y, de los sistemas enlazados por hidrégeno, ordenados
en términos de su nidmero total de electrones: (a) ny =2, (b) ng =41y (c) ny =10 (a
partir de dotos atémicos tomados de referencia [48]). Todos los valores estdn en ua.

Hacemos notar, que los valores de 73 y 74, dados en la Tabla 4.8, son positivos y
pequefios. La ecuacién (2.52) muestra una dependencia compleja de y con respecto
de 7, la cual est4 lejos de presentar la linealidad indicada en la. ecuacién (4.6). La
validez de esta ltima ecuacién y su consistencia con ¢l esquema de Sanderson ha
sido probada tomando los valores de 7, ¥ ¥r, (n; = 2,4), calculados & partir de las
ecuaciones (2.51) y (2.52), respectivamente, para asi comprobar la posible relacién
lineal entre estas dos propiedades. Como resultado, se muestra en la Figura 4.6(a) ¥y
4.6(b) que no hay tal dependencia lineal entre v y 7. Sin embargo, cuando se usan los
datos atémicos de Fuentealba y Parr para construir las propiedades de los complejos
bimoleculares, esto es, obtener nf, y i, & partir de los 10 dtomos constituyentes,
encontramos valores negativos de -y y una conducta lineal con 7, como se muestra en
la Figura 4.6(c). Es necesario hacer notar, que para los complejos bimoleculares que
presentan la misma composicién atémica, sus valores de 1% ¥ 73 son los mismos. Se

muestra en la Figura 4.6(c) los sistemas ordenados en términos de su niimero total
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Tabla 4.8: Valores de v, (ng =2 y 4) determinados mediante la ecuacion (2.62). Todos
los valores estdn en ua.

Sistema 5 i
M1 0.0247

M2 0.0214

M3 0.0431

M4 0.0062

C1 0.0317 0.0247
C2 0.0303 0.0269
C3 0.0153 0.0214
C4 0.0281 0.0380
Cb 0.0398 0.0326
Cé6 0.0231 0.0326
CT7 0.0148 0.0187
Cs8 0.0240 0.0431
Co 0.0288 0.0289
Cc10 0.0084 0.0064

de electrones.

4.2.9 Nuevo Esquema de Aditividad para p y 7

En esta seccién, proponemos un nuevo esquema de aditividad para el potencial
quimico y la dureza, el cual estd basado en un andlisis dimensional de la ecuacién

(4.4), que muestra que es posible definir el inverso del potencial quimico [47):
1 (e
=3 (£) )
th, =\

La determinacién del potencial quimico de un sistema compuesto, a partir de las
propiedades de los fragmentos aislados, a través de la ecuacién (4.7) produce resulta-
dos que estén en muy buen acuerdo con los determinados usando la ecuacién (2.50).
Esto se puede verificar en la Figura 4.7, donde se muestra la comparacién de ambas

aproximaciones para estimar el potencial quimico de los diez complejos bimoleculares
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usando ny = 2. M4s atin, hemos verificado que en todos los casos estudiados aqui, ,u

otorga una mejor aproximacién a los valores agb- nitio de referencia que ,un , los cuales
se determinaron a partir de la ecuacién (2.50); esto fue verificado para nny = 2,4y
10. Estos resultados muestran que la ecuacién (4.7) representa una alternativa valida
a la formulacién original de Sanderson. Resulta interesante hacer notar que esta
nueva expresion, contiene las poblaciones electrénicas de los fragmentos aislados, la,
cual es una cantidad local, junto con el potencial quimico, una propiedad global del

fragmento.

En este nuevo esquema la dureza viene dada por:

- a”;’-f =( ’ )225 1 [fo o_ho o] (48)
T]ﬂ,f 6N Ju‘nf (‘u'o)g :En.‘n zlu::c ? *
o) e V@

donde A es una medida de la fluctuacién de 1a dureza quimica debido a la variacién
en el potencial externo. De forma alternativa, a través de Ia relacién de M azwell, b
puede ser entendida como la respuesta de la funcién de Fukui con la variacién del

nimero total de electrones:

o_ {0ng afz
o= (5U ) (6N)'u(f-j (49)

En conclusidn, estas nuevas ecnaciones para el potencial quimico y la dureza molecu-

lar, las cuales contienen propiedades globales y locales, determinan un nuevo método
para caracterizar los conceptos de reactividad y selectividad en una perspectiva unifi-

cada.
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Figura 4.7: Comparacion del potencial quimico determinado @ través de las ecuaciones
(2.50) y (4.7). Todos los valores estdn en ua.
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4.3 Conclusiones

1. Se usé el principio de Sanderson para estimar la primera, segundsa y tercera
derivada de la energfa con respecto al niimero total de electrones. Los resulta-
dos para pg ; (e , muestran que en todos los casos tratados aqui, el promedio
geométrico del potencial quimico es adecuado para determinar derivadas de

orden superior.

2. Se mostré que el esquema de Sanderson es muy ttil no sélo para determinar
propiedades electrénicas, sino que también para racionalizar reacciones quimicas

cuando N y v varfan.

3. Se encontré que el Principio de Méxima Dureza y Minima Polarizabilidad son

vélidos para racionalizar la formacién de moléculas y complejos bimoleculares.
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. Las propiedades que se obtienen de la TFD conceptual aplicadas al andlisis de
reacciones quimicas, ha permitido identificar interacciones especificas que pro-
ducen los cambios quimicos, es decir, son propiedades que permiten caracterizar

mecanismos de reaceidn.

. En general, se encontré que el Principio de Méxima Dureza es valido para
racionalizar los procesos de isomerizacién rotacional ¥ de formacién de moléculas

y complejos bimoleculares.

. Junto con el uso de ndices de reactividad global, {u1, 1, E}, es necesario aplicar
descriptores de reactividad local con el objetivo de identificar la interacciones

especificas que caracterizan los mecanismos de reaccidn,

. La extensién del principio de igualacién del potencial quimico de Sanderson que
hemos mostrado en este trabajo indica que puede ser usado como un método
para racionalizar reacciones quimicas cuando el nimero de electrones N y el

potencial externo v(7) varian.

. Se propuso un nuevo esquema para obtener propiedades moleculares 2 partir de
los fragmentos aislados con resultados muy satisfactorios, la validacién de es-
quemas de aditividad nos lleva a caracterizar propiedades globales y determinar

el rol de dtomos y/o fragmentos en la formacidn de especies quimicas.
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Anexo A

Otros Conceptos Basados en la TFD

A.1 Indice de Electrofilia

Otro fdice de reactividad global [100] recientemente propuesto es el indice de elec-
trofilia (w),

w= _LL_, (A1)

que permite caracterizar la estabilizacién del sistema, al saturarse de carga prove-

niente de un medio con mayor potencial quimico, en términos de g y 7.

A.2 Funcién de Fukui y Blandura Local

La funcién de Fukui electrénica, f(7), fue introducida por Parr y Yang [101] como
una generalizacién del concepto de orbitales frontera de Fukui. Los descriptores de
reactividad local como la funcién de Fukui, f(7), y la blandura local, s(} [102], son
necesarios para explicar la selectividad de sitio en una molécula. La funcién de Fukui

esté definida como:
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Dentro de la aproximacién de core rigido (o ausencia de relajacién orbital) este des-
criptor corresponderia a la densidad de los orbitales moleculares de frontera, permi-
tiendo hacer un puente entre la teoria de orbitales de frontera desarrollada por Fukui
y la TFD. Debido a la discontinuidad propia de la derivada (%)U(ﬂ, tres diferentes
tipos de funciones de Fukui pueden ser definidas:

0= (%),
= (%1);(17) ~ [pn(F) — pn-1(P)] = promo(T), (A.3)

7o) = 36 + £~ (O » $lervao(®) + proso(7)],

~ [on4a(F) — pw(T)] = promo(7),

donde, f+(7) mide la reactividad hacia un ataque nucleofilico; f~(7) mide la reac-
tividad hacia un ataque electrofilico y f°(7) mide la reactividad hacia un ataque
radicalario. La conexién con la teoria de orbitales frontera es clara en la ecuaciones
anteriores. Dentro de la aproximacién de core rigido, el maximo valor de la funcidén
de Fukui en un sitio dado, al ser preferido por un reactivo, ocasionaria un gran cambio
en el potencial quimico como lo indica la ecuacién (A.2). Las cantidades anteriores
pueden ser condensadas para un atomo & en una molécula, en términos de la poblacién

electrénica sobre el dtomo [103]:

F& =N + 1) — qe(V)],
fr = @(N) — go{(N = 1)], (A.4)
f2 = 3la(N 4+ 1) — (N — 1)},

En particular, la condensacién puede realizarse considerando sélo las contribuciones

de los orbitales frontera sobre un dtomo dado, esto conduce a [104]:
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it =df,
fi =df., (A.5)
fe =3l + 72,

donde gf vy g, son las poblaciones electrénicas sobre el dtomo k asociadas a los
orbitales frontera LUMO y HOMO, respectivamente. Por otra parte, la blandura
local se define como [102]:

s(7) = F(7)S (A6)

donde S es la blandura global. De acuerdo a esta definicién se obtienen diferentes
tipos de blandura local al igual que para la funcién de Fukui, a partir de este descrip-

tor local es posible establecer una versién local del principio HSAB {105].

A.3 Valencia Molecular

La valencia molecular, Vs, se define como:
Vir =1 >V (A7)
M= 9 - ks .

y corresponde a una medida de los enlaces covalentes dentro de la molécula; una
molécula descrita por enlaces covalentes o levemente polares en su conformacién de
minima energia se espera que presente un valor maximo de Vi;. En esta iltima

ecuacion, V;, corresponde a la valencia atémica, la cual esta definida como:

- [zzpabnm], (a8)

£k Lack bee
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donde D, son elementos de la matriz de orden de enlace [106]. Vi es entonces
una medida del niimero de enlaces covalentes del dtomo & dentro de la molécula y
Var corresponde a una medida de los enlaces covalentes dentro de la molécula, una
molécula descrita por enlaces covalentes o levemente polares en su conformacién de

minima energia se espera que presente un valor maximo de Vyy.
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Anexo B

Publicaciones generadas como parte de esta Tesis
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In recent papers we defined a theoretical frame aimed at characterizing the hardness and potential energy
profiles along a reduced reaction coordinate (w) varying from 0 to 1. In this paper we generalize that model
to propose a global procedure that allows one to consider simultaneously the evolution of the potential energy
(¥) in connection with that of the electronic chemical potential () and the molecular hardness (7). Important
results have been obtained: (a) the potential energy profile can be expressed in terms of the g and # profiles
through an equation which is analogous to that used by Parr and Pearson to demonstrate the HSAB principle;
(b) the chemical potential along e is in turn written in terms of the hardness profile, an equation which is
analogous to that proposed by the same authors to quantify the electron tranfer induced by a chemical potential
gradient; and (c) useful expressions for the activation properties have been derived. As an illustration we
study the trans == cis isomerization of diimide, a reaction that may occur through either an internal rotation
or an inversion mechanism. The most relevani result concerning the chemical system is that for both
mechanisms the principle of maximum hardness holds even though the electronic chemical potential strongly
varies along the reaction coordinates. Our analysis suggests that if a system is constrained to chose among
different reaction paths connecting two stable states, it will prefer the one presenting a minimum chemical

potential.

1. Introduction

Density functional theory (DFT), a theory based upon the
ground state electronic density distribution of atoms and
molecules, has provided the theoretical basis for concepts like
electronic chemical potential (z) and molecular hardness (77).1~8
The electronic chemical potential characterizes the escaping
tendency of electrons from the equilibrium system, whereas
molecular hardness can be seen as a resistance to charge transfer.
Both g and # are global properties of the system.

It has been tecently shown that the hardness profile along a
reaction coordinate is quite useful to study the progress of
chemical reactions.” In this context, the relation between
hardness and energy profiles appears to be ¢specially important
for characterizing transition states.®® The hardness profile
passes through a minimum near or at the transition state for
different types of reactions, althongh some symmetric stretching
modes of deformation do not always correspond to extremum
values of hardness at the equilibrivm conformation.”=' In
connection with this, the principle of maximum hardness (PMEH)
asserts that molecular systems at equilibrium tend to states of
high hardness;* transition states should therefore present a
minimum value of hardness. It follows that the combination
of the PMH with the Hammond postulate!! constitutes a quite
powerful teol for a qualitative characterization of transition
states.® Parr and Chattaraj!? showed that the PMH holds under
the constraints that the external potential and the electronic
chemical potential must remain constant upon distorsion of the
molecular structure. However, the PMH seems to be valid even
under less restrictive conditions than the ones stated above.
Relaxation of the constraints seems to be permissible, and in
particular, it has been found that the electronic chemical potential
is not always constant along a reaction coordinate %1371

@ Abstract published in ddvance ACS Abstracts, May 15, 1997,

As far as the electronic chemical potential is concerned, most
studies have been performed within the franie of the constraints
of the PMI; they have been confined to evaluate g under small
distorsions of the molecular structure with the result that it
remains reasonably constant.!3~}5 However, few molecules
presenting torsional isomerization reactions show a non-
negligible variation of z zlong a reaction coordinate.™® Tt is
thus of interest to study the variation of this property in
connection with the potential energy and hardness profiles. To
do so we propose in this paper a theoretical framework that
provides analytic expressions for the evolution of these global
propertics along a reaction coordinate and allows direct con-
nections among them.

Due to the above commented fact that most studies on the
variation of the electronic chemical potential concluded that it
remains constant upon distorsions of the molecule, validating
in this way the PMH, we choose to illustrate our model relating
energetic and electronic properties with the study of two
different isomerization mechanisms in a system where the
energy barriers separating two stable states are sufficiently high
to expect strong variations of the chemical potential and
hardness. A challenging process for our purposes is the trans
== ¢is isomerization reaction of diimide (HN=NH) which can
oceur through intetnal rotation about the double bond or through
inversion at one nitrogen atom. Diimide {or diazene} is a short
lived species that has been identified as one of the decomposition
products of the hydrazoic acid and hydrazine reaction,'s It is
usuzally employed in the selective reduction of nonpolar bonds
and as ligands in transition metal complexes. Although N>H,
cannot be isolated under ordinary conditions, its infrared
spectrum has been studied by many authors.? From a
theoretical viewpoint, diimide has also been studied by many
authors, and the most relevant conclusion that concerns this
paper is that the barriers associated with the different isomer-
ization mechanisms have been found to be about 46—60 keal/

51089-5639(96)03870-4 CCC: $14.00 © 1997 American Chemical Socicty
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mol2'~%6 high enough to expect a strong variation of the
electronic properties along the different reaction pathways.

2. Theory

Energy, Chemical Potential, and Hardness Profiles. We
start by defining a reduced reaction coordinate w, which can
be refated to the actual reaction coordinate through a scaling
procedure under the condition that it varies from 0 (initial state)
to 1 (final state) with « = 0.50 at midway between the reference
states. These are characterized by the extremum values of o,
in the present case the frans and cis conformations that
comespond to w = & and @ = 1, respectively, The reduced
coordinate can therefore be viewed as a measure of the reaction
progress going from reactants (@ = 0) to products (w = 1),
passing through a transition state.

The potential energy representing a trans == ciy isomerization
process, following the rotation or inversion pathways, is given

by®?
Hw) = K fiw) + oAV’ (1)

where Ky = (k + &) with & and k the torsional force constants
associated with the reference conformations (for the inversion
mechanism they will correspond to bending force constants)
and AP = (¥(1) — F(0)) is the energy difference between those
conformations. In eq 1, flw) is a function which must be
symmetric about @ = '/, where it is maximal. Many conve-
niently normalized functions qualify with this requirement; they
all must have the same behavior about @ = /5, and therefore
they only may differ in their wings. Due to its thermodynamic
implicancies, an appealing function that satisfies the above
requirement is flw) = —[w [n @ -+ (1 — w)ln(l — @)]; however,
the function flw) = w(l — ), that came out from a Fourier
expansion of the torsional potential, has been used in our
previous papers®™ and will be used here to rationalize the ab
initio results of the internal rotation and inversion of diimide.

Since the electronic chemical potential and molecular hard-
ness are global properties of the system, they can be written in
terms of the same analytic form used for the potential energy
in eq 1. Therefore we have

) = K flw) + ody’ @
and
n(w) = K flw) + oAy’ (3)

In eqs 2 and 3 the parameters AuY, K, = (o, + pc) and Ay®, K,
= (g + ne), respectively, have the same meaning that AJY,
Ky, has for F(w). The parameters of eqs 1—3 will be determined
following a presecription given in our previous works®® and
briefly reviewed in section 3.

The {,V} Representation. The above equations show that
W(w), it(w), and 7(w) are connected through the function flw).
Using eq 2 to express flw) in termns of the electronic chemical
potential allows one to define with ¢q 1 a potential energy V-
(), where the index is indicating that it formally considers the
hardness as being constant

Vw) = oAV’ + 0 (u(w) — oA’ “)

where Qy = Kiy/K,,. In Figure 1a we show a schematic view of
the progress of a chemical reaction in the {u,¥} space; the
arrows are indicating the sense of the reaction (from frans to
cis passing through the transition state). The parameter O,
appearing in eq 4 can be independently determined by drawing

Cardenas-Jiron et al.
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Figure 1. Schematic view of the 2D representations of the evolution
of a chemical reaction in the {u,V} and {#,7'} spaces. The atrows
indicate the sense of the reaction going from the initial state (i) to the
final state (f) and passing through the transition state.

a straight line intersecting the parabolic function, a straight line
that is rigorously obtained through the rectilinear diameters law
(RDL) usually invoked to determine critical constants in
thermodynamics.® It can be noticed that for reactions presenting
small values of AF* and Au® the parabolic form of Figure 1a
reduces to a straight line with slope Q.

The {7,V} Representation. When the electronic chemical
potential remains constant along w, it is interesting to express
H(w) in terms of n(w). This allows to connect concepts like
the PMH and the Hammond postulate.’ Following the same
procedure we used to obtain ¥;(w), the combination of eqgs 1
and 3 leads to definition of V(w)

V() = oAV + O (n(w) — wAy") Q)

with @, = K/K,. Equation 5 was discussed in our previous
papers with the result that 0, should be negative in attention to
the PMH.3° In Figure 1b is displayed the progress of the
chemical reaction in the {#,V} space. Isomerization processes
going from one stable conformation to another stable conforma-
tion lead to a clockwise frans — transition state — cis path in
the {#»,¥} diagram, as indicated by the arrows in Figure 1b. As
in the precedent case, the straight line with slope O, that bisects
the parabola is obtained using the RDL.

It should be noted that the {#,F} and {#,V} diagrams show
that a necessary condition for consistency between Ww), as
defined in eq 1, Fy(w), and V,(w) is that F(w) = V(@) =F{w)
forall w. Inparticular, the energy barrier separating two stable
conformations can be derived from any of the equations defining
the potential energy function.

The {n,4} Representation. From the fundamental DFT it
has been shown that at equilibrium systems attain a given
chemical potential, which can be written in terms of the
properties of isolated reactants.**?7 Fora A + B — AB type
of reaction, Parr and Pearson showed that the number of
electrons (AN) tranferred between A and B is given by:2

(g — 1a)
AN=——" 6
(71 + 74) ©

This equation states that the difference in chemical potential
drives the electron transfer, whereas the sum of the individual
hardnesses inhibits it.*%27 Qur model that considers reactants
and products as different chemical species trapped on local
potential wells leads to the following expression for the
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Figure 2. Schematic view of the 3D representation of the evolution
of the potential energy in the {#,%,V} space.

electronic chemical potential in terms of the molecular hardness

(@) = wAd’ + O(n(w) — wAy’) 7
with @ = 0,/0Op, given by

_ @) = oAy’
== ®
n(w) — whAy

The minus signs appeating in eq 8 are due to the fact that we
are dealing with relative values of g and #. Since all values
are relative to those of the frans conformations, negative values
of 5(w) are allowed, and so eq 8 is well-defined in the range 0
< @ < 1. On the other hand, we have checked the behavior of
O along e and found that it is constant with singularities at @
= 0 and @ = 1 because ¢ and n are defined with respect to
their values at @ = 0. It is interesting to compare, at least
qualitatively, eqs 6 and 8. It follows that { might be related to
some charge 1edistributed among the atoms in the molecule
during the chemical reaction, and the hardness appears to be
acting as a resistance to that redistribution,

The {,77,V'} Representation. When both ¢ and 57 vary with
w it is then possible to obtain an alternative and more general
expression for the potential energy. We take the arithmetic
average of egs 4 and 5 to obtain

Vw) ="V (0) + V(@)
= AP + 1,0, (u(w) — 0Au’) +
"0, (@) — why’)  ©9)
Figure 2 shows how the reaction progress looks like.in the
fu.n.V} space. As in the previous diagrams, the parabolic form

can be rationalized with the help of the 3D RDL, and it reduces
to a 3D straight line in the case of symmetric reactions.

o
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It is interesting to note that eq 9 is analogous to

E=E"+ AN pu+ Y, (AN 7+ ... (10)
which, according to Parr and Pearson,? is the energy of an atom
in a molecule with electrons flowing from or to that atom and
keeping the external potential (¢) constant. Changes in N and
v lead to a more general expression for the energy that includes
the Fului function and allows discussion of energy in terms of
frontier orbital theories of chemical reactivity.>*” Again, the
term to term comparison of eqs 9 and 10 suggests that Oy and
Q, are related in some way to the change of the electronic charge
(AN) when going from reactants to products.

Another evidence pointing at the sense that eq 9 correctly
contains the ¢ and % dependence of the energy is that it is very
similar to

AE = AE? + oap® + Y ,pAy° an
which we have derived in the context of the thermochemistry
of formation of hydrogen thioperoxide (HSOH) from its radical
and ionic fragments.?®

The above characterization of a chemical reaction presents
the advantage of giving simultancous information about the
¢hange of energy and electronic properties along the reaction
coordinate. In fact, since the change in electronic properties is
related to the reaction mechanism, eq 9 is connecting the
energetic and mechanistic aspects of a chemical reaction. Our
approach appears to be complementary to other approaches
aimed at following the course of chemical reactions. For
example, in the frame of the time-dependent DFT, Chattaraj
and Nath have studied the electronegativity (the negative of the
chemical potential} and hardness dynamics in chemical reac-
tions,2*3¢ obtaining important insights that help characterize the
temporal evolution of electronic properties. An interesting
extension of this work would be to study the behavior of eq 9
under the temporal evolution of ¥, u, and 7.

A Thermodynamic-like Approach. Equation 9 suggests
that it should be possible to build up a thermodynamic-like
approach connecting the three properties we are studying here.
Let us write the potential encrgy in the {z,7,V} space consider-
ing the electronic chemical potential and the molecular hardness
as independent variables. The differential expression of F{u,n)
is

where we took dF = (F(w) — @AVY). The slopes appearting in
the above equation are obtained from egs 4 and 5

a\ _1(dV) 1@ —eA)
(@)fi(ﬁ)—im—g% a3

and
&) =35 =1 s @A) 1o, o
Ml 2\dy] 2 (g(w) —owdy) 27
Equation 12 can now be rewritten as
dv="%,0, du + 50, dn (15)

Assuming now that 0, and , are variables and the pairs {(y,u}
and {Q,,7} are conjugated to one another, appropiate Legendre
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transformations lead to

Uw) = oAl — Yy{u(w) — wAu®) dg, —
S0K0) — o) dg, (16)

where after the transformation the energy U is defined as U=V
— (Ot + Ouy)/2. Therefore, if the parameters (0, and @, are
allowed to vary, then we obtain an equation that is homogeneous
to eq 10, the Parr and Pearson expression used to explain a
formation process of a molecule from the isclated atoms.2

Activation Properties. To determine the position of the
transition state associated with the potential ¥{w) we make use
of the function lw) = (1 — w)w in eq 1 such that (AFdew)y=a
= 0, thus obtaining the position 8 in terms of the potential
cnergy parameters:

_1,A¥
ﬁ—g*’*m (1n

This equation is in fact a quantitative formulation of the
Hammond postulate: if AF? > 0 then # > 1/, and the transition
state is closer to products, whereas if AV? < 0 then 8 < 1/, and
the transition state is closer to reactants.!! Puiting 8 in eq 1
yields to the following expression for the activation energy:

Aary
4K,

AV = V(ﬁ)=§x,,+%AV°+ (18)

Note that this equation is similar to the one derived by Marcus
in his theory of electron tranfer in solution.?! The parameter 3
is known as the Brensted coefficient, and physically it represents
a measure of the degree of resemblance of the transition state
with respect to the product, The Brensted coefficient is often
used to quantify the empirical concepts of reactant-like (0 =
= 2) and product-like (12 < B < 1) transition state,3932-34
By evaluating eq 9 in @ = § we obtain an alternative expression
for the activation energy, now in terms of the activation chemical
potential (Au* = p(8)) and the activation hardness (Ay* = %-
}:

AV =AY+, 0 (D — BALYY +
1, Q00" — par’y (19)

This equation connecting the three activation properties might
provide new interpretations of the nature of activation energies,
and certainly it may help to give new insights about reaction
mechanisms. It has been found in different types of reactions
that ¢ and # pass through an extrema at 3 or very near to it;3-10
this ensures that eq 19 produces reliable values of potential
barriers from the knowledge of activation electronic properties.

