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A mis Padres

Jorge y Maria

“La mayoria de las ideas fundamentales de la ciencia son esen-

cialmente sencillas y, por regla general pueden ser expresadas en un

lenguaje comprensible para todos.”

Albert Einstein (1879-1955)

iii




Tabla de Contenidos

Tabla de Contenidos iv

Lista de Tablas viii

Lista de Figuras xi

Abstract XV

Resumen xvii

Agradecimientos Xix

1 Introduccion 1

Referencias 13
2 Moléculas y Clusters de Cobre:
Principios de Maxima Dureza y

Minima Polarizabilidad 16

91 TntroduCCiOn . + « v v o v v e e e e e e e e e e e 17

9.2 APlCACIONES . . . o v v o v v e e 18

291 Detalles Computacionales . . . . . ... v oo 18

2992 Resultados y Discusion . . . . .« o v o v v 19

99291 Sistemas Moleculares: Modos Vibracionales . . . . . 19

92992 Sistemas Moleculares: Rotaclones Internas . . . . . . 22

99923 Clustersde Cobre. . . . . . v oo v o v oo 23

2.2.9.38.1 Clusters de Cobre: Estructura. .. ... .. 25

299392 Clusters de Cobre: Estabilidad. . . . . ... 26

99933 Clusters de Cobre: Propiedades Electronicas. 30

iv




92934 Clusters de Cobre: Descriptores de Reactivi-

dad, . . e e e e e e e e e e 32
93 CONCIUSIONES . + + v v v v o v o n s e m e s 39
Referencias 41

3 Caracterizacién de Reacciones
Quimicas a partir de Conceptos
Cl4sicos y Descriptores de

Reactividad 43
3.1 TmbrodUCCIOM . « v v o v v v v v e e e e e 44
3.2 Aspectos TeGTiCOs . .+« v v v v v v v 46
3.2.1 Procesos de Isomerizacién Rotacional . . . . .« . . v« o o 46
3.2.9 Reacciones de Transferencia. . . . . . . . .o v v v oo 48
3.2.3 Propiedades Electrénicas de Activacién . . .+ -« v - oo 49
324 Mecanismos de Reaccién . . . . o v oo oo e e 50

3.3 Aplicaciones: Isomerizacion Rotacional y Reacciones de Trans-
ferencia ProtOnica . . . .« v v v v i e 53
3.3.1 Detalles Computacionales . . . . ..o oo 53
3.3.9 Isomerizacién Rotacional de HXNX (X=0,8) .. ....... 53
33921 Indices de Reactividad.. . . . . .o« o v v oo s 54
3.3.22 Indices de Selectividad . . . . . .. -+ oo 57
3.3.3 Reacciones de Doble Transferencia Proténica . . . . .. . - 59
3331 Reaccionesde2TP . .. .. ... ..o 60
3.3.3.2 Relacién Entre los Procesos de Formacién y 2TP .. 63
3.3.3.3 Mecanismos de Reaccién de 2TP . .. ... ... .. 64
33.3.3.1 Perfilesde Reacciédn . . . . . ... ... .. 64
3.3.3.3.2 PerfilesdeFuerza . . . .« . v oo 66
33.3.3.3 Naturaleza de las Barreras de Energia de 2T 68
34 ConClUSIONES . + v v o« v v v v cm e 72
Referencias 74

4 Reacciones de Formacion:

Principio de Sanderson 76
A1 TobrodUCCIOI . « « v v v v oo m v e e 7
4.2 Aspectos TeOIiCoS . . « v« v o v o o e e 78
421 Energa de Formacién: Moléculas y Agregados Moleculares 78
4.2.2 Principio de Sanderson: {5, MY 7Y « ¢ - - - st 79




43 Aplicaciones: Reacciones de Formacién . . ... ...«
4.3.1 Detalles Computacionales . . . .. . ..o oo
432 Resultadosy Discusion . . . . . . v oo oo e e

4.32.1 EnerglasdeEnlaces . . ... ...
43211 Energias de enlaces C-X (X=0,5).. . - . .
48.2.1.2 Energlas de Enlaces de Hidrogeno H.--X

(XK= 0,8). o o v oo
439.1.3 Constantes de Fuerza (k) y Energias de En-

laces de Hidrégeno. . . . . . .« .« o o -

4.3.2.2 Descriptores Electrénicos . . . . . . .o oo e

4.3.22.1 Potencial Quimico Electronico. . .. ... .

43222 Dureza Molecular. . ... ... ... ...

43223 Relacién entre Energia y Dureza. . . . . ..

4.3.2.9.4 Polarizabilidad de Sistemas con Enlaces de

Hidrégeno. . . . .« v o oo v oo

43225 Derivada de la Dureza, y. . . . .. . .. .-

43226 Nuevo Esquema de Aditividad para 2y 7. -

A4 ConClUSIONES . + « v v o v v e e e e e
Referencias

5 Formacion de Clusters de Cobre:
Datos Experimentales de Energias
de Enlaces y Descriptores de

Reactividad
5.1 IOEFOQUCCION .« o « v v v v v o v e e e e e
5