The activation chemical potential is obtained by evaluating
eq 4 at @ = f, thus obtaining:

A= B+ 5 (A = pAV) 20)
7

The electronic chemical potential is expected to be smaller than
the total energy; it then follows that || = 1 to have Aut <
AV

On the other hand, the activation hardness is obtained from
eq 5

At = BAr® + QL(A'V* N @1)
F
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Figure 3. Rotation and inversion mechanisms for the isomerization
of diimide.

It is proportional and opposite (), is negative) to the activation
energy. The above equation was derived in slightly different
terms in our previous papers and was used with success in the
determination of activation hardnesses for rotational isomer-
ization processes.®¥ It is important to mention that Zhou and
Parr also found proportionality between Az¥ and A¥* in
electrophilic aromatic substitution processes.® TFinally, we note
that alternative expressions for the electronic activation proper-
ties in terms of the potential parameters Ky and AF® can be
obtained by using in the above equations the definition of 8
and AV (eqs 17 and 18, respectively).

3. Calculations

The above described model relating the profiles of the
potential energy, electronic chemical potential, and molecular
hardness is now used to rationalize ab initio calculations of the
trans == cis isomerization of the HN=NH molecule, isomer-
ization that can occur through a rotation or an inversion
mechanism, as shown in Figure 3. Both are important mech-
anisms in chemistry, and their study constitutes a challenge to
test our model in different reaction pathways where the
electronic chemical potential is expected to change strongly
along the reaction coordinates. The isomerization of diimide
has been widely studied, and high-level caleulations estimating
barrier heights and structural properties are currently avail-
able 2> It has been established that since the inversion
mechanism leads to 2 closed shell transition state whereas the
internal rotation yields to a biradical transition state, sophisti-
cated calculations going beyond the self-consistent field (SCF)
energy are necessary to have a common theoretical method
allowing proper comparisons among these structures. 2526 How-
ever, since the alm of this paper is mainly methodological ,we
will concentrate our analysis to g#{w) and 7{e) in terms of their
relationships with ¥(w) and all properties will be calculated in
the frame of the Hartree—Fock SCF theory, without paying
further attention to the accuracy of the numerical values
obtained. Therefore, our numerical results should be taken on
a qualitative basis, they will be used to illustrate the theoretical
procedure depicted in section 2, keeping in mind that for
quatitative purposes they may need further improvements,

The Reaction Coordinates. We start by defining the reduced
reaction coordinate for the different reaction mechanisms. The
coordinate @ is related to the torsional (dihedral) angle o
through®® w(e) = (1 — cos a)/2 with @ varying from 0 (o0 =
0) to 1 (o = ), extrema that indicate the frans and cis reference
conformations, respectively. On the other hand, the inversion
mechanism is represented by moving a hydrogen in the NNH
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TABLE 1: Input Data and Activation Properties for the
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Figure 4. Representation of the rotation (a, open circles) and inversion
(B, filled circles) coordinates (in degrees) in terms of the reduced
coordinate .

plane; this generates a trajectory defined by the angle £, as
shown in Figure 3. The angle 6 goes from 0 (frans, @ = () to
139.29° (cis, w = 1) and passes through & = 69.65° where @
= (.50. These three values were used to determine w(f) =
0,7044 — 0.5255 cos & - 0.1789 cos? 6. In Figure 4 we display
the evolution of the torsional and inversion coordinates along
the reduced variable .

Parameters Defining F(w), u{w) and n(w). The parameters
involved in eqs 1—3 were determined following the prescription
given in our previous works.2® It asserts that two energy points
at the vicinity of the reference conformations are needed to
estimate the curvature of the assumed harmonic potential wells
in which the reference conformations are trapped. For the
internal rotation we have performed calculations at & = 0 and
@ = 0.0076 (o = 0° and 10°, respectively), leading to
determination of k, g and 7. Caloulations at @ = 0.9924 and
@ = 1 (o = 170° and 180°, respectively) led to A, g, and
7.8 In the case of the inversion mechanism, calculations at
o = 0 and @ = 0.0105 (9 = 0° and 10°, respectively) led to k,
4, and 7, and calculations at @ = 09715 and @ = 1 (8 =
129.29° and 139.29°, respectively) led to &, s and .. For a
more detailed discussion about the procedure we use to
numerically obtain the input parameters needed to define ¥(w),
() and 7(w), the reader is referred to our previous papers. ¢
In Table 1 are quoted the input parameters necessary to obtain
the profiles of these properties along the reaction paths.

Method of Calculatiori; We have performed calculations
at the Hartree—Fock (HF) SCF level with a standard 6-31G**
basis set and with full geometry optimization at the points
mentioned in the preceding paragraph. The calculations were
performed through the Spartan package.’® A recent theoretical
study of the diimide isomerization showed that when the
isomerization path does not involve breaking and forming bonds,
HF and post-HF calculations lead to quite similar results
concerning geometric parameters and barrier heights.3 Our
results conceming the optimized geometrical parameters of the
structures considered in this work are in good agreement with
the available experimental data and theoretical results at different
levels of calculation.

Internal Rotation and Inversion of Diimide®

input data rotation inversion
k 78.4445 168.3952
ke 60.8893 166.8302
Ky=(htk) 1393338 335.2254
A 6.8166 68166
Ht 20.1673 312.0726
He 51,8500 338.1055
K= (e e 72.0173 650.1781
o —3,6741 -3.6741
T ~79.0007 —205.3633
e —107.1526 —259.4150
Ky=(0n-tao) —186.1533 —464.7783
Ay 0.6137 0.6137
On = KilK, 1.9347 0.5156
0, = KK, —0.7485 ~0.7213
Q=010 —0.3869 —1.3990

output data rotation inversion
B 0.5245 0.5102
AV* 38.3251 87.2493
At 16.0344 160.6024
At —46.1044 —115.8331

4 The input parameters are given in keal/mol « rad?, and the energies
are in keal/mol,
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Figure 5. Potential energy, electronic chemical potential, and hardness
profiles for the isomerization reaction of diimide following the rotation
() and inversion (b) mechanisms.

The reference values of electronic chemical potential and
molecular hardness were obtained from HF calculations through
the operational formulas which come out from the finite-
difference approximation.’ [ and A correspond to the first
jonization potential and electron affinity of the molecule and
were determined through a ASCF procedure. Calculations on
ions were performed using the unrestricted Hartree—TFock
procedure on the already optimized neutral molecular structure.

4. Results and Discussion

Energy, Chemical Potential, and Hardness Profiles. In
Figure 5 we display the curves of potential energy, chemical
potential, and hardness along w for the rotation and inversion
mechanisms. We note that for both mechanisms, the potential
energy and electronic chemical potential profiles exhibit the
same trend with maximum values at the transition state,
Opposite to this is the behavior of the hardness, indicating that
the PMH is verified for the two isomerization paths. It should
bhe noted that since all values are relative to those of the trans
conformaticn, #(w) may be negative.

The potential barrier associated with the inversion mechanism
is higher than the one associated with the internal rotation,
indicating that rotation should be the preferred mechanism for
isomerization. For the internal rotation, the electronic chemical
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Figure 6. 3D representations of the evolution of the isomerization

reaction in the {u,1,7'} space following the rotation (2) and inversion
(b) mechanisms.

potential along o is lower than the potential energy, presenting
intermediate values between the potential energy and the
molecular hardness. This situation is not reproduced for the
inversion mechanism, where the 4 values are higher than the
potential energy values. In both cases the hardness profile
behaves similarly although in the inversion mechanism it attains
a deeper minimum at the transition state.

A chemical process is driven by ¢z when this property follows
a minimum chemical potential path which, in the present case,
corresponds to the rotation mechanism. In this case a delicate
balance between potential energy and hardness seems to be
present: the chemical potential profile is intermediate between
the # and V profiles. In contrast to this, the inversion
mechanism presents a chemical potential profile which is even
higher than energy profile due to an anomalous value of the
parameter ¢}, (0.5156) that should be higher than one (see
Table 1).

3D Representation of the Isomerijzation Process. In Figure
6 are displayed the 3D representations of the different isomer-
ization mechanisms studied in this paper. We note that the
rotation mechanism is represented by an open parabola, whereas
the parabola representing the inversion mechanism is closer to
a straight line, It is interesting to mention that projections of
the 3D siraight lines of Figure 6 onto the {z,¥}, {#,¥}, and
{111} planes leads to three 2D straight lines defined through
their slopes Oy, @, and Q, respectively. These are quasi
orthogonal to each other and may be orthogonalized through
classical methods. This confirms the assumption we made in
performing Legendre transformations on eq 9 that (), and 0,
are conjugated variables of ¢ and 3, respectively. This may be
an important result and merits further attention since it suggests
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that it should be possible to perform mathematical transforma-
tions to express the energy and electronic properties in some
{004} space. In particular, if orthogenality is verified, then
the parabolic forms obtained in the {u,,V} space suggest that
in the {0, 0.} space we shonid be able to write [ CQ?, and
therefore the correspondence between the parameters appearing
in egs 9 and 10, O, = AN and @, ~ AN?, seem to be correct,
at least qualitatively. Moreover, by defining the origin of the
coordinate system at the transition state, it should be possible
to determine rules to make the system decide among different
reaction paths in terms of the numerical values of Oy and Q..

On the other hand, in all the representations of the potential
energy, electronic chemical potential, and hardness profiles, the
inversion mechanism exhibits close linear dependences, which
are the characteristic feature of symmetric situations. In this
mechanism, the symmetry plane of the molecule is conserved
along the reaction coordinate, whereas torsion about the central
bond breaks down all symmetry elements of the molecule. This
observation may be used to confirm the fact that a reaction path
that keeps a symmetry element along it might not necessarily
be the preferred direction that follows the system. Such a
symmetry element might be considered as unstable, in the sense
pointed out by Pearson and Palke.)?

Activation Properties. In Table 1 are displayed the activa-
tion properties we have obtained through eqs 17—21. Note that
for the two mechanisms we are studying in this paper the
parameter 3 is showing that transition states are closer to the
product than to the reactants, a result that verifies the Hammond
postulate (AV® > 0). On the other hand, relatively good
agreement of the value for the rotation barrier, predicted through
eq 18, is anticipated on the basis of comparisons with the
available literature data at the HF level. For the rotation about
the N=N central bond, a value of 38.3 kcal/mol is anticipated
which is in good agreement with 37.2 kcal/mol obtained by
Cimiraglia et al” In contrast to this, for the inversion
mechanism, eq 18 predicts a value of 87.2 kcal/mol that is too
high when compared to the available literature data,252637

Barrier heights at higher levels of calculation have been
recently reported by Cimiraglia et @26 These authors used
different polarized basis sets going beyond Hartree—Fock by
means of complete active space—self-consistent field (CAS-
SCF) and CIPSI techniques to perform quantitative comparisons
of the energy and structures of the different transition states
involved in the isomerization mechanisms of diimide. They
suggest that both mechanisms arc quite competitive. Our
estimations for the barrier heights associated with the different
reaction mechanisms and the criterium that a reaction must
follow 2 minimum chemical potential path lead us to conclude
that rotation would be the preferred mechanism.

Our AF* values allow one to conclude that while the
parameter Ky for the rotational mechanism seems to be quite
well-estimated, leading to a reasonably good bartier for internal
rotation, the corresponding parameter for the inversion mech-
anism seems to be overestimated, thus producing a too large
barrier to inversion. To quantify the error we have in our
calculation of this parameter for inversion, we use the AF* and
AV values reported by Cimiraglia e al. (51.7 keal/mol and
3.15 keal/mol, respeciively) obtained at the CAS-SCF level26
to solve the second-order equation in Ky that can be derived
from eq 18. As aresult, we obtain Xy = 243.6 keal/mol + rad?
that compared with our original estimation of 335.2 keal/mol -
rad? leads to an error of about 27%. Similar effects are expected
in our estimation of the remaining parameters associated with
the inversion. It is therefore clear that more sophisticated wave
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functions will improve quantitatively and qualitatively our
results, especially those concerning the inversion mechanism.

5. Summary and Concluding Remarks

In this paper we have proposed a theoretical model aimed at
considering simutancously the evolution of the potential energy,
electronic chemical potential, and molecular hardness along a
reaction coordinate. The model proposed was used in the study
of the trans == cis isomerization reaction of diimide following
two different pathways: internal rotation about the double bond
or inversion at one nitrogen atom. In both mechanisms the
principle of maximum hardness holds even though the electronic
chemical potential changes strongly during the chemical reac-
tion.

'The analysis presented in this paper suggests that the chemical
potential responds to a delicate balance between the potential
energy and hardness. In some cases this may lead to a constant
chemical potential along the reaction coordinate, although
variations are permissible in the range 7(w) < w(w) = Ww).
Our results show that internal rotation is the preferred mecha-
nism for isomerization because it presents the lowest energy
barrier and the minimum chemical potential path.

The parameters Oy, 0, and O have been qualitatively related
to some charge redistributed among the atoms in the molecule
during the isomerization process. However, open questions
remain, They concern the exact identification of these charges
and their eventual use as quantitative indexes to make the system
decide among different reactive channels. Since for the
isomerization reactions we have studied in this paper only
intramolecular charge transfer may occur, it may be redistributed
in specific regions of the molecular topology, and therefore the
analysis of condensed charges along the reaction coordinate
certainly will help identify these parameters. Concerning their
use as reactivity indexes, we believe that convenient transforma-
tions putting the transition state at the origin of a new coordinate
system, the {(,,0,} space, will allow determination of empirical
relations between thesc parameters, giving insights about this
point,
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A theoretical study is reported of the mechanisms for internal rotation of hydrogen peroxide
(HOOM), hydrogen thioperoxide (HSOH) and hydrogen persulphide (HSSH). Calculations at
the ab initio HE/f6-311G** and MP2//6-311G** levels show that these are gauche molecules
presenting double-barrier torsional potentials. Important results have been obtained: two
different isomerization mechanisms (frans and cis) have been characterized in terms of specific
local interactions; the corresponding energy barriers have been dlassified according to through
bond and through space interactions; and the principle of maximum hardness is qualitatively

verified in all three molecules.

1. Introduction

In this paper we are concerned with the internal rota-
tion process in hydrogen peroxide (HOOH), thioper-
oxide (HSOH) and persulphide (HSSH), and are
studying the simultaneous evolution along the reaction
coordinate of the potential energy v, the electronic
chemical potential # and the molecular hardness 1.
Along the torsional angle these molecules present the
interesting feature of having a single well with two
energy barriers. This allows one to study, in a single
system, the isomerization paths that are associated
with different mechanisms which, in turn, are due to
specific local interactions. Our goal is to obtain insights
into the reaction mechanisms and the nature of the
potential barriers,

A rotational isomerization reaction can be seen as
resulting from redistribution of electron density among
atoms in a molecule, even though the total number of
electrons is conserved along the reaction coordinate,
Density functional theory (DFT) is well suited to
describing such electronic reorganization processes,
especially to providing the theoretical basis for concepts
like 4, that characterizes the escaping tendency of elec-
trons from the equilibrium system, and 1], that can be
seen as a resistance to charge transfer [1-6] Both are
global properties of the system and are implicated in the
reactivity of molecular systems. The study of their pro-
files along a reaction coordinate has been shown to be
useful to rationalize different aspects within the progress
of chemical reactions [7~10]. One major focus of atten-

tion in DFT is the principle of maximum hardness
(PMH) that asserts that molecular systems at equilib-
rium tend to states of high hardness [4, 11-13] and
therefore tramsition states should present a minimum
value of 1. There are many examples showing that the
PMH complements the minimum energy criterion for
stability [11,12} Furthermore there is evidence indi-
cating that the PMH holds, at least qualitatively,
under less severe conditions [9, 10, 14-17] than those
stated originally as proof of the principle [18] The
PMH is an important issue that will be discussed in
the present work.

‘We have proposed [8-10] a theoretical model to relate
electronic properties such as # and 1] with the potential
energy ¥. In the framework of that model we shall ana-
lyse the profiles of these global properties along the
reaction coordinate and, with the aim of identifying
the specific local interactions that might explain the
nature of the trans and cis torsional mechanisms, we
will extend our study to the evolution of local electronic
densities. We expect that, in contributing to the knowl-
edge of dihydride molecules, our procedure will be
useful in rationalizing simultaneously energetic and
mechanistic aspects of a chemical reaction.

There is plenty of experimental information about
HOOH [19-21] and HSSH [22-24] The OO unit
appears in many interesting molecules and atmospheric
reactions involving radicals, molecules containing SS
bonds serve as prototypes for the SS linkages in proteins
and provide a starting point for understanding the struc-
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ture of many systems. On the other hand, hydrogen
thioperoxide is a molecule that is thought to participate
as an intermediate in atmospheric reactions leading to
depletion of ozone and in various processes associated
with the atmospheric oxidation of sulphides, one of the
chemical processes that leads to acid rain [25-271 From
a theoretical viewpoint these molecules have been
studied extensively, especially HOOH [9,28-30] and
HSSH [8,31-33] Again HSOH has been less studied
theoretically although a few papers aimed at studying
the molecular structure and the thermochemistry from
its radicals have been published recently [17, 34-36] All
three molecules possess two planar conformers, the trans
and cis isomers, which are higher in energy than the
gauche stable conformation.

2. Theoretical background
2.1, General definitions

The reaction coordinate is the torsional angle o
defined with respect to the central bond and measured
from trans (o.=0) to the cis (0= 7 conformations.
Considering the frans conformation as the origin of
the energy, the model potential that we use to describe
the internal rotation of dihydride molecules is [8-10]

v(od =ixy(1—cos?o) +4Av (I —cosad, (1)

where kv is a parameter associated with the reference
conformations {for molecules presenting a single well
with two energy barriers Xy is negative [8, 9] and
Av = (y(m —v(0)) is the energy difference between
the trans and cis isomers.

It is useful to define a reduced reaction coordinate @
measuring the reaction progress when going from reac-
tants to products, it is called conformational function
and is related to the torsional angle through
= (1—coscl /2, note that @ varies from zero (trans)
to one {cis). The functional defining the potential
energy, in the new @ representation is therefore given
B g = vl +on i, @
where le) = @{1 — o), obtained by replacing the defini-
tion of @ in equation (1).

Formal definitions of # and 1] were given by Parr and
Pearson [2] and a three-point finite difference approxi-
mation led them to the following working formulae of
these quantities [5}

p=-3IP+EA); 1=3P-EA). (3

IP and EA are the first vertical ionization potential and
glectron affinity of the neutral molecule, respectively.
Koopmans theorem ([P~ -ty and EA=—£;)
allows one to write # and 1 in terms of the energy

of frontier HOMO (£y) and LUMO (&) molecular
orbitals:

u=3Grte); N=f-Ew. @

Determination of # and 1 from quantum chemistry
involves different kinds of calculation: a ASCF pro-
cedure should be used when applying equation (3)
whereas only RHF calculations are needed when using
equation (4). Reliability and stability of numerical
results obtained through different methodologies have
been analysed and published elsewhere [17,37-39]
Now, since ¢ and 1 are global properties of the
system, their evolution along @ can be expressed
through the same analytical form as used for v [»] in
equation (2). Therefore we have for the chemical poten-

tial ple] = plo] + x usle] + oA R, (5)
and similarly for the molecular hardness we have
Nles] = (0] + x py s @) + AT (6)

The parameters (Aéuo,K ¢} and (A T|°,K n) have the same
meaning that (Av ", X v) have for v []. Note that #le}
and 1)@ are relative to #(0] and 1l0]; for simplicity we
shall use in the following few equations Aple] =
ploo] — ul0] and Afle] = nlw] — o). It is possible to
determine the numerical values of the parameters of
equations (1), (5) and (6) from a few calculations in
the vicinity of the reference conformations, and this
can be done following a prescription we gave previously
[8-10] However, since the accuracy of the resulting
functions is not crucial to this work, we shall determine
the parameters defining the profiles of v, # and 1] from
the optimized activation properties that we shall define
in section 2.3.

2.2. Relations between 1, Nand V
It is clear from the above equations that v, # and 1]

are connected through s[e], and combining equations
(2), (5} and (6) we obtain

rqlol =eav® +oy(Anlel —eAl’),  (7)
vulel =@Av” + g, (An] - @A), (8)

and
Aple] = wAp’ + g (ANl —wAT). 9

The new parameters {0y,0u,0} are related to the old
ones ({kvy,ku,kq}) through ¢y=xv/ky and
gu =Kvyfky, in addition ¢ = gufoy. It has been
shown that these new parameters are related to the elec-
tronic charge redistributed during the internal rotation
process [10] From the above equations it is possible to
obtain a global expression accounting for the simul-
taneous evolution of the three properties along a reac-
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tion coordinate, so that combining equations (7) and (8)
ields
R =40l + vl
=aAy® +1g,(anl] - oAn’)
+1g,(Ane] —wAT). (10)

Note that equation (10) combines energetic aspects, like
the torsional potential, with mechanistics aspects, that
are included in the electronic properties # and 1 of a
dynamic process. It is interesting to mention that this
equation is homogeneous with that introduced by Parr
and Pearson to demonstrate the HSAB principle [12]

2.3, Characterization of the stable conformation

The position of the stable isomer can be determined
by differentiating equation (1) such that (dv /do) g, = 0,
ob is the position of the gauche conformation. In the @
representation of the torsional potential we define
B=(1—cosay /2 as the position of the gauche
isomer. These quantities can be defined in terms of the
potential energy parameters as

d(l;) Av® Ay°
(d oo oS Co Ky ﬁ 2K v
(11)
Putting cos ¢y in equation (1) or B in equation (2) yields
to the following expression for the energy of the gauche

isomer {the negal ’Ewe of it corresponds to the trans poten-
tial barrier (Av ,,,.)

Avffa,,,E—V[ﬂ=—( Ky+iAy o Br ) )2) (12)

4Ky

By evaluating equation (10) with @= 8 we obtain an
alternative expression for the frams activation ener ’gy
now in terms of the activation chemical potentlal (Au
AnlB]) and the activation hardness (A1) = A7Bl):

AVl =—(BAY° +hoy(An" - far’)
+i0,(a17 — BAT)). (13)

This equation connecting the three activation properties
might provide new interpretations of the nature of acti-
vation energies, and certainly may help to give new
insights about reaction mechanisms. It has been found
in different types of reaction that ¢ and 1 pass through
extrema at f or very near to it [8-10} this ensures that
equation (13) produces reliable values of potential bar-
riers from a knowledge of activation electronic proper-
ties.

Therefore the gauche stable conformation is charac-
terized in terms of its position in the reaction coordinate,
and properties like energy, chemical potential and hard-
ness. In addition to these properties it is interesting to

consider the torsional force constant, which from a har-
monic potential model as v (o) is defined from the
second derivative of equation (1):

do@ =1lgy(2cos?a— 1) +3Av  cosa (14
Evaluating at the position of the stable isomer (o) but
introducing instead the parameter 5, we obtain the tor-
sional force constant associated to the minimubm energy
conformation:

dZ
k(P = (daz)

=%(KV+AV )=y +Ar By (15

Since all the parameters involved in the above equation
are known, numerical values of # can be determined
directly. Using B as given by equation (11) we obtain:

b _1{@ar’)?
k—E(K—V—'Kv). (16)

Equation (16) has been used to obtain the numerical
values of torsional force constants quoted in the next
section.

It is interesting to see the torsional force constant not
only parametrically but as a function of B, and even-
tually it may be maximized with respect to this par-
ameter. Differentiating equation (15) with respect to S
leads to

B —(ry+Ar") +8kyB. (17)
The condition that maximizes + is

dk 1,Av"

(dﬁ) B=5, 0= A 2 8y’ (18)

and the position of the maximum of ¥ does not coincide
with the value determined from the torsional potential
(equation (11)). Then B, can be written as

By = ﬁ_3AV

where it is apparent that deviations from B may occur
depending on the relative values of Av  and xv.
Evaluation of equation (15) at 3 leads t0 #max:
_ o 9ry
e T (20)
Note that although £ and &y do not present any
precise meaning, they will be used to help characterize
qualitative trends observed in the molecules under inves-
tigation (section 3.1). Physically, the force constant is
associated with rigidity and strength of a bond, and

(19)
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therefore usually it is related to the electronic population
of that bond. This point will be discussed in the next
section,

3. Results and discussion

Since RHF theory has been shown to lead to adequate
descriptions of # and 117, 37-39], the profiles of these
elecironic properties together with that of the torsional
potential ¥ were obtained through SCF ab initio calcu-
lations of the RHF level with the standard 6-311G**
basis set using the Gaussian 94 package [40]. The force
gradient method with analytical gradient was used for
full optimization of the structural parameters every 10
along the torsional angle ¢ In addition to the Hartree—
Fock calculations, electronic correlation effects on the
profiles of energy, chemical potential and hardness have
been estimated through MP2 theory. This point is dis-
cussed in section 3.4. The optimized geometrical par-
ameters at the HF/6-311G** level for the gauche
stable conformations are quoted in table 1. The bond
lengths of HSOH are quite close to those of its parent
HOOH and HSSH molecules, and the SO distance is
intermediate between the OO and SS distances. It is
interesting to note that the gauche stable conformation
of HOOH is closer to the trans isomer, whereas in the
sulphur containing molecules it is found midway
between the trans and cis isomers.

The electronic chemical potential and hardness have
been calculated by applying equation (4) with £¢; and
E1 obtained from the RHF calculations on the neutral
molecules. Besides electronic correlation effects, this
procedure for estimating ¢ and 1 may involve small
errors arising from the inadequacy of Koopmans’
theorem, but it has been shown that it leads to correct

Table 1. Ab initic 6-311G** structural par-

ameters (in A and deg) and dipole moments
(in debye) of the gauche conformation of
hydrogen peroxides.
Parameter HOCH  HSOH HSSH
R(OH) 0.942 0.942
R(SH) 1.333 1.331
R(0O) 1.386
R(SO) 1.652
R(SS) 2.078
HOO 102.7
HOS 109.1
HSO 98,7
HSS 98.6
oo 63.7 884 50.2
| 1.911 1.992 1.573
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Figure 1. Profiles along the torsional angle o of (a) the tor-
sional potential, (+) the chemical potential and (c) the
hardness. The open circles indicate calculated values and
the lines connecting them are spline interpolations.

=

qualitative results [17, 37-39] In figure 1 we display the
profiles of ¥, 4 and 1] along ¢,

3.1. Characterization of the stable isomer
We note that in figure 1(«) the energy profiles of
HSOH and HSSH are similar to each other but they
differ significantly from that of HOOH. In tabie 2 we
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Table 2. Activation properties and parameters
defining the profiles of energy, chemical

potential and hardness of H HSOH

and HSS}-I. Potential energies (v) are in

kealmol ™, and # and 1) are in eV.
Parameter  HOOH HSOH HSSH
AV fon 0.87 4.62 565
Avl, 8.65 6.83 7.90
Ay 7.78 2.21 225
B 0.279 0.486 0.502
v(B) - 0.87 - 4.62 - 5.65
H(p) - 4.24 - 358 - 4.17
ulve) 8.56 6.62 6.35
Ky - 15.03 - 22.68 - 2692
Ky - 141 - 0.55 - 202
Ky 2.00 148 3.01
Qu - 0.33 - 0.67 - 0.39
23 0.46 L.78 0.58
Y =071 - 0.37 - .67

collect the optimized activation barriers together with
the relevant properties of the gauche conformation and
the parameters needed to define the profiles of v, ¢ and
1) along the reaction coordinate. The gauche stable con-
formation was found at 8= 0.279, 0.486 and 0.502 for
HOOH, HSOH and HSSH, respectively with ¢is barriers
higher in energy than trans that were found to be
AvZ.., =0, 87, 4.62 and 5.65kcalmol !, Experimental
trans barriers are available for HOOH and HSSH: these
are 1.10kcalmol ™! [21]and 5.82kcalmol ™! [22], in very
good agreement with our computed values. It is inter-
esting to note that the trans barrier of HSOH is found
within the limits defined by the corresponding barriers
of HOOH and HSSH. .

Using the optimized AvZ,,, and Av° values in
equation (12) we have determined the x v arameters
of the three molecules. These are Kv(p
—15.03kealmol”’,  xy(HSOH) = —22.68 kcal mol~ -1
and kv(HSSH)= —26.92kcalmol”’. We mention
here that the use of B and Av" in equatlon (11) to
obtain the x v’s leads to unreliable results due to numer-
ical instabilities that appear for values of B very close to
0.50, as is the case for HSOH and HSSH. However, we
have used equation (11) to check the consistency of the
potential model: the numerical values of the k v’s are
used to get an independent estimation of B, and we
obtained (.241, 0,451 and 0.458 for HOOH, HSOH and
HSSH, respectively, values that are qu1te close to the
optimized ones. In fact the difference in 5 entails a very
small shift of about 5° in the torsional angle, and may be
used to estimate the accuracy of our results. We consider
that consistency has been reached within a reasonable

error margin in 5, and therefore further results from the
model should be considered as being quite reliable.

Now, knowing the x v’s, it is possible to have a better
characterization of the gauche stable isomers by com-
puting the torsional force constants through eguation
{16). We obtain «(HQOH) = 0.0382mdynA rad ?,

«(HSOH) = 0.0781 mdynA rad” 2 and «(HSSH) =
0.0929mdynA rad 2. As for the barrier heights, we
note that the force constant of HSOH is found within
the limits of the corresponding values of HOOH and
HSSH, although it is closer to #(HSSH) as expected
from inspection of the energy profiles.

The & values show that HSSH is torsionally quite a
rigid molecule, followed by HSOH; by contrast HOOH
presents a large amplitude librational motion around the
equilibrium angle o. It is worth mentioning that only in
the later molecule do we have a significant deviation of
B (equation (19)) with respect to B, we have found
B = 0.435, 0.488 and 0.490. The considerable difference

» ‘between ﬁ and 5, observed in HOOH is due to the

relatively high value of Av°, In the other two molecules
the difference between and B, is not relevant. We shall
see that a maximum value of the central bond electron
population in HOOH is found very close to .

3.2. The profiles of b and 1|

In figure 1(5,c) we display the profiles of chemical
potential and hardness. From the optimized #[f] and
1B values we have determined the parameters k ; and
Ky of equations (5) and (6), and these are quoted in
table 2 together with x v and ¢ . Therefore the analytical
profiles of v, # and 1) are fully defined through a knowl-
edge of the parameters involved. Although not shown
here, it should be noted that these parametric profiles
produce values of energy, chemical potential and hard-
niess that are in quite close agreement with the computed
points displayed in the figures. In figure 1{») we note
that the # profiles of HOOH andf HSSH are qualita-
tively similar: in both cases ¢ drops down sharply from
the trans conformation, and these two molecules present
the higher variation of the chemical potential along ¢,
Note that the minimum value of # is found around
o=90 and in HOOH it is significantly apart from
the energy minimum of figure 1(« ). In HSOH, M remains
quite constant along the reaction coordinate. In figure
1{c) we note that all three molecules present a hardness
maximum near o= 90 . In general, it is well known that
# and 1) present a critical point near the position where
the energy profile has a critical point. This is the case for
HSOH and HSSH but, as already remarked, HOOH
presents a shifting between the position of the energy
minimum and the critical points of # and 1).

In hydrogen peroxide the critical points for # and 1
were found at about 5= 0.45, quite close to f, the
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position for the maximum value of the torsional force
constant, This indicates that the specific local inter-
actions that ensure stability of the gauche conformation
are not at the origin of the hardness maximum, probably
due to the fact that the chemical potential does not
remain constant along the reaction coordinate, as
required by the PMH.

3.3. The principle of maximum hardness

In figure 2 we provide new illustrations of the validity
of the PMH by displaying both the torsional potential
and the molecular hardness along the reaction coordi-
nate. As expected from the PMH], it can be seen that in
all three cases the energy minimum is associated with a
hardness maximum whereas energy maxima are con-
nected with hardness minima. It is clear that the maxi-
mum hardness condition complements the minimum
energy criterion for molecular stability.

However, it has been shown that the PMH is not the
product of a simple opposite relation between energy
and hardness; for example, hardness and energy profiles
may present critical points that are shifted one to
another giving rise to peculiar types of behaviour in
the {T], v I space [9] In the present case, an analysis of
the profiles of ¥ and 1) shows that globally these proper-
ties have opposite trends, although there are some dis-
crepancies that should be due to other effects or to the
fact that the PMH was shown to hold under the con-
straints of constant # and external potential [18] These
quantities certainly vary along the reaction coordinate,
preventing the PMH from being applied free of ‘external
effects’ as it should be. In HOOH the maxinmum hard-
ness is found to be located near £, where the torsional
force constant is a maximun, and considerably apart
from B, where the energy is a minimum. In HSOH we
find that the ¢is conformation is harder than the trans,
even though the latter isomer is more stable. Althongh
there is no requirement that the more stable isomer be
the harder, since the maximum of the PMH is a local
one only, our results indicate that the specific inter-
actions governing the hardness profile are different
from those characterizing the energy profile, unless the
chemical potential and the external potential are con-
stant or nearly constant along the isomerization process.
In HSSH these previously mentioned external effects
must cancel to give rise nicely to opposite energy and
hardness profiles.

3.4. The effect of electronic correlation on v, B and 1
To quantify the effect of the electronic correlation on
these global properties, we have performed MP2//6-
311G** calculations with full geometry optimization at
each point of the reaction coordinate. These calculations
led to the MP2 profiles of v, # and 1. A comparison of
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Figure 2. Energy (—) and hardness (- — —) profiles along c.
for () HOOH, (») HSOH, and (<) HSSH.

the MP2 and RHF profiles is given in figure 3. In all
three molecules the effect of electronic correlation on the
torsional potential and hardness profiles is quite small:
there is no change in the position of the critical points
and only the cis barrier is affected by correlation. In
HSOH the increment of the ¢is barrier due to correlation
effects attains a maximum value of about 0.60kcal
mol ™!, In general we observe that correlations do not
produce any change in the overall trends displayed by v
and 1) along the reaction coordinate, and MFP2 trends are
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similar to the RHF feature. In contrast to this, correla-
tion effects are not negligible in the evaluation of &,
especially in the torsional barrier regions of HOOH
and HSOH; however, as for ¥ and 1), the overall features
of the MP2 and RHF profiles are similar.

3.5. The isomerization mechanisms
In order to get more insights into the torsional
mechanism, quantitative characterization of the charge
density is necessary. However, since there is not a rig-
orous and unique way to do this, a population analysis

may be useful for interpretive purposes. We analyse in
this section the evolution along @ of the Mulliken elec-
tronic population localized on the bond regions. The
total bond electronic population of the molecule is
given by:
Pbond = Pxu T Pxy T Pyn,

with X, Y = O,S. Figure 4(«) shows the evolution of
Prong and figure 4(») shows the variation of the central

bond population pxy. In HOOH and HSOH pyeng
decreases monotonically when going from trans
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Figure 4. (a) Total bond electronic population and (5) cen-
tral bond population along the reaction coordinate @, The
vertical arrow indicates the position of the stable confor-
mation, The arrows pointing to the left indicate the zrans
path and those pointing to the right indicate the cis path,
for the isomerization reaction. The open circles indicate
calculated values and the lines connecting them are spline
interpolations.

(@=10.0) to cis (@ = 1.0), whereas in HSSH it displays
parabolic behaviour with a maximum value at the
gauche isomer. In all three molecules the local central
bond populations pxy shows parabolic behaviour with a
maximum value in the gauche region. In connection with
the torsional force constants, where we have found that
k(HSSH) > x(HSOH) > «(HOOH), one should expect
the same order for pxy. By contrast we have found
that all along the reaction coordinate Pso > Pss > Poo.
These results indicate that the stable conformations are
not determined only by strong overlaps but also by spe-

cific through space interactions, and the associated
forces should be characterized through the electrostatic
Hellman-Feynman theorem [9] This seems to be the
case for hydrogen peroxide, where poo presents a maxi-
mum value not at the energy minimum but at around /3,
where the torsional force constant and the hardness dis-
play maximum values.

Figure 4(a) shows that in HOOH and HSOH the
stable isomer is not associated with an extreme value
of Puond, which indicates that the two mechanisms for
isomerization, the frans and cis paths, are different
because they are accompanied by increasing and
decreasing values of pPpng, respectively. Because of this
feature we are going to identify qualitatively the frams
mechanism mainly with the through bond type of inter-
actions (increasing Pyona) Whereas the cis mechanism will
be associated with through space electrostatic inter-
actions {decreasing Prond ). The case of HSSH is different:
here any departure from the equilibrium structure
involves a decrease in both ppgag and pss, no matter
which reaction path. This indicates that local changes
concentrated on the atomic centres must increase. In the
above mentioned terms, we conclude that in HSSH both
reaction paths are characterized mainly by through
space electrostatic interactions.

3.6. Nature of the barriers to internal rotation

Since there is no change in the total number of elec-
trons during the internal rotation, any change in Ppong
must be accompanied by an opposite change in the
atomic charges. The change in local atomic charges
along the reaction coordinate must be reflected in the
change of a global property like the dipole moment, and
figure 5 shows the evolution of this property along @.
The simultaneous analysis of the bond electronic popu-
lations and dipole moments will help explain the nature
of the two potential barriers involved in the rotational
isomerization process.

In hydrogen peroxide and thioperoxide we have a
trans barrier that can be rationalized in terms of an
increasing Puong and decreasing dipole moment, and
therefore this barrier is due mainly to through bond
interactions. Opposite to this is the ¢is barrier, which
is associated with a decreasing Ppong and an increasing
dipole moment, leading to an electrostatic through space
barrier. As already mentioned, in HSSH both torsional
paths are accompanied by decreasing values of Ppong and
Pss, an increasing dipole moment indicating that the cis
barrier is associated with electrostatic through space
interactions, In contrast to this, it is not possible to be
certain in classifying the nature of the trans barrier: it
must arise from a delicate balance of through bond and
through space interactions.
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Dipole Moment /Rebye

Figure 5. Dipole moments of the three dihydride molecules
along the reaction coordinate . The open circles indi-
cated calculated values and the lines connecting them
are spline interpolations.

4. Conclusion

We have performed a theoretical study of the internal
rotation of hydrogen peroxide, thioperoxide and persul-
phide. Calculations at the ab initio HF/{6-311G** and
MP2//6-311G** levels show that these are gauche mol-
ecules presenting the interesting feature of having a
single well with two energy barriers. The isomerization
processes have been characterized through a study of the
profiles of the potential energy, chemical potential and
molecular hardness. In contributing to the knowledge of
oxygen and sulphur dihydride molecules, we have shown
that monitoring simultaneously global properties like v,
¥ and 1, together with local properties like electronic
populations, helps rationalize energetic and mechanistic
aspects of a chemical reaction.

The mechanisms for departure from the equilibrium
conformation have been characterized through the
change in pPpong and dipole moments. This led to a quali-
tative identification of the specific intramolecular inter-
actions that are at the origin of the physical nature of
the two potential barriers that are present in these mol-
ecules. An important result of this paper is that the
PMH is qualitatively verified for the three molecules,
even though /M varies along the reaction coordinate.
Variation of # seems to be at the origin of the shifting
detected in the position of the critical points of energy
and hardness.
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In this paper, we use Sanderson’s geometric mean equalization principle for electronegativity (x) to derive
expressions for molecular hardness (77) and its derivative ()) that are used to estimate the electronic properties
of 14 molecules and bimolecular hydrogen-bonded complexes. Beyond the determination of electronic
properties, it is shown that Sanderson’s scheme can be very uscful as 2 method for rationalizing chemical
reactions when both N and » change. We have found that the conditions of maximum hardness and minimum
polarizability complement the minimum energy criterion for stability of molecular aggregates. Finally, we
propose a new scheme for obtaining molecular properties from the isolated fragments that produces results
that ate in excellent agreement with those determined through Sanderson’s scheme.

1. Introduction

A formation reaction results from the combination of
constituent fragments. The resulting system, a molecule or an
aggregate, presents properties that, in many cases, can be
rationalized in terms of the properties of the isolated constituent
fragments. The main problem that arises when using this
approximation to estimate molecular properties is that the
bonding potential and redistribution of the electron density
among the fragments are not considered, and structural relax-
ation due to new specific through-bond and through-space
interactions is not allowed within this scheme. In fact, the
approach of using the properties of rigid isolated fragments to
estimate the correspending properties of a system made up of
these fragments entails errors such as the completeness of the
basis sets and the mixing of electronic states. The effects of
such errors are not considersd at all in fragment addition
schemes, and therefore, the quantities determined in this way
are not expected to be very accurate. However, the use of
addition rules to estimate global properties of composite systems
is atiractive mainly because they may be useful in predicting
qualitative features. In this paper, we investigate whether one
can safely estimate global molecular properties from the
corresponding values associated with the constitucnt fragments
through the application of Sanderson’s principle of electrone-
gativity equalization.! ™ Also, we explore how these electronic
properties can be related to bond energies involved in molecule
and aggregate formation processes.

Within the frame of density functional theory (DFT},* 6 a
complete characterization of an N-particle wave function
requires knowledge of only N and the external potential (7).
The response of the system to any external perturbation is
measured by the electronic chemical potential (i} and the
hardness (;7) when N is varied for a fixed u(F). Complementary
to this, the polarizability (o) can be used in understanding the
behavior of the system for changing »(F) at constant N.? In DFT,

* Author to whom correspondence should be addressed. E-mail: atola@
puc.cl.

10.1021/p000777e CCC: $19.00

* it is the Lagrange muitiplier associated with the normalization
constraint that the electron density integrates to N; the associa-
tion with classical structural chemistry is achieved by the
identification of g as the negative of the electronegativity (¥).
Definitions of ¥ (or 4) and 7 were given by Parr et al.® and
Parr and Pearson,? respectively. Chemical potential (electrone-
gativity) and hardness ave global electronic properties that are
implicated in the reactivity of molecular systems, and they are
well-established quantities that have evoked considerable re-
search activity in the last years.!0™4

The product of a chemical reaction can be seen as resulting
from the combination and redistribution of atom’s or fragment’s
electron densities, giving rise to a new electronic distribution
from which the efectronic properties of the new molecule or
apgregate arc derived. It is well-known by now that molccular
electron densities exhibit local topological features that makes
it possible to recognize atomic or fragment shapes within the
molecule, 'S In this context, it is important to characterize
the effect of combination and redistribution of electron densities
on global electronic properties that have been defined as the
response of the system to external perturbations.

To relate the molecular electronegativity to those of the
constituent atoms or fragments, Sanderson proposed a geometric
mean equalization principle, that defines the molecular elec-
tronegativity as the geometric mean of the electronegativities
of the constituent atoms or fragments.!” In recent papers, we
have extended this approach to estimate molecular hardness from
the comesponding property of the constituent atoms or frag-
ments.!81? In this paper, we go further by estimating for the
first time numerical values of y [y = (81/8N),] in molecules,
obtaining expressions for ;7 and y from the geometric mean of
¥ (or ), and then investigating how these properties, together
with the polarizability o, might be related to the energy of
conventional and hydrogen bonds.

This study concerns the formation of four molecules of the
type HCX—YH from radicals HCO, HCS, OH, and SH and 10
eyclic hydrogen-bonded bimolecular complexes of the type
HCX—YH-HCY~XH formed by combinations of the HCX-

© 2000 American Chemical Society
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YH species (X, Y = O, 8). Our main goal in this paper is to
discuss the validity of Sanderson’s addition scheme and to
investigate whether this approach can be used to discuss
reordering of electronic density due to the bonding process.

2. Theoretical Background

Within the framework of DFT, the chemical potential and
hardness for an N-particle system with total energy £ and
external potential 2(F) are defined as follows:4—%

aF
(HN)v(r) X M
and
A =30 @
2 N, o) 2\dN WF)

In numerical applications, 4 and 7 are calculated through the
following approximate versions of eqs 1 and 2, based upon the
finite-difference approximation and Koopman'’s theorem:>

1 1
e 5(]‘!‘ Ay = "?:(GL + &) 3)
and

- M) =1 — e @

where [ is the ionization potential, 4 is the clectron affinity,
and ey and €, are the energies of the highest-occupied molecular
orbital (HOMO) and the lowest-unoccupied molecular orbital
(LUMO), respectively. In this paper, # and s will be calculated
using the MO energies.

The energy involved in forming a molecule or aggregate from
ny non-bonded constituent fragments is given by

AE, =E—E (5)

ne

where E is the energy of the fully optimized resulting molecule
or aggregate and E° Iy E,, with E, the energy of the
fragment x duly optlmlzed Note that, in our applications, the
energy of the bimolecular complexes can be estimated from
the energy of two (E3) and four (£3) fragments, It is important
to point out here that both basis set supexposmon and the mixing
of electronic states are source of errors in the estimation of AF,;
however, attempts to evaluate them are beyond the scope of
this paper.

Sanderson’s equalization principle states that the electrone-
gativity of a molecule is given by the geometric mean of the
clectronegativities of the isolated atoms (or fragments)'—3

Ly
#e = — ([ Tlugp™ (6)

where # is the chemical potential of fragment x. Note that the
larger the value of #ny, the less acourate the result because of the
number of bonds and bonding potentials not being considered
in the calculations of e

Within this scheme, the hardness is obtained by differentiating
#tq, With respect to N,'849 thus obtaining
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Bﬂ.‘,’,) ﬂnf 52
= =— )]
e (BN uf)  Hy Z“ J14

7, is the hardness of fragment x. The difference between the
approximate values (42 and 72} and the actual values obtained
using egs 3 and 4 from the ab nitio calculations (1 and #) can
be attributed to relaxation of the electron density after bonding.
Quantification of this difference may help in developing an
understanding of the reordering of the electron density as the
reaction takes place.

The derivative of the hardness with respect to N at constant
external potential was defined previously as the third-order
property y; it was numen'cally studied only in atoms and atomic
ions with the result that, in most cases, it is smaller than g and
7.%% Within the Sanderson scheme, we obtain from eg 7

2
. 7 () /—t,,, m (22 unf nr 2
o= =— Z —2— ®
oV wF) ﬂnr My x Uy nf x Ju.r
This provides an analytic expression to estimate y from atomic
(or fragment) chemical potentials and hardnesses. Notice that

", and y; have been defined by dropping, from the original
defimtlons the numerical factors ¥2 and Vs, respectively.

3. Computational Methods

Although restricted Hartree—Fock (RHF) calculations are not
expected to give accurate hydrogen-bond energies, it has been
recently shown that they are highly consistent with DFT/B3LYP
results,!? Therefore, all calculations were performed at the RHF
level of theory with the standard 6-311G** basis set using the
Gaussian 94 package.?! Radical fragments were caleulated using
the UHF theory. The electronic chemical potential and molecular
hardness have been calculated by applying eqs 3 and 4,
respectively, with eg and ¢, obtained from the RHF/UHF
calculations of the fully optimized species.

In Table 1, we display reference values of energy, chemical
potential, and hardness of the initial isolated radical species HCX
and XH (X = O, 5). Formation of molecules HCO—OQH (M1),
HCS—OH (M2), HCO-SH (M3), and HCS—SH (M4) from
the two constituent radicals involves a change in energy and
electronic properties mainly due to formation of a covalent C—X
bond (X = O, §). Thus, in comparing #5, and 77 with respect
to the actual values of g and % determined from ab initio
calculations on the fully optimized molecule, we will obtain,
as a qualitative result, the effect of the bonding potential on
these specific electronic properties,

Among many possible bimolecular structures, we will review
here only cyclic complexes that are estabilized by two hydrogen
bonds.!® Combinations of monomeric units of formic (HCO—
OH), thione—formic (HCS—OMH), thiol—formic (HCO--SH),
and dithioformic (HCS—SH) acids leads to 10 cyclic bimo-
lecular complexes, C1—C10 (see Table 2). To build them, two
approaches have been considered: (a) formation from two
neutral molecules (11 = 2} where the ab initio optimized values
of E, u, and % of each HCX—YH (X, Y = O, S) species are
used to produce E, 1, and 55 (note that these quantities do
not contain the hydrogen-bonds potentials); and (b) formation
from four isolated radical fragments (ny= 4). The latter approach
leads to E3, uf, and 5§ values in which the effect of two
covalent and two hydrogen-bond potentials are not included.
In Table 2, we define the species under study and quote the
values of Ef,", together with the reaction energies AE> and AE:,
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Sanderson’s Principle Applied to H-Bonded Complexes

TABLE 1: Energy, Chemical Potential, and Hardness for
the Fully Optimized Radical Structures Determined at the
Ab Initic UHF/6-311G** Level”

fragment E 3 n
CHO —113.2802 —0.1327 02450
OH ~754107 —0.1906 0.3153
CHS —435.9153 —0.1492 0.1852
SH —398.092% —0.1907 0.1864

2 All values are in atomic units.

which should be proportional to the bond energies invelved in
forming the molecules and aggregates.

4, Results and Discussion

Estimating C—X Bond Energies. We note in Table 2 that
all AE,, values are negative, indicating that formation of
molecules (M1—M4) and bimolecular complexes (C1—C10)
are favorable processes. Note that, in formation reactions, E,‘:f
and E are the total energies of reactants and products,
respectively. For our purposes, the most relevant feature
appearing in the formation energy of M1 and M2 is that their
AFE; values can be identified with the energy of a single C—O
bond, the average value determined from Table 2 being (AF2)co
72 0.12 au. Note that the average value of the experimental C—0O
bond energy has been estimated to be 0.13 au,?? in reasonable
agreement with our estimate. In the formation of M3 and M4,
—AE; is mainly atiributed to formation of a single C—S bond,
for which the average experimental bond energy is 0.10 a2
our estimation is (AE>)cs = 0.08 au. Although the numerical
values may differ to some extent, our results show that the C—O
bond is correctly estimated as being stronger than the C—3 bond
by about 0.04 au, in gualitative agreement with the experimental
data.??

When the complexes are formed from four isolated fragments
(n = 4), the reaction energles can be related to the energies of
the bonds being formed. Table 2 shows that, in C1, C2, and
C3, the AF, values goes from —0.28 au (C1) up to —0.25 au
(C3); these values correspond to the approximate contribution
of the two C—O bonds being formed (AEF; = 2{AEy)co). In
C4—C7, we find that the average value of AF; is 0.21 au, with
quite a small dispersion. This can be associated with the
energetic contribution due to formation of one C—0O and one
C--S bond {AE; =~ {AEs)co + (AEa)cs). In C8—C10, we find
that AE; = —0.16 au, which is the energetic contribution due
to formation of two C—S bonds (AE, = 2{AFa)cs).

Estimating Hydrogen-Bond Energies. It is important to
mention that, although Hartree—Fock calculations are not
expected to be very accurate in estimating hydrogen-bond
energies, our AF; values follow the correct qualitative trend
and compare satisfactorily well with other theoretical estimates.®
Recent DFT/B3LYP calculations on the complexes we are
discussing here led to hydrogen-bond energies that are in very
good agreement with the HF results (see Figure 8 of ref 19).
Concerning the comparison with experimental data, we note
that our energies quantitatively match the available experimental
data. For example, AE; = —0.0233 au for C1** (compared with
AFE; = —0.0231 an from Table 2}, and the energy of a single
hydrogen bond in C10 was measured to be 0.0016 au,>* which
is very close to one-half of our AE; value given in Table 2
(AE>2 = 0.0019 au), where the factor !/, is introduced for
proper compatison as €10 contains two hydrogen bonds. This
latter result suggests that hydrogen-bond energies for the series
of systems we are studying here might be rationalized in terms
of the sum of individual H-bond energies present in the complex.

wir
»
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To explore this idea, we use the AE; values for the dimers
C1 and C10, which present only H---O or H+++S bonds, as
reference values defining the cnergy of the respective bonds:
ie., E(H-+0) = AEy{C1)/2 = —0.,01155 au and E(H-5) =
AE(C10)2 = —0.00185 au. Using these values, we ap-
proximate the AE; values for the remaining eight complexes
as AE® = YyxE(H++X), simply the sum of energies of
H-bonds present in the system. The results are included in Table
3. We note that this estimation of AE; is rather crude, exhibiting
considerable errors that go up to 70% (C3). Thus, the rough
estimation of the H-bend energies from the reference systems
C1 and CI0 is not accurate enough to get an adequate
description of the remmaining AE; values.

A considerably better approach to AE; can be obtained if
we consider not only the corresponding H-bonds but also the
effect that the neighboring heteroatom may have, thus defining
the energy of fragments X—H---Y (X, Y = O, S). To do so,
we use as a reference four dimers (C1, C3, C8, and C10) that
present the desired fragments: E(OH*+0) = AR(C1)2 =
—0.01155 au; E(OQH---8) = AE,(C3)/2 = —0.00595 au; E(SH-
=0} = AF;(C8Y2 = —0.00445 au; and E(SH--"8} = Ak;-
(C10)/2 = —0.00185 au. Note that the presence of a sulfur atom

iadjaccnt to the H-bond makes the H-bond weaker than it would

be in the presence of oxygen. Now we define AE(b)
YxvE(XH---Y); the results are shown in Table 3 and compared
with AE, and AES. It can be seen that the deviations with
tespect to the calculated AE; values are now very small; they
go up to 0.82 keal/mol in C6 (the larger deviation of AED
with respect to AZ, was found in C8 and was 8.91 kcal/mol).
This indicates that the effect of the heteroatom adjacent to the
H-bond is very important in characterizing the different H-bond
energies. In summary, we estimate the H-++O bond energy to
be 0.0080 = 0.0036 au and the He+*S bond energy to be 0.0039
£ 0.0021 au, the H---O bond being about twice as sirong as
the H---S bond.

Force Constants and Hydrogen-Bond Energies. In bimo-
lecular systems when the energy is estimated using np = 2, the
quantity AE; = E — Ej gives an estimate of the hydrogen—
bond energies, because the larger AF> is, the stronger the pair
of hydrogen bonds being formed is expected to be. Table 3
shows that the bond energy decreases with the number of
electrons and that the O-++H bonds are stronger than the S--+H
bonds. The strength of a chemical bond is usually represented
by its force constant; in our case, we expect AE3 to be related
with the force constants k asseciated with the pair of hydrogen
bonds of the complex. These force constant values have been
determined through ab initio frequency calculations on the
optimized structure of the complexes, and the results are
displayed in Figure 1a, where a good linear correlation can be
observed between AF> and k for the 10 complexes identified
by their total number of electrons, the correlation factor being
0.980. Because there are four systems having 64 electrons (C3,
C5, C6, and C8), two with 72 electrons (C7 and C9), and two
with 56 electrons (C2 and C4), we plot the average of their
AE> and k values, obtaining an enhanced correlation, as is
apparent in Figure 1b (R = 0.996). Thus, the ab initio force
constants are consistent with expectations based on the energetic
results: the stronger the hydrogen bond, the higher its |AZ;|
value.

Chemical Potential. Equation 6 has been used to obtain the
chemical potential within Sanderson’s scheme. The estimates
for M1—M4 require the ab initio data (¢, and #,) for the isolated
radicals x = CHO, OH, CHS, and SH that are quoted in Table
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TABLE 2: Total and Reaction Energies of Molecular Systems and Formation Processes®

Gutiérrez-Oliva et al.

system ~E - B — B} —AE; —AE,
HCOOH (MI) 188.8205 188.6910 0.1295
HCSOH (M2) 511.4454 511.3260 0.1194
HCOSH (M3) 511.4493 5113731 0.0762
HCSSH (M4) 834.0867 834.0082 0.0785
HCOOH+-HCOOH {C1) 377.6641 377.6410 377.3819 0.0231 0.2822
HCOOH---HCSOH (C2) 700.2840 700.2659 700.0170 0.0181 0.2670
HCSOH-+-HCSOH (C3) 16229027 1022.8908 1022.6520 0.0119 0.2507
HCOOH--HCOSH (CH) 700.2847 700.2698 700.0641 6.0149 0.2206
HCOOH---HCSSH (CS) 1022.9176 1022.9072 1022.6992 0.0104 02184
HCOSH+-HCSCH (C6) 1022.9068 1022.8947 1022.6992 0.0121 0.2076
HCSSH-++HCSOH (C7) 1345.5389 1345.5320 1345.3342 0.0069 0.2047
HCOSH---HCOSH (C8) 1022.9076 10228987 1022.7463 0.0089 0.1613
HCSSH:-*HCOSH (%] 1345.5425 1345.5360 1345.3813 0.0065 0.1612
HCSSH+++HCSSH (C10} 1668.1770 1668.1733 1668.0164 0.0037 0.1606
4 All values are in atomic units,
TABLE 3: Double Hydrogen-Bond Energies of Bimolecular 0.000
Agpregates®
complex N —AFR, —AED —AED 0008
C1 48 0.0231 0.0231 0.0231
I s6 00181 0.0134 0.0175 AE,
C3 64 0.0119 0.0037 0.0119 0010+
<4 56 0.0149 0.0231 0.0160
C5 64 0.0104 0.0134 0.0104
<6 64 0.0121 (.0134 0.0134
c7 72 0.0069 0.0134 0.0078 0.015+
C8 64 0.0089 0.0231 0.0089
c9 72 0.0065 0.0134 0.0063
Cl0 80 0.0037 0.0037 0.0037 -0.020
@ All values are in atomic units.
1. 'I‘i'le effect of re]a?iation anq redistribution of the electronic '0'0250_00 005 040 015 020
density on the chemical potential due to formation of covalent 4
and hydrogen bonds can be quantitatively characterized by the kimdyn A
numerical values of up with reference to the calculated 0000
chemical potential; numerical values are listed in Table 4. We
note that the deviations of 4 with respect to the reference ab
initio values are reasonably small; in most cases, u5 ap- ~0.005+
proaches the reference value better than 43 does. As for the AE,
energy, the chemical potential seems to be quite dependent on 00104
the number of fragments used, )
When two fragments are brought into contact, electrons will
flow from the one of higher chemical potential to that of lower 0015
£, the amount of flowing charge being proportional to the
difference in the chemical potentials of the fragmenis.® A
qualitative estimation of the charge transfer (AN) involved in 0,020
the formation process of a two-fragment reaction can be
determined through the following expression:5510:12
-0.025 r r 3
— 000 005 940 045 0.20
AN= %M © kimdyn A"
e+ 1)

with x and y representing the different fragments used in
the formation of the desired product, The values of AN are
quoted in Table 5, where it is interesting to note that reactions
involving formation of covalent bonds are accompanied with
high positive values of AN whereas, in bimolecular complex
formation, we find smaller values of AW, According to eq 9,
the amount of charge (ON,,,) that is not relaxed in the formation
process from the rigid fragments must be proportional to Age,,
= {u — ). Thus, we simply define dN,. = Auty, and quote its
values in Table 5. It is inferesting to note, for bimolecular
complexes, that formation from four fragments in most cases
implies higher values of this index than formation from two

Figure 1. (a)} Correlation between hydrogen-bond energies and H-bond
force constants of bimolecular aggregates identified by their number
of electrons. (b) Same as in panel a but using the average values of
A and k in systems presenting the same number of electrons.

fragments, thercby implying that reordering of the electron
density becomes incressingly important with the number of
fragments.

Molecular Hardness. Within Sanderson’s scheme, we have
determined the molecular hardness using eq 7; the results that
are quoted in Table 4 must be compared with the reference
ab initio values also included in the table, It is interesting to
note that hardness can be approached using either 73 or %3,
depending on the specific system, both approaches represent
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TABLE 4: Calculated and Estimated Electronic Properties of Isolated Molecules and Molecular Aggregates?

system u i 1 1 7 ns Y Vi
M1 —{L1554 —(.1590 0.3138 02783 0.0247

M2 ~0.1402 —0.1686 0,2206 0.2441 0,0214

M3 —0.1391 —0.1591 0.2608 0.2246 (.0431

M4 —0.1532 —~{.1687 0.1996 0,1872 0.0062

C1 —0,1503 —0.1554 —0.1590 03204 0.3138 0.2783 0.0317 0.0247
C2 —(.1411 —{0.1476 —-0.1638 0.2251 0.2652 0.2619 0.0303 0.026%
Cc3 —0.1462 —(.1402 —0.1686 0.2169 0,2206 0.2441 0.0153 00214
C4 —0.1402 —.1470 —{.1590 0.2609 0.2863 0.2515 0.0281 0.0380
C5 —0.1601 —(.1543 ~{.1638 0.2021 (.2563 0.2342 0.0398 0.0326
Cé —0.1320 —0.1397 —0.1638 0.2215 (.2408 0.2342 0.0231 0.0326
Cc7 -0,1604 —0,1466 ~0,1687 0.1966 0.2108 0.2157 0.0148 0.0187
C8 —0.1331 -0.1391 —0.1591 0.2607 0.2608 0.2246 0.0240 0.0431
C9 —-{,1511 —(.1460 —-0,1638 0.2000 0.2319 0.2065 (.0288 00289
10 —0.1576 —0,1532 —0.1687 0.1965 0.1996 0.1871 0.0084 0.0064

2 All values are in atomic urits.

TABLE 5: Estimation of Charge Transfer {AN) in
Formation of Molecular Systems and Bimolecular
Complexes

system AN Ny ON,

Mi (0.0516 0.0036

M2 0.0414 0.0284

M3 0.0672 0.0200

M4 0.0558 0.0155

Ci 0.0 0.0051 0.0087
C2 —0.0142 0.0065 0.0227
C3 0.0 -{.0060 0.0224
C4 —0.0142 0.0068 0.0188
5 —0.0021 —0.0058 0.0037
C6 0.0011 0.0077 0.0318
C7 —0.0155 —-0.0138 0.0083
CB 0.0 0.0060 0.0260
co ~0.0153 —{.0051 0.0127
C10 0.0 —0.0044 0.0111

TABLE 6: Comparison of Hardness Determined through
Different Methods®

systetn it eq7° ref 26 ref 27
Mi 0.3138 0.2783 0.2757 02779
M2 0.2206 0.2441 0.2333 0.2417
M3 0.2608 0.2246 0.2117 0.2137
M4 0.1996 0.1872 0.1858 0.1858
Cl1 0.3204 0.3138 03138 0.3138
c2 0.2251 0.2652 0.2591 0.2631
C3 0.2169 0.2206 (.2206 0.2206
C4 0.2609 0.2863 0,2849 0.2861
Cc5 0.2021 0.2563 0.2440 0.25G3
Co 0.2215 0.2408 0,2390 0.2399
c7 0,1966 0.2108 0.2096 0.2098
C8 0.2607 0.2608 0.2608 0.2608
9 0,2000 0.2319 0.2261 0.2282
C10 0.1965 0.1996 0.1996 0.1996

a All values are in atomic units, ® 9 is the reference ab initio value.
° Equation 7 is used with ne = 2.

good approximations of the actual ab initio result. Qualitative
consistency between #S or 75 indicates that eq 7 is a reliable
expression for estimating molecular hardness. There are a few
different ways to estimate n from fragment values: the
arithmetic average for sofiness? (§ = 1/#) and the geometric
mean principle for hardness® arc among the most relevant
treatments for determining hardnesses. In Table 6, we compare
the numerical values of  calculated using eq 7 with values
determined using the above-mentioned treatments, We note that
the comparison is quite satisfactory, with only very small
deviations among the values obtained through the different
methods being observed. This result adds evidence for an
important feature of hardness: it is a quite stable property. This
attribute, in combination with the principle of maximum
hardness (PMH),25730 which states that molecular systems at
equilibrium tend to states of highest hardness, suggest that, for

systems in which the energy is difficult to obtain, knowledge
of 7 may open the way for obtaining energetic informa-
tion. 18

Relation Between Energy and Hardness. The connection
between energy and hardness through the PMH prompted
us to investigate the relation between the formation energies
AE» and AE;, of the bimolecular complexes and the comespond-

.ing hardnesses #5 and %, determined using eq 7. Panels a

and b of Figure 2 show good linear corrclations between
AE, and 1, for the complexes identified by their total number
of electrons. These correlations are substantially improved
when we use the average value of the properties of complexes
with the same number of electrons (N = 56, 64, and 72),
as shown in Figure 2¢,d. As dictated by the PMH, we see
that the more stable the complex is, the harder it appears to
be.

There have been few interesting and useful attempts to relate
clectronic properties to reaction energies.!***? Pearson®
proposed an empirical method for ranking the order of Lewis
acids and bases in terms of their hardness at their reaction sites.
More recently, Gazquez?? proposed an expression for the bond
energy in terms of the chemical potential, the hardnesses, and
the condensed Fukui functions of the isolated species. In our
search for a relation between the hydrogen-bond energies and
the electronic properties of the isolated specics, we have tested
the Gazquez expression with the result that it overestimates the
H-bond energies although it indicates correctly that the main
contribution to the bond energy comes from the change in the
hardness of the system.

To close this discussion, it is interesting to note that the
analysis of Figures 1 and 2 suggests that hardness and the
H-bond force constants must be related. In Figure 3, we show
the nice lincar relations connecting these properties. It can
be seen that the stronger the bond being formed, the harder
the complex, This resuit confirms the fact that there is direct
proportionality between hardness and force constants, as
correctly pointed out recently by Arulmozhiraja and Kolan-
daivel®

Polarizability of Hydrogen-Bonded Systems. Along with
the PMH, Chattaraj et al. have proposed a2 minimum polariz-
ability principle (MPP), which states that the natural direction
of evolution of any system is toward a state of minimum
polarizability.* In general, the conditions of maximum hardness
and minimum polarizability complement the minimum energy
criterion for molecular stability.?> The polarizability of the
isolated molecules and those of the hydrogen-bonded systems
determined through the ab initio calculations are quoted in Table
7, together with the best approach to the polarizability of the
hydrogen-bonded systems: the simple addition of the polariz-
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Figure 2. Correlation between bond energy and hardness of the product determined from the Sanderson approximation with (@) nr=2 and (b} n;
= 4. (¢) and (d) Same as in panels a and b but using the average values in systems presenting the same number of electrons.

abilities of the constituent monomeric units (o, the fourth
column of Table 7)., Figure 4a shows the excellent quality of
this approach. Our results suggest that the polarizability of a
composite system is given by the sum of the n; individual
polarizabilities

i
ag = oe (10)

where ] stands for the polarizabilities of the monomeric units.
The above expression is not an attempt to define an addition
scheme for polarizabilities; it simply comes {rom the empirical
observation of the present results.

Adding electrons to 2 system will increase its polarizability
because o is proportional to N our results conceming the
hydrogen-bonded complexes confirm this proportionality, as
shown in Figure 4b. On the other hand, we have shown
recently!? that the H-bond energy is proportional to ; therefore,
one should expect AF, be related to the polarizability. However,
Figure 5a shows a very scattered plot of AE; against the reaction

polarizability Aoz (fifth column in Table 7), where this latter
quantity is defined as the difference between the polarizabilities
of the product (the H-bonded system) and reactants (the sum
of monomeric units). The expected consistency in our results
is achieved when the polarizability of the reactants is defined
as the arithmetic mean of the polarizabilities of the monomeric
units, thus defining the reaction polarizability as Ad; = a —
(Z.01,)/2, which is given in Table 7. Figure 5b shows a guite
good linear correlation in which it is apparent that the lower
the reaction energy, the lower the reaction polarizability. This
result suggests the possibility of extending the validity of the
MFP to allow for comparisons of relative energies and polar-
izabilities. Furthermore, AE; displays a linear correlation with
the polarizability of the product, as shown in Figure 5c. In
suminary, the more stable the product species, the harder and
less polarizable it was found to be.

We have mentioned that the polarizability can be used to
understand the behavior of the system when the extemnal
potential is changed at constant N.7 Formally, the chemical
potential is a function of N and a functional of the external
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TABLE 7: Calculated and Estimated Polarizabilities of
Isolated Molecules and Molecular Aggregates®

system N o o Aoy A
M1 24 15.1733

M2 32 282873

M3 32 27.7830

M4 40  43.4183

C1 43 30.9583 30.3466 0.6117 15.7850
C2 56 45.7427 43.4606 2,2821 24,0124
C3 64 60,5700 56,5746 3.9954 32,2827
C4 36 43.6490 42,9563 0.6927 22.1709
C5 64 60,9957 58.5916 2.4041 31.6999
C6 64 58.0750 560703  2.0047  30.0399
C7 72 75.0847 71,7056 3.3791 39,2319
C8 64 56.3013 55.5660 0.7353 28.5183
C9 72 72.9003 71.2013 1.6990 37.2997
C10 80 88.6140 86.8366 1.7774 45.1957

a All values are in atomic units,

patential #() , so we can write & = u[Nu(Al. To relaie the
change of the external potential to the reaction polarizability,
we differentiate eq 6 with respect to o), thus defining the

quantity Fy.
O\ M mf
T f X
N P x VW

Because the formal definition of F2 is analogous to the Fukui
function used to quantify the reactivity of specific sites on a

(11)

1
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Figure 4. (2} Comparison of the calculated polarizability of the
hydrogen-bonded complexes with the estimation of eq 10. (b) Char-
acterization of the calculated polarizability with the total number of
electrons of the H-bonded complexes.

given molecule and because it contains information on the
overall change from reactants to products through Av, we calt
it the Reaction Fukui Functien (RFF). It can be seen from eq
11 that F;’f is a global property that contains the fragment
reactivities through the Fukui functions £ = (duJdv)n. There-
fore, we expect Fj,’f to be a propery measuring the global
reactivity of the system.

We have determined numerical values of RFF approaching
Av by the electron—nuclei potential (Vp.) obtained from the ab
initio calculations; in fact, we have used Av = [V (product) —
Y Volreactants)]. The £° values were approximated as NN,
with N; being the number of electrons of fragment x and N the
total number of electrons of the composite system such that
>Ny = N. In Figure 6a, we show that the RFF is Iinearly related
to the reaction energy, indicating that the RFF may be a measure
of the exothermicity of the reaction: the lower AE;, the higher
the RFF value. On the other hand, Figure 6b indicates that the
REF is related to the reaction polarizability through a very good
straight line. This result shows that the polarizability is the right
response of the system when the external potential is changed,
and it emphasizes the usefulness of determining accurate values
for this property. On the other hand, it is clear that the whole
procedure based upon Sanderson’s scheme is 2 powerful tool
for characterizing chemical reactions when both N and v change.

The Hardness Derivative. Hardness is now recognized as
an important property for characterizing chemical processes, so
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Figure 5. Representation of reaction energies AF; against (a) the
reaction polarizability defined as At = a(product) — Z.o., (b) the
reaction polarizability defined as AG = afproduct) — (T, )Vn, and
(c} the polarizability of the bimolecular complex from eq 10. All values
are in atomic units.

it is necessary to know how it changes with the number of
electrons and the extemal potential. The quantity ¥ measures
the change of 77 with N. We have used eq 8 to estimate numerical
values of this property, We first note that to evaluate the third
term of eq 8, we need the values of y2 of the isolated
fragments; these were estimated from the following approximate
formula proposed by Fuentealba and Parr:2?
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Figure 6. Characterization of the reaction Fukui function (RFF) with
(a) the reaction cnergy and (b) the reaction polatizability. All values
are in atomic units.
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Equation 8 shows a quite complex dependence of y with
respect to 17 that is far from being linear, as indicated by eq 12.
The validity of this latter equation and its consistency with
Sanderson’s scheme has been tested by calculating # and ¥ using
eqs 7 and 8 to check their possible linear relation. Values of y3
and ;3 for the 14 compounds we are studying here are quoted
in Table 4. We note that, in all cases, they are positive and
very small. The linear dependence between y and # could not
be obtained, as Is apparent in Figure 7a,b. These results are in
agreement with expectations based on the very definition of
7.2 When the atomic data of Fuentealba and Parr2® are used to
build the properties of the bimolecular complexes, thus produc-
ing 73, and ¢, from the 10 constituent atoms, we obtain
negative values of ¢ and linear behavior with 7, as shown in
Figure 7¢. It should be noted that because there are systems
presenting the same atomic composition, their values of 7%,
and yj, are the same. Thus, in Figure 7¢, the systems have
been ordered in terms of their total number of electrons.

A New Additivity Scheme for 4 and 7. In this section, we
propose a new additivity scheme for the chemical potential and
hardness that is based upon dimensional analysis of eq 11, which
shows that it is possible to define the inverse of the chemical
potential of a composite system as
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Determination of the chemical potential of a composite system
from the properties of the isolated fragments by means of eq

13 produces results that are in very good agreement with those
determined using eq 6. This can be verified in Figure 8, where

0.19 0.22

(13)
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Figure 8, Comparison of chemical potentials determined through eqs
6 and 13. All values are in atomic units.

we compare both approaches for estimating the chemical
potential of the 10 bimolecular complexes using ny = 2.
Moreover, we have verified that, in all cases studied here, g1,
provides a better approach to the reference ab initio value than
does g determined from eq 6; this was verified for ne= 2, 4,
and 10, These results show that eq 13 represents a valid
alternative to the original Sanderson’s formulation. Tt is interest-
ing to note that this new expression contains the electronic
population of the isolated fragment, a local quantity, together
with the chemical potential, a global property of the fragment,

Characterization of higher-order derivatives of eq 13 is
straightforward. In the new framework the hardness is given
by

]

L3 1
s — A
4 ( BN) =) ;wz

where /7 is a measure of the fluctuation of the chemical
hardness due to a change in the external potential, Alternatively,
through the Maxwell relation, 42 can be seen ag the response of
the Fukui function to a change in the total number of elecirons.

o917
* duvin aN/y
Recently, Parr et al.’¢ have defined the electrophilicity index

as W = p23. In analogy with this definition, we can define a
nucleophilicity index from eq 14 as

e
=2
x

e —mul (14)

(15)

s
”nr

()

1
(9"

UF2m: — Rous) {16

which is a positive defined quantity. The above set of equations
containing local and global properties opens a method for
characterizing the reactivity and selectivity concepts in an
unified perspective.

5. Concluding Remarks

We have used Sanderson’s Principle to estimate the first,
second, and third derivative of the energy with respect to the
total number of electrons. The results for ,uf,’r and 77; show that,
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in the cases treated here, Sanderson’s geometric mean equaliza-
tion principle is adequate for predicting these electronic proper-
ties of composite systems. Numerical values for the third-order
property, ¥, were found to be very small and positive, in
agreement with the expected behavior.

Numerica! results for bond energies at the RHF/6—311G**
level were qualitatively satisfactory and quantitatively in agree-
ment with the available bond-energy data. We have found that
principles of maximum hardness and minimum polarizability
are operative for rationalizing the formation of molecules and
bimolecular aggregates. Sanderson’s scheme has been shown
to be very useful not only in determining ¢lectronic properties
but also in rationalizing chemical reactions when both N and v
change. Finally, we have proposed a new scheme for obtaining
molecular propertics from the isolated fragments with quite
encouraging tesults for chemical potentials, In this approach,
local and global propertics play equivalent roles, which may
lead to methods for simultanecusly characterizing the reactivity
and selectivity concepts in chemical processes.
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CHARACTERIZATION OF CHEMICAL REACTIONS
THROUGH CLASSICAL CONCEPTS
AND DFT DESCRIPTORS.
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Laboratorio de Quimica Tedrica Computacional (QTC),
Fueultad de Quimica, Pontificia Universidad Catdlica de Chile.
Casilla 306, Correo 22, Santiago, Chile.

In this paper we point out that clessical concepts of reactivity in connection with
DFT descriptors are adequate and powerful tools for characterizing chemical reac-
tiong. The conceptual classical model, in which a reaction proceeds from one energy
minimum to another via an intermediate maximum, together with the principles of
maximum hardness and minimum polerizability provide the necessary elements to
discuss the activation and relaxation processes in terms of the activation chemical
potential and hardness. Illustrative examples of representative systems undergo-
ing internal rotations, intramolecular rearrangements and double proton transfer
confirm the validity of this approach.

1 Introduction

1.1 Classical Concepts of Chemical Reactivity.

Chemical processes can be characterized through reaction profiles that
illustrate the way in which the properties of the reacting systems changes
as a function of the reaction coordinate (RC). These properties may be
either global (energy, chemical potential, hardness, polarizability, ete.) or
local (electronic populations, Fukui functions, etc.). Within the Born-
Oppenheimer approximation the RC represents the nuclear reorganization
that takes place as the reaction move forward, i.e. the bond lengths and
bond angles that change during the chemical reaction, the RC is therefore
a multidimensional coordinate’™3. In many cases the reaction coordinate
may be a conformational variable connecting two conformations that can be
viewed as the reactants and products of a chemical reaction, unfortunatelly
in most chemical processes the RC is quite difficult to visualize. In this
work we are concerned with elementary reactions within the framework of
transition state theory in which reactants (R) change into products (P) pass-
ing by a transition state (T8), with all three states connected by a given RC 4.

Understanding chemical reactivity allows one to predict the reaction mecha-
nism and to determine how the activation energy depends on specific proper-
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ties of the reactants and products. In this context the identification of these
properties and the characterization of the transition state becomes especially
lmportant. For the first purpose Density Functional Theory (DFT)5-8 is well
suited to describe the electronic reorganization that takes place during a chem-
ical reaction through the definition of global and local reactivity properties.
On the other hand, to characterize transition states there is a set of interest-
ing conceptual tools that give complementary insights on their structure and
properties 5. These conceptual tools are: (a) the well known Hammond pos-
tulate (IIP) ¥ that interrelates the position of the transition structure to the
exothermicity of the reaction, the HP states that if the TS is near in energy
to a given adjacent stable complex, then it should be also similar in structure
to the same complex; (b} the Leffler’s postulate !° suggests a mechanistic
interpretation of the so-called Bronsted coefficient (8) ': it is a measure of
the location of the TS along the RC, this defines [ as a similarity index that
can be interpreted as the degree of resemblance of the TS with respect to the
product; (c) the Marcus equation (ME)'? that provides a simple expression
for the activation energy in terms of the reaction energy and the structural
properties of reactants and products; and (d) the Principle of Maximum Hard-
ness (PMH)'313 that asserts that molecular systems at equilibrinm tend to
states of high hardness, therefore TS’s are expected to present a minimum
value of hardness %718, Although these principles are not widely applicable
they provide a conceptual framework to rationalize transition states and to
help characterize the reaction mechanisms. The connection between DFT and
classical reactivity concepts is the subject of this chapter.

1.2 DFT Descriptors of Chemical Reaclivity.

Within the conceptual frame of DFT, the ground-state energy of a chemical
system is a functional of the electron density p(#). This means that all proper-
ties of the system are determined by p(F). Since the theorems of Hohenberg-
Kohn 1920 establishes a correspondence between the electron density and the
external potential v(7}, a complete characterization of an N-particle wave-
function needs only N and v(7} and the energy of the system may be expressed
as a function of the electron number N and a functional of the external po-
tential v(7), so E[p(F)] = E[N,v(7)]. The total differential of the energy is
given by 57;

dE = pdN + fp(r")dv(ﬂdﬁ (1)

where
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are the chemical potential and the ground-state electron density, respectively.
The chemical potential is a global property that characterizes the escaping
tendency of electrons from the equilibrium system 2!, p is a function of N and
a functional of v(F}, (u = p[N,v(7)]) and has the following total differential:

= ndN + [ @au(rr, (3)

where

i), - ronf] -(0)

are the hardness 2223 and the Fukui function 242% of the system, respectively.
7 can be seen as a resistance to charge transfer, it is a global property of the
system and depends on both NV and (7). f{(7} is a local property of the system
and it measures the reactivity of the different sites within the molecule. The
total differential of n[N,v{7)] is:

dyp = vdN + f h(F)do(7)dF, (5)

where

A(B), s o-l] -(42). o

4 is a global property measuring the change in the hardness due to the
variation of the electron mumber 26, i{7) is & local property that measures
the fuctuation of the chemical hardness due to a change in the external
potential, or through the Maxwell relation, it can be seen as the response of
the Fukui function to a change in the total number of electrons.

When a reaction move forward along the RC, a redistribution of the ground-
state electron density is occurring, the resulting change of the energy can be
rationalized in terms of the response of the system when changing N and v(F)
and can be characterized through the above defined global and local indexes,
these are used as chemical reactivity descriptors 27, The response of the
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system when IV is varied for a fixed »(7) is measured by g and 7 while local
properties, such as the Fukui function, measure the response of the system
for changing the external potential at constant V. Since the Fukui functions
are the specific subject of other contributions to this book, here we are going
to focus our attention to the analysis of the evolution of global molecular
properties during a chemical reaction. However, along the reaction coordinate
the external potential certainly changes and to understand the behavior of
the system for changing v(F) at constant N, we will use the polarizability (),
a global property of the system. Chattaraj et al have proposed the principle
of minimun polarizability (PMP) 28:2% which states that the natural direction
of evolution of any system is toward a state of minimum polarizability. In
general the conditions of minimun polarizability and maximun hardness
complement the minimun energy criterion for molecular stability, and are
criteria that we will use to characterize our systems.

Chemical potential, hardness and its inverse, the softness (S = 1/25) are
among the most important global properties aimed at describing chemical
reactivity. In numerical applications, p and 5 are calculated through the fol-
lowing approximate equations based upon the finite difference approximation
and the Koopmans’ theorem 3¢;

pr =5+ 4) = 2 (e +en) ")

and

nm%(I~A)z%(eL—sH), (8)

I is the ionization potential, A is the electron affinity, ey and £, are the
energies of the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO), respectively.

1.8 Reaction Coordinates.

Within the transition state theory it is assumed that a reaction proceeds
from one energy minimum to another via a reaction coordinate (RC)
passing by an intermediate maximum, this classical picture is displayed in
Figure 1(a) represented by an energy profile where the stationary points are
connected through the RC. At the transition state the eigenvector for the
imaginary frequency characterizes the RC and the whole reaction path may
be determined from standar calculations that defines the intrinsic reaction
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Figure 1. Generic energy profiles along the reaction coordinate () and the reduced reaction
coordinate (b),

coordinate (IRC) 31-32, QOp the other band, it is always possible to express
the RC in terms of a reduced reaction coordinate (RRC) running from 0 to 1
thus measuring the reaction progress when going from reactants to products.
In Figure 1(b) we show a schematic view of the same energy profile but now
along a new reduced variable called w 2435, Tt ig important to point out that
the w-representation provides a correct and straightforward characterization
of the position and the energy of the transition state, this allows to handle
chemical process in a quite simple and schematic way, and without losing
relevant information.

This chapter is organized as follows, in section 2 we give the theoretical back-
ground for rationalizing internal rotation reactions and in section 3 we de-
scribe the theoretical tools aimed at rationalizing bond breaking and transfer
reactions. Section 4 contains a subject that is a little different although it
lies within the study of formation reactions, the characterization of additivity
schemes aimed at determining aggregate’s properties from the combination of
constituent fregments’ properties. In the light of the combination of classical
reactivity and DFT concepts, in section 5 we briefly analyze foew illustrative ex-
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amples of rotational isomerization, intramolecular reordering and intermolec-
ular proton transfer reactions. In section 6 we present the conclusions of the
present work and suggest few directions for future research.

9 Rotational Isomerization Processes.

1n this section we are concerned with the study of the internal rotation process
from the perspective of the simultaneous evolution of the potential energy (W),
the electronic chemical potential (i) and the molecular hardness (7). Let us
consider a frans = cis conformational transformation occurring through the
internal rotation with respect to a given bond in the molecule, in such & case
the RC is the torsional angle o that is measured from the #rans (o = 0) to
the cis (@ = 7) conformations. The maodel potential that we use to describe
internal rotations is 3%

Vi) = %Kv(l — cos® @) -+ %L\V"(l —cosa}, (9

where the trans conformation is taken as the origin of the energy; Kv is
the sum of the torsional force constants of the trans and cis conformations
(Kv = ki + kc) and AV?® = (V(w) - V(0)) is the energy difference between
the reference isomers 34~

In conformational reactions the reduced reaction coordinate w is called con-
formational function and it measures the reaction progress when going from
reactants to products. The conformational function for the internal rotation
is defined as:

wle) = %(1 — cosa), (10)

and in the w-representation the potential energy is given by:

Vwj = Ky flw] + wAV?, (1)

with f[w] = w(l — w). Since the only requirement on f(w) is that it rmust be
symmetric with respect to w = 0.50, there are many functions qualifying with
this condition that can be used to express the potential energy of Eqn.(11).

Since o and 7 are global properties of the system, their evolution along w can
be expressed through the same analytic form used for V[w] 3738
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] = K fl] + g, (12)

7w] = Knflw) + wAn®. {13)

The parameters (Ap°, K.} and (A7°, Ky) have the same meaning that (AV?,
Kv) have for V]w]. To determine the numerical values of the parameters of
Eqns.(11)~(13) we use a prescription we gave in previous works %638, 1f ig
important to point out that since V, p and 7 depend on the same function
f(w) it is possible to establish analytic relations between them although the |
extend of the application of this relations is still matter of research 39,

The position of the TS can be determined by differentiating Eqn.(9)} and
through Eqn.{10} we obtain:

1 AV®

dv AV®
(I‘t—)a:ao —U#COS&Q———@ #W(ao):ﬁ— §+2KV‘ (14)

B is the Brgnsted coefficient and following the Lefller interpretation it mea-
sures the degree of resemblance of the TS with respect to the products.
Putting 3 in Eqn.{11) yields to the following expression for the energy barrier
hindering the internal rotation:

1 1 (AV°)?
= AVF = = Ay L 2V 1
Vgl = AV? = S Kv + SOV + S (15)

This is the Marcus equation '2, it was originally proposed to characterize
electron transfer processes but later on have been shown to be useful in the
interpretation of the activation energy of many chemical reactions. Note that
the Marcus equation is consistent with the Lefler definition of the Brgnsted co-
efficient as the derivative of the activation energy with respect to the reaction
energy AV®. Indeed the Marcus equation provides the necessary framework
for a quantitative analytic representation of the Hammond postulate through
the Leffler interpretation of the Brgnsted coefficient.
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3 Bond Breaking and Transfer Reactions,

3.1  Introduction.

The above analytic resulis can be used to characterize the transition states of
more complex chemical processes since within the transition state theory any
chemical reaction can be rationalized in terms of elementary steps that links
reactants, transition states and produets: R — (TS)* — P 4, The stationary
states are connected by the intrinsic internal reaction coordinate (IRC) that
comes ont from standard calculations, along the IRC it is possible to define the
profiles of energy, chemical Ppotential, hardness and polarizability that allows
one to characterize the reaction and the properties of the transition state.
To characterize the TS we use again the Marcus equation and the Brgnsted
coefficient. The energy barrier AE¥ is then given by

1 1 (AER)?
# - AR L M2 P
AFE 4K-}-2AE + 1K (16)
From the knowledge of AE® and AE? we can obtain the parameter K that
in turn we use to determine the position of the TS along the IRC, assuming
the validity of the Brensted coefficient already defined:

1 AE°
B=g+3 (17)

1t is very important to note that to characterize the position of the TS there
is no need of an explicit definition of the reaction coordinate, the Marcus
equation provides the necessary framework to get insight on the TS.

2.2 Activation Properties: Chemical Potential, Hardness and the ME.

For isoenergetic reactions the ME reduces to:

AEY = 41K (18)

and the TS is located halfway between reactants and products (G = 1/2).
The quantity AEBé is our equivalence with the so called Marcus’ intrinsic
activation energy. This is the barrier height for the case in which there is no
energetic driving force, this quantity should be related to purely electronic
properties such as chemical potential and hardness. The ME can now be
rewritten as:
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(AE°)?
16AE]”

AR* = ABF + JAR° 4 (19)
Inspection of Eqn.(19) indicates that when the reaction is exergonic (AE° <
0) AE# is smaller than the intrinsic barrier whereas for endergonic reactions
(AE° > 0} AE* becomes larger than the intrinsic barrier. As already men-
tioned, the intrinsic barrier should be interpreted in terms of electronic and
structural properties, in this context in a recent paper we have suggested that
the Marcus’ intrinsic barrier can be rationalized in terms of the electronic
Egoperties # and 7. The following expression relating AE&'5 as been proposed

1 1
AB} = 3Qufp* 5 ~Quir?, (20)

where Ap# = [u(T'S) - u(R)] and A = [(T'S) — n(R)] are the activation
chemical potential and hardness, respectively. The parameters Qy,, (2, have
been related to the amount of electronic charge transferred during the chemical
reaction, they can be determined numerically through:

_ (AE* — AE®)
O = A e
and
_ (AB* - AE°) -
S aE A )

Note that the validity of the PMH leads to opposite curvature for the energy
and hardness, this entails a negative value for the parameter Qu.

8.8 Reaction Mechanisms.

The concept of reaction mechanism is related to the notion of molecular struc-
ture in that any reactive process can be represented by nuclear displacements
of the molecular system in going from the reactants to the products, These
displacements are related with the forces acting on the system to bring reac-
tants info products. Let assume the force acting on the system depends only
on the position along the reaction coordinate, it is then defined as:
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)=, (23)

assuming that E{w) can be expressed as 40,

E(w) = Kuw(l — w) + wAE®, (24)
themn,

F(w) = — (K + AE®) + (2K) w. (25)

To have an adequate description of the whole chemical reaction it is useful to
distinguish the different processes taking place along the reaction coordinate.
In the resctants region an activation process is taking place with the following
associated activation work:

a
Woact = f F(w)dw = AE7, (26)
o

in the product region we have a relaxation process, the work associated is:

1
Wrat = [ Flw)dw = AE° — AE7. (27)
8

Tsoenergetic reactions present the transition state at 8 = 1/2, in absolute
values the activation work is equal to the relaxation work. In contrast to
this, exoenergetic reactions are characterized by an early transition state
(8 < 1/2) and by an activation work smaller than the relaxation work.
TFinally, an endoenergetic reaction is characterized through a > 1/2 and an
activation work larger than the relaxation work.

It is important to point out that the use of Eqns. (19) and (20) together
with Eqns. (26) and (27), provides the necessary elements to discuss the
activation and relaxation works in terms of the activation chemical potential
and hardness. This opens new ways to link classical reactivity concepts with
the DFT reactivity descriptors.

Now we can identify the activation and relaxation processes as being driven by
chemical potential and hardness, respectively. To do so we assume Eaqn.(20)
valid for all w and define the energy profile as:
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F(w) = 5@ap) + 5Qun(e)

(28)

Consequently, the force appears to be splitted into two contributions that are

associated to chemical potential and hardness driving processes:

1. dp 1. 4@
F@) = 3@~ 5%g,

(29)

Using straightforward definitions and considering that @, < 0to comply with

the PMH, F(w) can be splitted as:

() = —Falw)+ Faw).

(30)

This equation permits a qualitative analysis of Fw) in terms of the sign that

it takes when moving along w:

(0<w<f): Flwy<0 = Fu(w) > Fylw)

(31)

and when going from the reactants to the transition state (the activation
process), it is the chemical potential term that drives the reaction. At the

transition state we have that:

(w=p): F(g)=0 = Fd8)=FRiH)

(32)

and both driving forces are equilibrated and cancels to each other. When step-
ping down from the transition state to the products (the relaxation process),

we have:

B<wsl): Flw)>0 = Fy(w) > Fu(w)

(33)

and this part of the reaction is controlled by the hardness term as the system
rearrange himself to reach a maximum hardness configuration. In summary,
this simple model suggest that activation processes are basically driven by g

whereas relaxation processes are driven by 7.
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4 Formaiion Reactions: Fragment Chemistry.

If it is possible to estimate safely the molecular electronic descriptors from
constituent fragments, then it would be also possible to estimate the corre-
sponding properties of transition states from combination of known reactants
structures and properties through the application of adequate additivity
schemes. Within this context it is worth o explore how properties of
fragment combine themselves to approach quantitatively the values measured
or calculated for a given resulting molecule or aggregate. In such a situation
the suitability of the combined models reviewed in this work may increase
considerably,

The establishmnent of rigorous foundations for the concept of electronegativ-
ity and hardness allows for the introduction of combination schemes relating
the properties of the constituent fragments to the properties of the resulting
molecules or aggregates, Although the bonding potential and redistribution
of the electron density among the fragments are not considered in these proce-
dures, the use of combination rules is quite appealing mainly because of their
predictive guality. To relate the molecular electronegativity to those of the
constituent atorns or fragments Sanderson proposed a geometric mean equal-
ization principle that defines the molecular electronegativity as the geometric
mean of the electronegativities of the n f constituent atoms or fragments 41:

ny 1/"{
ﬂfxr == (H lﬂzl) ! (39)

where p, is the chemical potential of fragment z. From the Sanderson’s
formula for y, we estimate molecular or aggregate hardnesses as 4243,

g nunf n:z:
nn_f - 7?'7 § #_za (35)

Nz i8 the hardness of fragment z.

There are other methods for caleulating p and %, for example Ghosh et af
4 expresses the aggregate hardness as the reciprocal of the aggregate soft-
ness computed as the average of the softness of the constituent fragments,
accordingly it is caleulated as:
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E__Z— (36)

nf

Another aggregation scheme has been introduced by Chattaraj et al *® which
expresses the hardness of the aggregate molecule as the peometric mean of
the respective hardness of the constituent fragments as follows:

ny 1/“’!
e, = (H nz) (37)
x

More recently we have proposed expressmns for determining x and 5 of &
composite system, these are 46:47;

1 L f_z)
IJ’??&! —Zm: (ﬂm ’ (38)

and

g
1, = 05,3 Gy e = ot (39

where h; is a measure of the fluctuation of the chemical hardness due to a
change in the external potential, or through the Maxwell relation, it can be
seen as the response of the Fukui function to a change in the total number of

clectrons:
_ () _ (0%
= (F),~(5%), @

Determination of the chemical potential and hardness of a composite system
from the property of the isolated fragments by means of the above equations
produce results that are in very good agreement with the ones determined
with other schemes, as can be verified in the next section.
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5 Applications.

5.1 Computational Details,

Full geometry optimization for all the species along the reaction coordinates
for all the reactions considered in this paper have been performed using the
Gaussian 94/98 packages 484°. In addition to this, frequency calculations
were performed on the reference species and transition states for a complete
characterization of these states.

The results for the internal rotation of HXNX (X=0,5) were obtained through
DFT(B3LYP) calculations with standard 6-311G™* basis sets. For the inver-
sion of diimine, the reaction coordinate is the angle NNH along which we have
performmed DFT(B3LYP)/6-311G** calculations to determine the profiles of
the global properties we are interested in. In this case, we had to perform
extra calculations since the standard basis set was not able to give reasonable
results for polarizability, to obtain reasonable values for this property, we have
used the Sadlej’s basis set ° that is designed to reproduce molecular electric
properties, especially polarizabilities. For double proton transfer reactions we
present results at the RHF level of theory with the standard 6-311G** basis
set.

5.2  Rotational Isomerization of HXNX.

In this section we will discuss results for the trans = cis isomerization
reaction of HXNX (X=0,8), Figure 2. Among a number of systems we
have studied during the last years, we have chosen nitrous acid HO-NO and
its sulfur analogue HS-NS because they are quite simple systems that can
undergo rotational isomerization. Besides, compounds containing an S(O)-N
bond may serve &s a prototype for the S(0)-N linkage in some oximes and
inorganic compounds 34255 that we are interested in.

In Figure 3 we display the profiles of energy, chemical potential, hardness and
polarizability along the torsional angle defined as the dihedral angle HXNX.
Note that the corresponding scales are not explicit to stress the qualitative
information that is interesting within the context of this article.

Figure 3 provides an illustration of the validity of the principles of maximum
hardness and minimum polarizability in these rotational systems. The en-
ergy minimum is associated with a maximum of hardness and a minimum of
polarizability whereas the TS is associated with a hardness minimum and a
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Figure 2. Representation of the conformational equilibrium in the rotational isomerization
reaction of HXNX (X=0,3) molecules.
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Figure 3. Profiles of energy (—), chemical potential {---), hardness (- - -) and polarizability
(-~} along the torsional angle for the internal rotation isomerization reaction of HXNX
molecules.

maximum of polarizability. In these cases the maximum hardness and min-
imum polarizability condition nicely complement the minimum energy cri-
terium for molecular stability. In Table 1 {columns two and three) we quoted
the characteristic values of the properties under study.
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Table 1. Relevant activation and reaction properties for the processes under study (E, p,
and 7 in keal/mol; e is in atomic units.)

Properties HONQ HSNS HNNH (HCOOH), (HCSSH),

AE° -0.2396  -1.1207  3.3534 0.0 0.0
AE#* 13.0050 15.3879  49.5864 17.9311 37.3805
Ap® -5.5221  -1.9458  -1.1860 0.0 0.0
Ap# -10.2284 -12.1109 22.6876 -1.7633 -1.9327
Ane 25100 11295  0.4706 0.0 0.0
Ag# -6.2123  -3.5768 -10.7258 -6,1245 -7.7497
Aa® -0.1030  -0.4130  0.4670 0.0 0.0
Aot 2.7100 6.8190  0.2760 1.0890 17.6313

5.8  Intramolecular Rearrangement Reactions.

We refer the reader to the different types of intramolecular rearrangement
reactions that we have studied recemtly, keto-enol and imine—enamine
tautomerisation processes have studied in the light of the ideas despicted
in this chapter with very encouraging results 525, A number of systems
undergoing intramolecular rearrangement have also been studied emphasizing
their Hammond or anti-Hammond character in relation with the PMH 54,
Among these rearrangement reactions we want to include in this review the
inversion mechanism for the trans = cis isomerization reaction of diimide
(HN=NH) that has been for long time a challenging system for theoretical
methods. Diimine or diazene is a short lived species that has been identified
as one of the decomposition products of the hydrazoic acid and hydrazine
reaction. Although diimine cannot be isolated under ardinary conditions,
its infrared spectrum suggest that iscmerization may occurs through the
inversion mechanism 58.

In Figure 4 are displayed the profiles of energy, chemical potential, hardness
and polarizability along the inversion coordinate.

The profiles displayed in Figure 4 exhibit the trends that are expected from
the PMII and PMP, the TS has been found to be softer and more polarizable
than the reference stable conformations. The correctness of the trends shown
by the different properties indicate that inversion may be the right mechanism
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Figure 4. Profiles of energy (—}), chemical potential (- - -}, hardness (- - -) and polarizability
(-+-)along the inversion coordinate for the inversion isomerization reaction of diimine.

for isomerization of diimine, the other mechanisms that has been suggested

is a rotation around the double bond but it presents a higher energy barrier
39,55,

5.4 Double Proton Transfer in (HCXXH)s.

Proton transfer (PT) is one of the simplest and fundamental reactions in
chemistry, it is important in oxidation-reduction reactions occurring in many
chemical and biological process. Double proton transfer (2PT) in simple
systems has been used to model key properties of many chemically and
biologically important multiproton transfer systems.

Recently we have performed an extensive study of 2PT reactions in bimolec-
ular complexes formed by combinations of molecules of the type CHX-YH
(X,Y=0,5) We have observed an interesting feature: the energetic properties
of all bimolecular complexes lie within an interval whose extrema are defined
by the corresponding energetic values of (HCOOH)z and (HCSSH)2. There-
fore in this review we decided to focus our attention on the synchronous 2PT
processes occuring in (HCOOH), and (HCSSH),, as indicated schematically
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Figure 5. Schematic reaction diagram for double-proton transfer.

in Figure 5.

Characterization of various properties of the transition states of 2PT reactions
allows one to identify the specific interactions stabilizing the complexes and
helps determine the physical nature of the energy barrier for the simultaneous
transfer of two protons. The profiles of B, p, n and « for double proton
transfer of formic acid and dithioformic acid dimers, were obtained through
single points calculations of the fully optimized structures indicated by the
IRC procedure, they are displayed in Figure 6. We first note that in both
reactions p presents intermediate values between E and 5. As can be seen,
the profiles of 1 decreases to reach a quite flat region around the TS, where
three critical points can be perceived. The profiles of i and « indicate the
simultaneous validity of the principles of maximum hardness and minimum
polarizability. Transition state structures are therefore characterized through
a maximum value of energy and polarizability and a minimum value of
hardness, as required by the PMH and PMP %3,

In Figure 7 we display the force profiles determined by numeric differentiation
of the energy profiles given in Figure 6. Note that F(w) is negative in the
reactants region and it is positive in the products region, this allows to
distinguish the different processes taking place along the reaction coordinate
as shown in section 3. It is interesting to mote that the force profiles
present critical points around the TS, this may be defining regions where
the specific interactions and electronic reordering may be of different nature
than those encountered at the vicinity of reactants and products. These
results suggest that determination of local properties such as electronic
population and Fukui functions at the vicinity of the TS may be useful as
complementary information for characterizing more specific aspects of the
reaction mechanism,
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5.5 Formation Reactions.

To illustrate the validity of additivity schemes to determine j and 7 we
are going to review results that we have obtained for the formation of
cyclic bimolecular structures which are estabilized by two hydrogen bonds.
Combinations of monomeric units of formic (HCO-OH), thione—formic
(HCS-OH), thiol-formic (HCO-SH) and dithioformic (HCS-SH) acids, leads
to ten cyclic bimolecular complexes, C1 to C10. For the fen resulting
bimolecular complexes we have determined g and 7 using the different
additivity schemes discussed in section 4 with n; = 2, the results are
quoted in Tables 2 and 3. Second column contains the ab initio reference
values. In Table 3 appear two values for the hardness determined from
Eqn.(39), since it is no possible to obtain an explicit evaluation of Ay, we
first calculated n using h, = 0 (fourth column); a rough estimation of
he from four symmetric reference dimers was enough to get a new set of
hardness values from Eqn.(39), these are quoted in the fifth column of Table 3.
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Table 2, Comparison of aggregate’s chemical potential determined from different addition

schemes. (All values are in atomic units.)

System i Eq.(34) Eq.(38)
HCOOH- - -HCOOH -0.1503 -0.1554 -0.1554
HCOOH. . -HCSOH  -0.1411 -0.1476 -0.1463
HCSOM---HCSOH  -0.1462  -D.1402 -0.1402
HCOOH---HCOSH  -0.1402 -0.1470 -0.1456
HCOOH.--HCSSH  -0.1601 -0.1543  -0.1540
HCOSH---HCSOH  -0.1320 -0.1397 -0.1396

HOSSH---HCSCH  -0.1604  -0.1466  -0.1471
HCOSH.--HCOSH  -0.1331 -0.1391 -0.1391
HCSSH.- -HCOSH  -0.1511 -0.1460 -0.1466
HCSSH.---HCSSH  -0.1576  -0.1532  -0.1532

It can be noticed that in most cases, Eqps. (88) and (39) gives & better ap-
proach to the reference ab initio value than do the other approaches. We con-
clude that our additivity scheme for g and 7, which incorporates the fragment
condensed fukui function (which is approximated by the electronic population
of the fragment), yields consistently better results compared to those obtained
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Table 3. Comparisun of aggregate’s hardness determined from different addition schemes.
{All values are in atomic units,)

System n Eq.(35) Eq.(39) Eq.(39) Eq.(36) Eq.(37)
HCOOH---HCOOH 0.3204 0.3138 0.3138 0.3204 0.3138 0.3138
HCOOH-- -HCSOH 0.2251  0.2652 0.2565 0.2575 0.2591 0.2631
HCSOH...HCSOH 0.2169  0.2206 0.2206 0.2169 0.2206 0.2206
HCOOH. --HCOSH 0.2609 0.2863 0.2813 0,2842 0.2849 0.2861
HCOOH---HCSSH  0.2021  0.2563 0.2416 0.2433 0.2440 0.2503
HCOSH...-HCSOH 0.2215  0.2408 0.2407 0.2388 0.2390 0.2399

HCSSH- - -HCSOH 0.1966 0.2108 0.2102 0.20687 0.2096 0.2098
HCOSH---HCOSH  0.2607 0.2608 0.2608 0.2607 0.2608 0.2608
HCSSH- - -HCOSH 0.2000 0.2319 0.2303 0.2288 0.2261 0.2282
HCSSH- - -HCSSH 0.1965 0.1996 0.1996 0.1965 0.1996 0.1996

following the other schemes. In fact this brings out the vital importance of the
weight of the constituent fragments within the composite system. The conse-
quent encouraging results open up the possibility that better approximations
of the fukui function can enhance the quality of prediction of global aggregate
properties from the constituent fragment properties. Characterization of TS
properties using these addition schemes under the constraint imposed by the
reactivity models seems to be an interesting subject to explore in the future.

6 Concluding Remarks.

In this paper we wanted to point out that classical concepts of reactivity
in connection with DFT descriptors are adequate and powerful tools for
characterizing chemical reactions, Within the framework of the Hammond
postulate and Marcus equation we have infroduced the principle of maximum
hardness to check the expected consistency between energetic and electronic
properties. A number of useful formulae aimed at rationalizing chemical
reactions in terms of the change of relevant electronic properties along
the reaction coordinate have been derived and used for understanding the
qualitative behavior of processes having different values for the reaction
energy. Many of the relationships that have been discussed in this review
have been applied with success in the quantitative rationalization of different
kind of chemical reactions.

The conceptual classical model used to represents chemical reactions provides

A Celebration of the Contributions of Robert G. Parr Qﬁl




the necessary elements to discuss the activation and relaxation processes
in terms of the activation chemical potential and hardness. An important
qualitative result of our study is that in a chemical reaction the activation
process is controlled by the change in the chemical poiential while the
relaxation process is controlled by the change in the chemical hardness. We
believe that this qualitative observation, although certainly not general, may
open new ways to link classical reactivity concepts with the DFT reactivity
descriptors.
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Ab initio SCF and DFT(B3LYP) calculations are performed with 6-311G** basis sets for
obtaining insights into melecular internal rotations in HXNX (X =0,8), different vibrational
modes in water and double proton transfer reaction in (HONO),. While chemical reactivity is
analyzed in terms of the profile of the global reactivity parameters, such as energy, chemical |
potential, hardness, polarizability, molecular vaiency and electrophilicity indices, the site®
selectivity is understood through the variations in local descriptors, such as the Fukui function
and atomic valency. Principles of maximurm bardness and molecular valency and the minimum
polarizability principle are found to be valid in almost all cases. Rotational isomerization
reactions can be better characterized by making use of the maximum hardness principle along
with Hammond’s postulate, Extremum points in electrophilicity during internal rotations,
vibrations and chemical reaction can be located from those of chemical potential and-
hardness, The Fukui function and atomic valency show inverse behaviour in most cases.

1. Introduction

Density functional theory (DFT) [1, 2] has been quite
successful in providing a theoretical basis for popular
qualitative chemical concepts, such as electronegativity
(%) [3, 4] and hardness (z) [5, 6]. Pauling [3] introduced
the concept of elecironegativity as ‘the power of an atom
in a molecule to attract electrons to itself’. ‘All the
constituent atoms in a molecule have the same electro-
negativity value which is roughly equal to the geometric
mean of the electronegativities of the corresponding
isolated atoms’, according to Sanderson’s electronega-
tivity equalization principle [7]. The idea of hardness was
put forward by Pearson [5, 8] in his famous hard—soft
acids and bases (HSAB) [3, 7] principle which states that
‘among potential partners of equal electronegativity hard
likes hard and soft likes soft’. Another hardness-related
principle is the maximum hardness principle (PMH)
[10, 11] whose statement is ‘there seems to be a rule of
nature that molecules arrange themselves so as to be as

*Authors for correspondence. e-mail: pke@chem. iitkgp,
ernet.in; atola@puc.cl

hazd as possible’. Polarizability (o) was one of the most
important properties on which the concepts of hardness
and softness were originally developed [5, 6]: a hard
species is less polarizable and a soft species is more
polarizable. Based on this inverse relationship [12]
between o and 7, a minimum polarizability principle
(MPP) [13, 14] has been proposed which states that f13]
‘the natural direction of evolution of any system is
toward a state of minimum polarizability’. Tt has
also been shown [15] that ‘a system is harder and
less polarizable in its ground state than in any of its
excited states’. Molecular valeney [16, 17] (¥) also often
becomes maximum for the most stable configuration/
conformation,

As a complement to the above-mentioned global
reactivity indices, local reactivity descriptors usually
condensed to an atom, such as the Fukui function (5,
local softness (sy), electrophilicity index (w) and
atomic valency (¥%), are necessary for explaining
site selectivity in a molecule and identify specific
interactions which characterize the reaction mechanisms
[2, &, 18).
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In the present work the internal rotations and
resulting rotational isomerization in HXNX X=0,5),
different symmetric and asymmetric vibrational modes
of water and the intermolecular double proton transfer
reaction in (HONO), are studied at the ab initio SCF
level as well as using DET. Profiles of reactivity indices,
such as g, n, ¢ and ¥V, and the relevant selectivity
indices, such as fki and ¥ for the above-mentioned
processes, are characterized and discussed in the light of
reactivity-selectivity principles.

In section 2, we present the theoretical background
necessary to follow the forthcoming analysis, details of
computations are presented in section 3 while section 4
deals with the results and discussion. Finally section 5
contains our concluding remarks.

2. Theoretical background
2.1. Chemical reactivity
Electronegativity (x) and hardness () have been
defined respectively as the following first-order and
second-order derivatives for an N-electron system with
total energy E,

aE
X=-—p=- (—) M
and
1 (32E)
1=5lzmz) > 2
2\ON2/

where v(r) is the external potential which is produced by
external charges to the system of electrons; p is the
chemical potential, that is a Lagrange multiplier
associated with the normalization constraint of DFT
[1,2]. Recently Parr et al. [19] have provided the
following definition for the electrophilicity index (w)

2
_*
m_.zn, (3)

which measures the energy stabilization upon ¢electronic
saturation of the system, when electrons flow from the
surroundings with a higher chemical potential than that
of the system. These global reactivity parameters and
the associated electronic structure principles have been
very helpful in understanding chemical reactivity and
form the backbone of any reactivity theory [20].

2.2. Site selectivity
Local reactivity descriptors like the Fukui function
(f(x)) and local softness (s(r)) are necessary for explain-
ing site selectivity in a molecule. The Fukui function is

defined as [18]

_ (B (%Y
J&= (‘SU(I'))N— ( N )v(l')’ @

in the absence of orbital relaxation it becomes just the
density of the frontier molecular orbital and makes a
bridge between Fukui's [rontier orbital theory [21] and
DFT [1,2). Owing to the discontinuity [22] of the
derivative (3p(r)/dN),y at an integral value of N, three
different types of f(¥) can be defined as follows:

.
Fre) = (a—p(i)) o)y 10,

aN
FUES (%?) ~ [on() — py-1 001 = pu(®),
ulr)
PO =3 O+ © ®

at point r, ¥ (r) measures reactivity toward a nucleo-
philic attack, f(r) measures reactivity toward an
electrophilic attack and f°(r) measures reactivity toward
a radical attack. Connection with the frontier orbital
theory is achieved through pg(r) and oL(r), the frontier
orbitals (HOMO and LUMO) densities. With all other
factors remaining the same, the maximum value of the
Fukui function at a given site would be preferred by
a reagent because that will cause the largest change in
the chemical potential as indicated in equation (4)
[2, 18]. The above quantities can also be condensed to an
atom k in a molecule in terms of the population on that
atom [23], namely,

fif= fk [ows1(®) — py@1dr =[ge(N + 1) — ge )],
= fk o) = o (] dr = [ge(V) — e = D
A=W D g =Dl O

Within the frozen core approximation, these quantities
can also be condensed by considering only the contribu-
tions of the frontier orbitals on a given atom, thus
leading to [24]:

= fk pL(dr = ok,
E=ﬁm®ﬂ=£,
=g+ =S+l M

where pf and pf! are the electronic population on atom
k associated with the frontier orbitals LUMO and
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HOMO, respectively. Local softness can be defined
as [25]

sy=£(r}- 5, (8)
where the global softness (S) is given by 126]
1
= e (%)

Different variants of local softness and their condensed-
to-atom variants can be obtained by substituting f(r)
or f; from equations (5) and (6), respectively. A local
version of the HSAB principle is also known [27, 28].
Klopman {29] has shown that the hard-hard interac-
tions are predominantly ionic in nature and hence
‘charge-controlled’, whereas the soft-—soft interactions
are mainly covalent in nature and hence ‘frontier-
controlled’. These local quantities and the related
structure principles are important in analyzing the
preferred site of attack as well as the type of attack by
a reagent [20].

On the other hand, w, equation (3), can also be
written in terms of local contributions through the
softness, equation (9), which can be written as a sum of
local condensed contributions centred on the different
atoms in the molecule (S =3 st):

2
w=fo=i =it Yse= o0 (0
with wp=p?- s being the local electrophilicity power
associated with centre &,

Chemical processes produce changes in the electronic
distribution on different regions of the molecular
topology; Fukui functions, as well as local softness and
electrophilicity, are good measures for the electronic
distribution at a given atomic centre within the molecule.
Complementary to these site reactivity indices, the
atomic valency (V) provides a measure of the localiza-
tion of electron density at the bond regions associated
with an atom; it is calculated by adding the off-diagonal
elements of the first-order density matrix as [16]:

Vi :Z[EZDabDba], (11)

2#k | _ack bel

thus giving a measure of the covalent bonds borne by
atom k within the molecule. The V; values of an atom
are always very close to their classical valency although
they may fluctuate from molecule to molecule.
Deviations from the classical valency integer value are
mainly due to the jonic character of the bond formed by
atoms of different electronegativities [16, 17]. Following
Klopman's obsetvation about specific local interactions

{29, a reactive centre in local sofi-soft interactions is
expected to be associated with a minimum value of Vi (a
maximum deviation from the classical valency) whereas
for hard-hard interactions a maximum value of ¥ (a
minimum deviation from the classical valency) should
be in order.

The molecular valency (¥) is obtained as

1
VzEXk: Vi (12)

and is a measure of the covalent bonds within the
molecule; a molecule described by covalent or slightly
polar covalent bonds in its minimum energy conforma-
tion is expected to present a maximum value of ¥ {17}

It is important to know how these reactivity and
selectivity parameters vary during the progress of a
physico-chemical process like molecular internal rota-
tions, molecular vibrations or chemical reactions.

2.3, Characterization of transition states
To characterize the energy of transition states (TS) in
internal rotations and proton transfer processes we use
the Marcus equation (ME) [30]:

1 (AE°)?
AE* = AE] +-AE° + ,
2 16AE]

(13)

where AEEé is the intrinsic energy barrier which can be
determined by solving the second-degree equation
resulting from rearrangement of equation (13) and
using the calculated values of AE# and AE®, which is
the reaction energy. Note that for symmetric reactions
AE® = 0 and the energy barrier reduces to AEff [31]. The
ME has been used successfully in the rationalization of
activation energies in different kinds of chemical reac-
tions [31]. In particular, within the framework of the
Hammond postulate [32], the Marcus equation can be
used to determine the position of the transition state
along the reaction coordinate. This can be achieved by
using the Brensted coefficient which, following the
Leffler postulate [33], is defined as the derivative of the
activation energy with respect to the reaction energy [311:

E(dAE#) 1, AF° (14)

dAEe ) T2 BAEL

In symmetric reactions (AE® =0), the TS is Iocated
exactly midway between reactants and products (f=
0.50) whereas for exothermic reactions (AE°<0)
B < 0.50 indicating that the TS is closer to reactants
and §>0.50 for endothermic reactions (AE® >10)
indicating that the TS is closer to the products, in
agreement with the Hammond postulate [20, 31, 32].
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3. Details of computation
A three-point finite difference approximation to the
derivatives in eguations (1) and (2) gives [2, 8)

) (15)

and

1
=30 4), (16)

where I and A are the ionization potential and electron
affinity, respectively. Further use of Koopman’s
theorem provides [34]:

ﬂ=%(£L+3H) 17

and

n=%(8L—8H), (18)

where g; and sy are the lowest unoccupied and highest
occupied molecular orbital energes, respectively, The u
and 5 values are calculated using equations (17) and (18)
and in certain cases equations (15) and (16) were used
for comparison purposes. The electrophilicity index and
the molecular valency are obtained from equations (3)
and (12), respectively.

Condensed-to-atom Fukui functions are obtained
using the corresponding electronic population in equa-
tions (6) and (7); atomic valencies (Vi) were calculated
by adding the off-diagonal matrix elements of the bond
order matrix, equation (11).

In the present work we study internal rotations in
HONO and HSNS, molecular vibrations in H,0 and the
double proton transfer reaction in (HONO);; these
processes are illustrated in figure 1. All the calculations
have been carried out at the ab initio SCF level with the
standard 6-311G** basis set occasionally suplemented
by additional diffuse functions 6-311 ++ G**, The DET
calculations are performed with B3LYP exchange-
correlation functionais [35, 36] and 6-311G** basis
set. Geometry optimization and frequency calculation
(mainly to check the number of imaginary frequencies)
are accomplished with the Gaussian 98 program [37].
Polarizability is calculated using both Pople’s and
Sadiej’s [38] basis set. The profiles for the -chemical
reactions of different global reactivity indices E, u, , «,
V and  are obtained through single point calculations
of the fully optimized structures previously determined
during the intrinsic reaction coordinate (IRC) procedure
[39, 40].

4. Results and discussion

4.1. Rotational isomerization of HXNX (X=0,8)
4.1.1. Chemical reactivity

Figure 1 (a) illustrates the trans < ¢is isomerization of
HXNX, X=0,8. Table 1 presents varjous global
reactivity parameters, namely, E, ¢ (calculated using
equations (15) and (17)), # (calculated using equations
(16) and (18)), V, (), its out-of-piane component «.,
and the dipole moment (DM) for the reactant, transition
state and products associated with the rotational
isomerization of HONO and HSNS at HF/6-311G**
and B3LYP/6-311G** levels, Polarizability values
calculated using both Pople’s and Sadlej’s basis sets
are reported. In all cases the reactant and product have
no imaginary frequencies whereas the transition state
has one imaginary frequency, as expected. At the HF
and DFT levels considered here, the frans < cis
rotational isomerization of HONO and HSNS are
thermodynamically favourable, in both cases the eis
conformer being slightly more stable than the trans
isomer.

In both cases the transition state corresponds to
maximum energy, minimum hardness and minimum
molecular valency values vindicating the validity of the
principle of maximum hardness ({PMH) and the max-
imum molecular valency principle (MMVP). The p and
n values calculated using either the finite difference
approximation (equations (15) and (16)) or the frontier
orbitals energies (equations (17) and (18)} show similar
trends.

For HONO (o} is maximum at the TS but it is
minimum at the transition state of HSNS, a case already
pointed out [41] in the context of internal rotation of
formamide and thioformamide. Based on the prescrip-
tion of Ghanty and Ghosh [41] we also present the
zz component of « calculated using Pople’s as well as
Sadlej’s basis sets. The a., values for transition states of
all the internal rotations calculated at all levels of theory
are larger than the corresponding reactant and product
values which can be considered to be a signature of the
minimum polarizability principle (MMP). Note that the
- component refers to the out-of-plane {perpendicular)
component for the reactant, the transition state and the
product. In all cases («..) using the Pople and Sadlej’s
basis sets provide identical trends, frans -HONO is more
polar than cis -HONO but cis -HSNS is more polar than
trans -HSNS.

Torsional potential energy and electronic properties
were evaluated in 10° increments along the torsional
angle & within the interval 0° <6 =< 180°. Figure 2
depicts the resulting qualitative profiles at the Hartree—
Fock level of E, p {equation (17)), n (equation (18)), ¥,
(02z)sadrey and w for the internal rotations in HONO
(figure 2 (a)) and HSNS (figure 2 (£)). The B3LYP/
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(@)

(e}

Figure 1. INustration of the processes studied: (4} the trans < cis rotational isomerization of HXNX, X =0,S; (§) molecular
vibration of the water molecule and (¢) the double proton transfer reaction in (HONO),.

Table 1. Global properties at the stationary points for the isomerization reaction of HONO and HSNS. First entry corresponds to
the HF resuits whereas the second entry displays the DFT results. (E, (o) and ¢, are in au; g and 7 in eV; DM is in Debye.)

2 H n n
E (equation 15) (equation 17) {equation 16) {equation 18) {2} Oz V DM

HONO

trans —204.700158 —4.3542 —4.4627 6.1825 7.7635 13.448 7.488 3.7597 2.5469
©=0) —205.761769 —7.1580 —5.1239 8.1045 2.6803 15.352  7.806 3.9783 2.0645
TS(6=92.6) —204.682531 —6.0247 —4.8028 4.8137 7.5213 13.535  9.477 3.6886 1.8656
TS(E =92.5) —205.741044 —~59158 —5.5675 5.6491 2.4109 15.334 10516 3.8779 1.6155
cis —204.701446 —4.6280 —4.7811 6.2477 7.8104 13.268 7.402  3.7497 1.5730
{6 =180) —205.762150 —5.4478 —5.3634 6.2392 2.7892 15.110 7703 3.9815 1.5151
HSNS

trans —850.021798 —5.0664 —4.4736 4.2301 4.8546 40.576 19690 3.7540 1.9299
@=0 —851.727234 —-5.1876 —4.8872 3.9436 1.3062 43.653 20249 39734 2.1297
TS5{6=93.8) —850.001284 —4,7842 —4,7539 3.5933 4.7403 37.645 25386 3.6253 1.7356
TS(e =92.7) —851.702711 —6.0386 —5.4124 41972 1.1511 42099 27.068 3.8109 1.6378
cis —850.022786 —5.1513 —4.5764 4.2442 4.8850 40.180 19316 3.7627 2.2832

(6= 180) -851.729019 —6.5095 —4.9716 5.2023 1.3551 43380 19.836 3.9993 2.3820




2846 P. K. Chattaraj et al.

]
=230 0
0 /degrees

i i i 1] ] 1 T
30 60 90 120 150 180 210 -30 O 30 60

i) 1) 1 [}
80 120 150 180 210
0 /degrees

Figure 2. HF/6-311G** qualitative profiles along the torsional coordinate of global reactivity properties of (a) HONO and
(&) HSNS. Representative numerical values for these properties are given in tables 1 and 2.

Table 2. Activation properties of the isomerization reaction of HONO and HSNS. All values are in kcalmol ..

AE® AE# Ap® Ap# An® Ay* B
HONO
HF ~0.8082 11.0611 —7.3424 ~7.8428 3.3876 —5.5852 0.4912
DFT —0.2391 13.0051 —5.5230 —10,2296 2.5113 —6.2125 0.4977
HSNS
HF —0.6200 12.8728 —2.3706 —6.4638 0.7010 —2.6358 0.4941
DFT —1.1201 15.3884 —~1.9463 —12,1113 1.1277 —3.5767 0.4912

6-311G** profiles show the same trends for most
properties and therefore are not included in the figure.
As already mentioned, in or around the TS, E, ¢, and &
are maxima and 4, 5 and V¥ are minima for ail cases,
validating PMH, MPP and MMVP, Within this frame,
extremization of w can be analyzed in terms of the same
for u and n: extremals (maximum or minimum) for u
and 75 correspond to an extremal in . Specifically the
point at which both g and # are maxima {minima), w
would be a minimum (maximum). The exact location of
the extrema in @ would also be governed by the
corresponding extremal locations in u and 7.

Table 2 provides relative values at HF/6-311G** and
B3LYP/6-311G** levels of the energy (AE° and AE#)
chemical potential (An° and Ap#) and hardness (An®

and Azn®), these latter quantities being calculated using
equations (17) and (18). Also included in the table is the
Bronsted coefficient f (equation (14)) which indicates
whether the TS is closer to the reactant or the product.
As pointed out earlier by Toro-Labbé and co-workers
[31], for any reaction the product is the hardest species
for the Hammond-type reaction while the reactant
is the harder for an anti-Hammond-type reaction. The
rotational isomerizations in HONO and HSNS are
of Hammond type, both reactions are exoenergetic
(AE° < 0) and § < 0.5, in agreement with the simulta-
neous validity of the PMH and the Hammond postulate,

It is interesting to note that at both HF and DFT
levels, the torsional barriers of HONO and HSNS are
quite close to each other, in both calculations HSNS




presenting a slightly higher value of AE# than HONO.
This is indicating that the nature of the torsional barrier
is quite the same for both isomerization reactions. On
the other hand, it should be mentioned that zero point
energy (ZPE) corrections have no noticeable effect on
the barriers given in table 2.

4.1.2. Site selectivity

The profiles of site selectivity indices are displayed in
figure 3. Condensed Fukui functions (fy) were deter-
mined using equations (7) which in most cases also
assume their extremum values in or around the TS; the
same trends are observed when using the finite difference
approximation of equations (6). Atomic valencies
remain quite constant along the reaction coordinate
with the exception of Vo in HONO and Vs; in HSNS
which present minima at the TS. This confirms the
above observation about the common nature of the
torsional potential barrier of HONO and HSNS. As for
the atomic valencies, Fukui functions are not strongly
dependent on the torsional angle; the most remarkable
changes of the Fukui function along ¢ are observed in
the electrophilic functions of the oxygen atoms and they
are nicely opposite as expected. Besides, most reactivity
pattern for electrophilic or nucleophilic attacks remains
quite constant along 9.

It is interesting to note that the Vxa profiles are
inverse to those of fg;. This fact may be explained as
follows: since all Vis are positive and the maximum
value of ¥ implies stability, a larger V. site is supposed
to be less reactive, which is the reverse of the situation if
the site has larger f; since that implies more reactivity
[2, 18].

4.2. Molecular vibrations

4.2.1. Chemical reactivity

The vibrational modes of water which are studied
here are illustrated in figure 1(5). HF/6-311G**
qualitative profiles of different global reactivity indices
associated with the symmetric (Aj) stretching and
bending and asymmetric (B) stretching vibrational
modes of water are presented in figure 4; the B3LYP/
6-311G** profiles show exactly the same trends and
therefore are not included in the figure. As already
pointed out by Pearson and Palke [42], for the
symmetric stretching and bending modes none of these
properties except E (and 5 for the bending mode} attains
a clear-cut extremum. For the symmetric stretching
mode it can be observed that 3, ¥, o and o tend to
unphysical extremum values when the hydrogen atoms
collapse toward the oxygen atom. This behaviour is due
to the strong variation of the external potential during
the symmetric vibrations. More interesting results are
obtained from the asymmetric stretching mode of

2.5 N @
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Figure 3. HF/6-311G** profiles along the torsional coordi-
nate of local selectivity properties of (¢) HONO and
(b) HSNS.

vibration where the external potential remains constant
during the nuclear motion (figure 4(c)). At the
equilibrium geometry, E, « and o are minima and g,
V" and 5 are maxima confirming the validity of PMH,
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Figure 4. HF/6-311G** qualitative profiles of global reac-
tivity properties along the vibrational modes of water:
(@) symmetric stretching; (#) asymmetric bending and
(€) asymmetric stretching,

MPP and MMVP. Since both # and 5 are maxima for
AR=0, w attains its minimum value at the equilibrium
configuration.

Figure 5 displays plots of Csadlej VEISUS Opopie and p
and 7 calculated with equations (15) and (16) versus
those quantities calculated using equations (17) and (18)
for the asymmetric stretching of H,O at the HF/
6-311G** level. The linear behaviour in all cases
confirms that the use of either two possibilities to
obtain the property to characterize the asymmetric
molecular vibration is adequate and leads to the right
description of the property during the vibrational
motion,

4.2.2. Site selectivity

Figure 6 displays the profiles of site selectivity
descriptors during the molecular vibrations at the HF
level; similar trends have been found for the DFT
calculations. Fukui functions have been determined
using the molecular orbital approximation, equations
(7), although similar trends are obtained using the finite
difference approximation of equations (6). It can be
observed in figures 6(a) and (b) that most local
properties remain constant as the vibrational coordinate
changes. In the asymmetric stretching (figure 6 (c)) again
most focal properties remain constant during the
vibrational motion and we observe that f& and Vo
show opposite behaviour as the bond length varjes, as
expected from the chemical intuition, Note that the {1
Jibt and {Vi, Vi) pairs intersect at the equilibrium
geometry. It tells us that when electrophilicity at any
centre goes down during oscillation it increases at some
other centre and they become equal at the equilibrium
position. The opposite behaviour of f@ and £
confirms that this asymmetric stretching is the reactive
mode for the dissociation of water. In all these plots HF/
6-311G** and B3LYP/6-311G** calculations show
identical behaviour in almost all cases, The same trends
are also observed for the orbital Fukui functions.

4.3. Double proton transfer in (HONO ),

4.3.1. Chemical reactivity

Figure 1(c) displays an illustration of the synchronic
double proton transfer reaction in (HONO),; this is
a symmetric reaction in which reactants are equal to
products and the transition state is found exactly
midway between these species. Table 3 presents numer-
ical values of various global reactivity parameters for
the reactant (product) and transition state for the double
proton transfer in (HONO), at HF/6-311G** and
B3LYP/6-311G** levels. Since the protons are trans-
ferred synchronically, the profiles are symmetric and the
dipole moment is zero along the reaction coordinate.
Polarizability values calculated using Pople’s basis
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Figure 5. Characterization of the asymmetric stretching
mode of water: correlation between (a) polarizabilities
determined using different basis sets (Sadlej and Pople);
{b) chemical potential determined using equations (15}

and (17); (¢) molecular hardness determined using
equations {16) and (18).

set are also reported. In both calculations the reactant
(product): has mno imaginary frequencies whereas
the transition state has one imaginary frequency, as
expected,

Figure 7 presents the HF/6-311G** qualitative
profiles of AE, Ap, An, {e¥poptes (@zdpoples ¥ and
along the intrinsic reaction coordinate (IRC) of the
double proton transfer reaction in (HONO),. All the
profiles are symmetric owing to the symmetry of
reactant and product, which happens to be the same
dimer. At the TS (JRC=0), all properties attain
extremum values and it can be confirmed that the
PMH, MPP and MMVP are valid for this reaction. It is
interesting to note that g is quite constant along the
IRC and its profile attains a local maximum with two
minima symmetrically positioned around the JRC=0.
Note that the position of these critical points coincides
with the position of critical or inflection peints of 1, w,
o, &-; and V. The critical points in u, although hardly
perceptible, may help characterize the mechanism of the
reaction; the proton transfer is initiated by the displace-
ment of the whole monomeric structures to favour the
subsequent proton transfer that starts to occur within
the TS region which is indicated in figure 7. This region
can be defined unambiguously as the region delimited by
the critical points of the force profile [14, 20, 311
Similarly a local minimum at the TS bracketed by
two local maxima is observed for the V profile. The
maximum value of ¥V at the reactants (products)
together with the minimum at the TS confirms the
MMVP. The profile of @ is governed by those of p
(mainly) and n; o presents a local maximum at the
TS with wrs 3 WreactanProduey- All the above-discus-
sed trends were also obtained at the B3LYP/6-311G**
level.

Table 4 provides relative values at HF/6-311G** and
B3LYP/6-311G** levels of the activation properties
such as energy (AE7) chemical potential (Au®) and
hardness (An7); the latter are calculated using equations
(17) and (18). It is interesting to note that the B3LYP
barrier is about half that of the HF barrier, with the
same relation obtained for the activation hardness. The
ZPE correction does not considerably change the barrier
heights reported in table 4.

4.3.2. Site selectivity

The profiles along the intrinsic reaction coordinate of
local selectivity properties are displayed in figure 8. For
the double proton transfer reaction the condensed Fukui
functions at the oxygen sites show reciprocal trends
along the IRC when compared with those of the
corresponding atomic valencies, a fact which is also
observed in the cases of molecular internal rotations and
vibrations. Any site with larger f; signals high reactivity
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Figure 6. HF/6-311G** profiles of local selectivity properties along the vibrational modes of water: (a) symmetric stretching;
(b} asymmetric bending and (¢) asymmetric stretching.
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Table 3. Reference values of global properties of reactant (product) and transition state (TS) associated with the double proton
transfer in (HONO),. E, {« ) and o, are given in au whereas y, 7 are in eV, The first entry corresponds to HF results and the

second entry to B3LYP results.

I3 I 1 ]
E {equation 15} {equation 17) (equation 16) (equation 18) {2} [ 14
R(P) —409.411104 —4.9907 —5.0754 6.9757 7.7024 26.643 14.715 7.4699
—411.534460 —7.8537 —5.6513 7.3094 2.5919 30.601 15.364 7.965%
TS —409.363061 —5.1093 —5.1159 6.4796 7.0691 27.681 14.895 7.3706
—411.509750 —5.7351 —5.6641 4.9591 2.2801 30.928 15,503 7.9545
2.5 V.

9 £ -3 0 3 6 9

IRC

Figure 7. HF/6-311G** qualitative profiles of global reac-
tivity properties along the internal reaction coordinate
(IRC) of the synchronic double proton transfer reaction
in (HONO),. The region where the transfer occurs is
defined by the vertical lines around the TS.

while that with high ¥ implies more stability. The most
pronounced changes are noticed in the profiles of fi for
the single-bonded and double-bonded oxygen atoms.
Both the single-bonded and double-bonded O centres
(O1 and O2, respectively) are always more reactive
towards electrophiles than nucleophiles (fo; > &, and
for > f&1) although they (f+ and f7) exhibit similar
profiles along the IRC for both O1 and 02,

Fukui Function

Figure 8. HF/6-311G** profiles of local selectivity properties
along the internal reaction coordinate (IRC) of the double
proton transfer reaction in (HONO)z.

Similar profiles are exhibited by f3;; they start from a
smaller value, increase suddenly near the TS and then
level off. The profiles of f5; and f, intersect at the TS as
is the case with f¢}j and £, which would help in locating
the TS. The hydrogen profiles of Fukui functions and
the valency remain more or less constant, suddenly
decrease around the TS and then again remain more or
less constant. The sudden change of these properties
occurs exactly within the region defined in the above
paragraphs and confirms the reaction mechanism in that
the actual proton transfer starts at the vicinity of the
transition state. On the other hand, while Vy exhibits a
broad minimum along the IRC, the nucleophilic Fukui
function fy shows a local maximum around the TS




2852 P. K. Chattaraj et al.

Table 4. Activation properties associated with the double proton transfer in (HONO),. All values are in kcalmol™! but
the polarizability is given in au.

Ap# A
Method AE# {equation 17) (equation 18) Ag# Aot Aot
RHF 30.1474 —0.9339 —13.9123 3.9479 1.038 0.180
B3LYP 15.4807 —0.2952 —7.1902 20.1554 0.327 0.139

indicating an increasing propensity towards an electro-
philic attack.

5. Concluding remarks

Molecular internal rotations in HONO, HSNS,
various symmetric and asymmetric stretching and
bending vibrations in H,O and the doubie proton
transfer reaction in (HONO), have been studied at the
Hartree-Fock and DFT levels. Profiles of global and
local reactivity and selectivity parameters have been
determined.

For the internal rotations it has been found that the
transition states are associated with maximum values in
E, ¢;; and @ and minimum values in , nand ¥V
confirming the validity of the principles of maximum
hardness and molecular valency and the minimum
polarizability principle. The extremal point in @ can be
located by knowing the same for u and 7. Maxima
(minima) in both x and p correspond to the mini-
mum (maximum) in . The Fukui function and the
atomic valency at a given atomic site show an inverse
relationship,

For the symmetric vibrational modes, except E, no
other property attains its extremum during vibration.
For the asymmetric stretching mode the equilibrium
configuration is characterized by minimum E and o«
values and maximum w, 5 and ¥ values as would
have been expected from PMH, MPP and MMVP.
Since both x and 5 are maxima at the equilibrium
point, @ becomes a minimum. The electrophilic and
nucleophilic Fukui functions in general show inverse
behaviour during the vibrational coordinate variation
as is the case with f; and ¥ It implies that if a
centre becomes more favourable toward an eleciro-
philic attack for a given vibrational mode it would
simultaneously become less favourable towards a
nucleophilic attack.

The E, (o) and a., profiles pass through maxima and
the n profile passes through a minimum in the transition
state of the double proton transfer reaction in {(HONO),
acting as signatures of MPP and PMH. The ¥ value for
the transition state is much smaller than those of the
reactant and the product which may be considered to be
a consequence of MMVP, The p vaiue in the transition
state is a local maximum in between two minima, a

feature which is also reflected in the profile of other
global and local properties. The ¥} and Jr profiles
exhibit opposite trends for this reaction and oXygen
centres always prefer electrophilic attack to nucleo-
philic attack. The intersection points of the electro-
philic (nucleophilic as well) Fukui functions for the
single- and double-bonded oxygen centres may be used
to locate the transition state. The N-centre becotmes
more prone towards electrophilic attack at the transition
state.
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Abstract

The internal rotation of oxalyl chloride is investigated through ab initio Hartree—Fock and density functional theory methods.
The most stable conformation is planar trans and a quasi-stable gauche isomer appearing about midway between the trans and cis

isomers was also detected by the two methods. Stabilization o

f trans isomer is not only due (o strong overlaps but also to through

space interactions whereas the gauche conformation appears to be mainly stabilized by through bond interactions. In addition, the
energy batrier at the cis conformation has been found to be mainly due to through space interactions.

© 2003 Elsevier B.V. All rights reserved.

1. Introduction

This Letter is concerned with the study of the internal
rotation process of oxalyl chloride (OCIC-CCIO). The
conformer stability of this molecule has led to consider-
able controversy on whether it exists in the gas phase asa
single conformer or as a mixture of two or even three
different stable isomers. At ambient temperature a single
conformer, the trans form, has been observed [1]. How-
ever, infrared and Raman investigations showed that a
second isomer is present in the fluid phase [24] and later
electron diffraction studies of the gaseous phase con-
cluded that oxaly! chioride exists as a mixture of the trans
and gauche conformers [5,6). The trans isomer was iden-
tified through spectroscopic and X-ray studies whereas
the gauche isomer was characterized through electron
diffraction experiments. Indeed, the ganche isomer was
found to be less stable than the trans one by about 1.4
kcal/mol [5,6]. Results from Raman spectra consistently
predict an energy difference between these two con-
formers of 0.9 keal/mol in favor of the trans form [2-41.

Theoretically, the torsional potential for the inter-
nal rotation in oxalyl chloride appeared to be quite

" Corresponding author, Fax: +56-2-6864744.
E-mail address: atola@puc.cl (A. Toro-Labbe),

0000-2614/5 - see front matter © 2003 Elsevier B.V. All rights reserved.
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sensitive to the basis set employed in the calculations
and in general it has been quite difficult for Hartree—
Fock and even for post Hartree-Fock methods
to characterize unequivocally the gauche isomer. A
number calculations using a variety of basis sets were
performed by different authors [7-11] with the result
that most calculations failed in predicting the gauche
stable conformation. However, many calculations
showed a dip in the torsional potential suggesting that
it could be due to the existence of a metastable
intermediate.

The contrasting pictures provided by the experimen-
tal results and the theoretical ones motivates this theo-
retical study employing HF and a density functional
theory method (B3LYP) that has been successfully used
in various theoretical studies of compounds containing
chlotine and oxygen atoms [12,13]. The aim of this
Letter is to throw light on the specific intramolecular
interactions that are at the origin of stabilization of the
trans and gauche conformations. To do so a compara-
tive study of Hartree-Fock and DFT methods for
computing geometries and profiles of energy, electronic
populations, molecular valency, dipole moments, elec-
tronic chemical potential and hardness along the inter-
nal rotation angle defined with respect to the C-C
central bond has been performed.
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Chemical potential and hardness are global proper-
ties of the system and have been established as quite
useful concepts which are implicated in the reactivity of
chemical species, Physically, the electronic chemical
potential characterizes the escaping tendency of elec-
trons from the equilibrium system and the molecular
hardness can be seen as a resistance to charge transfer
[14-17]. In the present case these propeities can help
characterize specific isomers along the torsional angle
from a different viewpoint.

2, Theoretical background and computational methods

Formal definitions of u and 5 were given by Parr and
Pearson [I8] and a three-points finite difference ap-
proximation led them to the following working formulae
of these quantities:

y=—-%(IP+EA); ry——-%(IP—EA). 1

IP and EA are the first vertical ionization potential
and electron affinity of the neutral molecule, respec-
tively. The Koopmans theorem (IP~ —Fy and
EA ~ —F;) allows one to write £ and g in terms of the
energy of frontier HOMO (£y) and LUMO (FL) mo-
lecular orbitals;
#=%(EL + En); 77=%(EL_EH)- 2)

It is apparent from the above equations that deter-
mination of u and 5 from quantum chemistry involves
different kind of calculations, a ASCF procedure in-
volving calculations of the system with N, (N+1)and
(N —1) electrons should be used when applying Eq. (1),
whereas only one restricted SCF calculation is needed
when using Eq. (2). It has been shown that for closed
shell molecules the method based on Koopmans's ap-
proximations seems to be good enough in determining p
and g [19-21). However, in attention to the difficulties
encountered in oxalyl chloride, Koopmans’s based cal-
culations were checked when necessary through extra
calculations using unrestricted (UHF and UB3LYP)
and restricted open shell (ROHF and ROB3LYP)
methodologies.

A quite simple measure of the localization of electron
density at the bond regions can be defined by the sum of
electronic populations localized on bond regions of the
molecule, it is given by
pb(CC) = 2pco(a) + 2pcc£(a) + pcc(a)‘ (3)

Since there is no a unique way to perform a popu-
lation analysis it is useful for interpretative and quan-
titative purposes to consider the molecular valency ¥,

that also provide a measure of the localization of the
electron density at the bond regions, therefore it may be

used to check consistency with the above defined p,
index. ¥, is calculated by adding the ofl-diagonal ele-
ments of the first order density matrix and then sum-
ming over all the atoms in the molecule:

Vm 2% Z [Z ZDabDbaJ 2 (4)
ki ik | ack ‘bef

thus giving a measure of covalent bonds in the molecule,
The 77, value is always quite close to the total number of
covalent bonds although it may fluctuate. Deviations
from the total number of covalent bonds of the molecule
may appear due to either the ionic character of the bond
formed by atoms of different electronegativities or hy-
perconjugative interactions.

The profiles of global and local molecular properties
were constructed by constraining the dihedral angle « to
fixed values in the interval going from 0 (trans) to 180 (cis)
degrees, optimizing the remaining geometrical parame-
ters every ten degrees along «. All calculations were per-
formed at the Hartree—Fock (HF) and DFT levels with
the standard 6-311G** basis set and using the package
GAussiAN 98 [22]. A Becke [23] three parameters non-
local exchange functional with the nonlocal correlation
functional of Lee, Yang and Parr [24], denoted by
B3LYP, was used within the DFT theory. Although not
discussed here, extra calculations were also performed
whenever it was necessary to confirm some specific results,

3. Results and discussion
3.4, Torsional potential
In Fig. 1 are displayed the torsional potential deter-

mined through the HF and DFT methods. Note that
both curves displays the same qualitative trend, in both

4

Torsional Potential

T T T T
0 60 120 180
[+

Fig. 1. HF/6-311G** (open circles) and B3LYP/6-311G** torsional
potential (in keal/mol) for the internal rotation of oxalyl chloride along
the torsional angle « {in degrees).
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methods the cis isomer corresponds to a transition state
for the torsional motion, the energy barrier separating it
from the stable #rans conformation has been found to be
about 2.5 keal/mol in the DFT approach and 4.0 kcal/
mol in the HF method. The HF minima is narrower
than the DFT one indicating different quantitative esti-
mations for the specific local interactions characterizing
the stable conformation. Both curves present a dip at
about & =90°, the gauche isomer that has heen identified
experimentally appears in our calculations as an inter-
mediate metastable conformation energetically above
the frans isomer by about 1.0-2.0 kcal/mol. Recalling
the experimental evidence discussed in Section 1, it can
be concluded that DFT calculations provides a better
characterization of the gauche isomer than do the HF
level, In the next paragraphs, the energetic evidence of
the existence of a gauche metastable isomer will be
checked out through monitoring different global and
local properties.

3.2. Molecular structures

The favorable comparison geometries of the key
isomers characterized by the torsional potential allows
to assess the overall performance of the methods of
calculation. Theoretical and the available experimental
data [5,6] of geometrical parameters for the three rele-
vant structures trams, gauche (with theoretical parame-
ters determined by averaging the structures of isomers
with «=380° 90° and 100°) and cis are displayed in
Fig. 2, it can be checked that the agreement of HF and
DFT with the experimental data is quite satisfactory.

3.3. Electronic population analysis

A quantitative characterization of the charge density
is provided by the already defined bond populations and
molecular valency. We analyze in this section the evo-
lution along o of the Mulliken electronic population
localized on the bond regions [25] and the molecular
valency [26,27].

1249
{52383

trans (a=0°)

gauche («~90°)

Figs. 3a and b display the profiles along o of the
electronic populations p,(a) and p,.(«). Both popula-
tions present minima at the #rans and cis conformation
and a maximum at the gauche one. This indicate that
both planar conformations, trans and cis, are not deter-
mined only by strong overlaps but also by specific
through space interactions by means of the associated
electrostatic Hellman—Feynman forces. The maximum at
the gauche metastable conformation indicates that this
species is mainly stabilized by through bond interactions.

The above discussed results are confirmed by the
shape exhibited by the molecular valency along «,
Fig. 3c. ¥, present a maximum at the gauche confor-
mation confirming that this isomer is favored by through
bond interactions. Indeed, it is interesting to note that
both methods predict an appreciable extent of hyper-
conjugative interaction between n bondings of the C-O
bonds and ¢ bondings on the C-Cl bonds, thus pro-
ducing Vi, values higher than the total number of co-
valent bonds encountered in the molecule,

“ Following the same line of thinking as above, it is
possible to identify, at least qualitatively, the nature of
the potential barrier at the ¢iy conformation. We note
that when going from the ganche isomer toward the cis
one, p, p.. and ¥ decrease, since the total electronic
population remains constant, there is a rearrangement
of the bond electronic population favoring localization
of the electronic population on specific atomic centers,
this should lead to an important change of the dipole
moment (see Fig. 4), it increases toward the cis isomer
and decreases when going toward the trans isomer. The
energy barrier at the cis conformation should be there-
fore of the through space type. In other words, at the cis
conformation the barrier to internal rotation mostly
arises owing to the electrostatic interactions among local
charges centered at the oxygen and chlorine atoms.

On the other hand, the charge concentration at the
bond region cbserved at the gawche isomer is accom-
panied by a shortening of the central CC bond distance,
Fig. 3d, this result is perfectly consistent with the above
described populations and valency behavior.

cis (0=180%)

Fig, 2. HF/6-311G** (first entry) and B3LYP/6-311G** structural parameters of the key isomers along the torsional angle. Experimental values from
[5,6] are given in parentheses. Bond distances are in A; bond angles in degrees.
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Fig. 3. HF/6-311G™* (open circles) and DFT/B3LYP/6-311G** profiles of: (a) total bond population; (b) central CC bond population; (c) molecular

valency and (d) CC bond distance along the torsional angle a.
3.4. Dipole moment

Since the above discussion suggests that the relative
energy of the key conformations along « can be ratio-
nalized in terms of electrostatic through space and
through bond interactions, it is pertinent to analyze the
evolution of the dipole moment (DM) along the reac-
tion coordinate, we expect this property to give a
qualitative account of the through space electrostatic
interactions. Fig. 4 shows that DM increases mono-
tonically from the stable #rans conformation to reach a
maximum at the cis unstable isomer. A maximum value
of DM together with minima of p,, p,. and ¥y at the cis
isomer confirm that the barrier is mostly due to through
space interactions,

3.5. Chemical potential and hardness

Fig. 5a and b displays the profiles of y and #, calcu-
lated from Eq. (2), along the torsional angle «. It is
found that DFT and HF profiles are alike, chemical
potential and hardness display maximum at the gauche

Dipole Moment

T T
0 60 120 180
a

Fig. 4. HF/6-311G** (open circles) and DFT/B3LYP/6-311G** dipole
moment (debye) profiles along the torsional angle o,

conformation and minima at the trans and cis isomers.
It is important to consign that the very opposite situa-
tion is observed when g and # are estimated from the
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Fig. 5. HF/6-311G** (open circles) and DFT/B3LYP/6-311G** tor-
sional profiles of: (a) chemical potential; (b} molecular hardness and (c)
intramolecular charge transfer. Values of ; and n are in eV.

ASCF scheme (Eq. (1)) and using either unrestricted or
restricted-open shell formalisms. However in all cases an
abrupt change in the tendency displayed by the property
is observed at the gauche isomer, this might be evidence
of crossing of electronic quantum states.

Fig. 5a shows that chemical potential, both HF and
DFT, exhibits considerable variations along the tor-
sional angle, i presents minima at the planar trans and
cis conformations and a maximum at the gauche isomer.
Changes in chemical potential indicate that rearrange-
ments of the electronic density is taking place, variation
of u during the internal rotation can be explained in
terms of electron transfer from conformations with high
values of p to conformations with low vatues of g, in the
present case the electronic flux goes from the gauche
conformation toward the planar ones. Moreover, the
amount of flowing charge AN along the internal rotation
coordinate can be estimated by borrowing a formula for

intermolecular charge transfer [18,28] in which AN is
proportional to the difference in the chemical potential of
the involved species. The intramolecular charge transfer
occurting when going from a reference conformation at
oy to & can be obtained by adapting the above mentioned
expression to conformational changes, this leads to [29F:

1 [ — )]
AN =3 @ T ()] ®)

This expression shows that when the system is brought
out of its conformational equilibrium electronic reflu-
shing is driven by changes in the chemical potential, at the
same time the sum of hardness acts as a resistance to it.

The HF and DFT profiles of AN calculated using the
trans conformation as reference (o = 0°) are displayed
in Fig. 5c, the maximum observed at the gauche con-
formation is confirming the electronic reflushing already
established through the analysis of the electronic pop-
ulation and dipole moments.

On the other hand, the principle of maximum hard-
ness [30-35], quite useful in characterizing reactivity of
molecular systems, states that systems in their ground
state arrange themselves so as to be as hard as possible,
provides a criterium to decide about the physical sound
of the hardness profiles displayed in Fig. 5b. At the trans
stable isomer a maximum hardness is expected so that in
this region a unrestricted wave function might be ade-
quate. In contrast, the cis unstable isomer is expected to
present a minimum of hardness, therefore in this region
the restricted descriptions of Fig. 5¢ scems to be at least
qualitatively correct.

4. Concluding remarks

Hartree-Fock and DFT calculations of the torsional
potential of oxalyl chloride have been presented. Planar
isomer trans has been found to be stable whereas the cis
isomer corresponds to a transition state for the torsional
motion. Evidence from energy, electronic populations
and dipole moment profiles indicates that the stability of
the trans isomer is due to a delicate balance between
through bond and through space interactions and the
potential barrier at the cis conformation is mainly due to
through space interactions.

Both HF and DFT calculations have indicated the
probable existence of a metastable gawche isomer, al-
though this was not conclusive from the energy profiles,
the analysis of the profiles along the torsional angle of
different global and local properties support this con-
clusion. Maximum electronic population at the gauche
isomer indicate that this is specially stabilized by through
bond interactions.

The observed change of trends occurring at the
gauche isomer suggests that the gauche metastable con-
formation is a kind of turning point that help define two
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specific regions presenting different behavior of the
molecular properties studied in this Letter. The change
around the gauche isomer is specially dramatic for
chemical potential and hardness and the direction of
change depends on the methodology used to determine
these properties which are directly related with the
frontier electronic states. This result suggest that a cor-
rect characterization of the profiles of such electronic
properties might include different theoretical approaches
suitable for the different regions defined along the re-
action coordinate.
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The negative derivative of the potential energy along an intrinsic reaction coordinate defines a force
that has qualitatively a universal form for any process having an energy barrier: it passes through a
negative minimum before the transition state, at which it is zero, followed by a positive maximum.
We have analyzed two intramolecular proton transfer reactions in terms of several computed
properties: internal charge separation, the electrostatic potentials of the atoms involved, their Fukui
functions, and the local ionization energies. The variation of each of these properties along the
intrinsic reaction coordinate shows a marked correlation with the characteristic features of the
reaction force. We present a description of the proton transfer processes in terms of this force.

© 2004 American Institute of Physics. [DOL: 10.1063/1.1777216]

[. INTRODUCTION

The course of a one-step chemical reaction, or of an
individual step in a more complex process, is commonly de-
scribed by the path of minimum potential energy 7" that links
the transition state to the reactants and products. When ex-
pressed in terms of mass-weighted Cartesian coordinates,
this path is known as the intrinsic reaction coordinate,”
which we will denote as Re. An example of a F(Rc) profile,
computed at the B3LYP/6-311G** level, is shown in Fig. 1
(top) for the proton transfer

H
Hg-o (1)

Hg—on -
The V(Rc) curve in Fig. 1 is typical and well known in its
general appearance; the details depend of course upon the
endothermicity or exothermicity of the particular reaction,
the magnitude of the activation barrier and structure of the
transition state, ete.

The intrinsic reaction coordinate is obtained by applying
the classical equations of motion."* In this spirit, it is con-
ceptually useful to examine the “reaction force” F(Ro),>
given by

IV (Re)
dR¢

F(Rg)=— @

Since F(Rg) increases before the transition state and de-
creases afterwards, F(Rc) must be, respectively, negative
and positive, as can be seen in Fig. 1 (bottom). At the tran-
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sition state [JV(R)/dRc]rs=0 and hence F(Rc) rs=0. Fi-
nally, F(Rc) has a minimum and a maximum at the two
inflection points of V(Rc),

#V(Re) _
JRZL

_ 3F(R¢)

0="3R,

(3}

The general form of F(Rg) follows rigorously from that of
V(Rc), and thus is universal, independent of the specific
reaction, as long as it involves an energy barrier. (For the
reverse reaction, R¢ would increase in the opposite direction
and the F(Rc) profile would be the negative of that in
Fig. 1.}

Figure 1 shows that the reaction force is initially domi-
nated by an increasingly retarding (negative) component, but
is eventually reversed by a developing driving (positive) one.
At the transition state, the two exactly balance. Afterwards,
the driving component becomes more and more dominant,
until another reversal occurs and the reaction force gradually
diminishes as the products are approached. Thus the F(Rc)
profile draws attention to the inflection points of V(R¢) as
marking transitions between different stages of a one-step
process.

It order to relate this general picture to the detailed evo-
lutions of some actual chemical reactions, we have computed
T(Re), F(Re), and several other properties for two intramo-
lecular proton transfers, Egs. (1) and (4),

A . @
HS-C c(s C<SH
The ¥(Rg) and F(Ry) profiles of reaction (4) are presented
in Fig, 2.

® 2004 American Institute of Physics
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FIG. 1. Potential energy V(R¢) and force F(Re) profiles along intrinsic
reaction coordinate of reaction (1),

Il. PROCEDURE

‘We shall follow the progress of reactions (1) and (4) in
terms of several computed properties, These will reflect the
changes occurring in {a) the systems’ charge distributions,
and (b) their capacities for electron transfer,

A. Molecular electrostatic potentials and related
properties

The electrostatic potential V(r) that is created at a point
r by the electrons and nuclei of a molecule is given by

vi=3 Zy f p(r')dr

T IR~ |r'—x]

5)

in which Z, is the charge on nucleus 4, located at R, and
p(r) is the molecule’s electronic density. ¥(r) is a physical
observable, which can be determined experimentally by dif-
fraction techniques,>® as well as computationally. Its sign in
any region of space depends upon whether the positive con-
tribution of the nuclei or the negative one of the electrons is
dominant there,

The molecular electrostatic potential has, for several de-
cades, been recognized as an effective means of analyzing

Intramolecular proton transfer 45171
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FIG. 2. Potential energy F{Rg) and force F(Rg) profiles along intrinsic
reaction coordinate of reaction (4),

and interpreting molecular reactive behavior, particularly
noncovalent interactions.>™** For these purposes, V(ry is
frequently computed on the molecular “surface,” as defined
in some appropriate manner; we follow Bader ef al, in taking
this to be the 0.001 a.u. (electrons/bohr®) contour of p(r),'
which encompasses about 98% of the electronic charge.

The most negative values of the surface potential Vg(r),
i.e., the local minima, designated ¥ .., are generally asso-
ciated with the lone pairs of electronegative atoms, e.g., N,
O, F, Cl, etc.; the most positive, Vg, , are likely to be near
any hydrogens bonded to such atoms. Indeed, the magni-
tudes of Vg oy and Vg o, correlate with quantitative mea-
sures of hydrogen-bond-donating and -accepting tenden-
cies. )18

In recent years, it has been shown that a large number of
liquid, solution, and solid phase properties that depend upon
noncovalent interactions can be expressed analytically in
terms of certain statistical quantities that serve to character-
ize the molecular surface electrostatic potential. 192! we
shall invoke one of these, the average deviation of ¥¢(r), in
the present discussion; it is labeled II, and defined by
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12 -
= ;E IVS(ri)_ Vsl- (6)
i=1

The summation in Eq. (6} is over the point on a grid covering
the molecule’s surface. V is the average of Vg(x),

- 12
VS:E:Z V(ry). (7

I1 is interpreted as a measure of the internal charge separa-
tion in a molecule, which is present even when the dipole
moment is zero due to symmetry, as in BF;, CO,, 1,3,5-
trinitro-benzene, etc.; it correlates with various empirical
measures of polarity.22%

B. The Fukui function

Another guide to molecular reactivity that is also related
directly to the overall charge distribution is the Fukui func-
tion, (r),***

F)
f(r)=( ’;1(:,')) :
v(r)

In Eq. (8), N is the number of electrons and #{r) is the ex-
ternal potential, which would normally be that due to the
snuclei. Due to the discontinuous nature of the derivative in
Eg. (8),% it can have three values at any point N =Ny, 2
each of which is viewed as an index of a type of reactivity.
Our interest is in f~(r), which corresponds to approaching

®
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FIG. 4. () Variation of Pgp, for oxygen Oy {proton donor) and sulfur S,
(proton acceptor) along intrinsic reaction coordinate of reaction (1). (b)
Vatiation of Vg, for proton being transferred in reaction (1)

from the side No— & and is taken to be a measure of reactiv-
ity toward electrophiles (such as a proton). A common ap-
proximation is*%*

= promolr)s ©

where puomo(r) is the electronic density in the highest oc-
cupied molecular orbital. Equation (9) establishes a link with
Fukui’s frontier orbital theory of reactivity.”’ In applying
£ (x) to analyze reactive behavior, it is often “condensed”
to contributions from the individual atoms,” by partition-
ing promo(¥) among them; this can be done by Mulliken’s
population analysis®® (as in this work) or by some other
procedure.

C. Average local ionization energy

A somewhat different approach is in terms of the average
local ionization energy I(r), defined originally within the
framework of Hartree-Fock theory by™

(10)
in which p;(r) and e are, respectively, the electronic density

and the energy of the ith occupied atomic or molecular or-
bital. With the support of Koopmans’ theorem,*® which pro-
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reaction (4). Vg qi, for the donor sulfur cannot be separately identified dur-
ing the latter portion of the reaction due to overlapping with ¥5(r) of the
nearby oxygen. (b) Variation of ¥'5,max for proton being transferred in reac-
tion (4),

vides some justification for treating the |€&] as the electrons’
ionization potentials, we interpret J (r) as the average energy
required to remove an electron at any point r in the neigh-
borhood of an atom or molecuie. 7(r) focuses upon the point
in space, not upon a specific orbital.

Earlier work has shown that I(r) is related to some im-
portant features of atoms and molecules, including shell
structure,* local' polarizability,*>* local temperature,’’ and
bond strain.’® More relevant in the present context is that
T (r) has proven to be an effective guide to reactivity toward
electrophiles. For this purpose, we compute it on the 0.001
a.u. molecular surface and look for its lowest values, 7, S,min s
these indicate the sites of the most reactive electrons, most
easily transferable to an electrophile. J s.min l1ave been suc-
cessful in predicting the activating and directing effects of
benzene substituents,”?? reactive sites on various organic
molecules, including the nucleotide bases,’®*! and pK, and
proton affinities.**? It has been demonstrated that fs_m{n ob-
tained by Kohn-Sham density functional calculations arc as
reliable as the Hartree-Fock,*

For processes that involve electrophilic attack and some
degree of charge transfer, ¥g(r) and J¢(r) complement ¢ach
other guite effectively: ¥¢(r) shows where an approaching

Intramelecular proton transfer 4573
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FIG. 6, Veriation of Fukui functions for the proton donor and acceptor
atoms, indicated by subscripts, in reactions {1), at top, and (4), at bottom.

electrophile will initially be attracted, and T4(r) indicates
how available are the electrons at these and other sites. This
complementarity has been discussed in detail elsewhere.?!

D. Computational approach

The B3LYP/6-311G** procedure was used for the ge-
ometry optimizations, the potential energy and force profiles,
and the Fukui functions. The electrostatic potentials and ay-
erage local ionization energies on the molecular surfaces
were calculated at the B3LYP/6-31G* level,

lll. RESULTS

The key points along the intrinsic reaction coordinate in
terms of which reactions (1) and (4) will be analyzed are the
minimum and maximum of F(R¢) and the transition state,
where F(R¢) =0, For reaction (1), the minimum and maxi-
mum are at —0.60 and +0.60, respectively, on the R axis;
for reaction (4), the corresponding points are —1.00 and
+1.19. (These values reflect the near symmetry of V(Rc) for
each of these two reactions,) The transition states are at

Rc=0.
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We look first at a property of the whole system, II,
which we interpret as indicative of internal charge separa-
tion, Its variations through the course of the two reactions are
shown in Fig. 3. Particularly interesting is that each II(R¢)
curve has a minimum at essentially Ro=0. In terms of this
criterion, therefore, the most balanced internal charge distri-
butions are found in the transition states.

In order to examine this in greater detail, we consider
next the molecular surface electrostatic potentials Vg(r) as-
sociated with the key atoms involved in these proton trans-
fers. In both reactants and both products, there are local
minima, g i, near the oxygens and sulfurs, and local
maxima, Vg ., near the labile protons. The variations of
the Vg ., during the course of the reactions are depicted in
Figs. 4(2) and 5(a). (Figure 5(a) shows Vg i, only for the
acceptor sulfur in reaction (4); V(rx) of the donor blends
together with that of the nearby oxygen as the transfer
progresses, and the donor Vg ., can then no longer be iden-
tified.) In each instance, the atom losing the proton goes
from less to more negative, while the one receiving it does
the opposite. What is significant, however, is the general pat-
tern of these changes: initially very slow and gradual, fol-
lowed by a sudden and rapid large increase or decrease, and
then again slow and gradual. Figures 4(a) and 5(a) are indeed
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FIG. 8. (a) Vardation of 7, s, for the sulfur that donates the proton (8,) and
the sulfur that accepts it (S,) in reaction (4). (b} Variation of I ,, for proton
being transferred in reaction (4).

somewhat reminiscent of titration curves in analytical chem-
istry! What is significant is that the transitions between the
two types of changes—slow and gradual versus fast and
large—oceur at the values of R¢ comresponding to the
minima and maxima of F(R¢), i.e., the inflection points of
V(R¢). Mcanwhile, the Fg .. of the protons being trans-
ferred pass through minima at or very near the transition
states [Figs. 4(b) and 5(b)]. The resuitant of all of these fac-
tors is fully consistent with the overall charge distribution
being most balanced in the transition state. Finally, the Fukui
functions f~ for the oxygen and sulfurs (Fig. 6) are essen-
tially the mirror images of the respective Vg, [Figs. 4(a}
and 5(a)].

Proceeding now to the energetics of electron transfer to
or from the proton, Figs. 7 and 8 show the variation of the
average local ionization energies Ig,, on the atoms partici-
pating in the proton transfer. (The respective atoms’ portions
of the molecular surfaces were determined by the segmental
analysis procedure of Brinck ef al.*’) The fS.av profiles for
the donor and acceptor atoms, Figs. 7(2) and 8(a), are overall
analogous to those of their Vg pin, the donors® Iy ,, decreas-
ing and the acceptors’ increasing. These parallels between
¥ s, min and f_g,m, can be understood by recognizing that as an
atom becomes more negative, its highest-energy electron is
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Reactant Transition State

Force Minimua:

FIG. 9, Structure of system at key points along intrinsic reaction coordinate
of reaction (1). The dark circle represents the oxygen Oy {proton donor), The
key computed distances involving the proton, Oy and S, (proton acecptor)
are as follows: reactant, 0,-H=0.972 A; force minimum, OpH=0.979 A;
transition state, O,-H=1.366 A, 5,-H=1.669 A; force maximum, O4H
=1.568 A, 5,-H=1.520 A; product, S,-H=1,344 A,

Iess tightly held, and vice versa. The curves are again titra-
tionlike, with the transitions between regions of slow,
gradual, and fast, large change being at the minima and
maxima of F(R¢). The hydrogen I, s av complete the analogy
by having minima at the transition states, Figs. 7(b} and 8(b),
which is where the hydrogens being transferred have the
fowest Vg oy

IV. DISCUSSION AND SUMMARY

The manner in which these computed properties vary as
the reactions progress fully complements the reaction force
profiles in emphasizing the special significance of the inflec-
tion points of V(R¢), which are the minimum and maximum
of F(Rc), and the maximum of V(R¢), which is the zero of
F(Rc). Figures 9 and 10 show the structures of each system
at the key points along the intrinsic reaction coordinate. The
initial phase of each proton transfer is primarily a rotation of
the donor-H bond toward the acceptor, coupled with a slight
stretching of the former; these are opposed by an increasing
retarding force, At the F(Re) minimumn, this begins to be
countered by the growing attraction of the proton to the elec-
tronic charge of the acceptor. As the proton moves more into
the domain of the acceptor, ¥y, of the latter rapidly be-
comes less negative, while that of the denor does the oppo-
site. Meanwhile, ¥ ... of the proton, which is now influ-
enced by both the donor and the acceptor electrons, reaches
its least positive value at the transition state. The F(R¢)
maximum corresponds basically to a stretched and rotated
acceptor-H bond; thereafter the driving force toward the
equilibrivm product structure decreases as the bond becomes
shorter and moves to its equilibrium angle.

4575

Intramalecular proton transfer

Foree Minimum

FIG. 10. Structure of system at key points along intrinsic reaction coordi-
nate of reaction (4). The proton donor sulfur S, is at the right. The key
computed distances involving the proton, S; and S, (proton acceptor) are as
follows: reactant, 8,-H=1.355 A; force minimum, S;-H= 1471 A; iransi-
fion state, S,-H=17204, S,-H=16%94A; force maximum, Si-H
=2000 A, S,-H=1.452 A; product, S,-H=1.356 A.

An interesting concept that emerges from the analysis
that has been presented is that, at least in some respects, the
transition state is one of maximum balance (despite being
energetically the least stable). This is true in terms of both
the internal charge distribution and the reaction force,
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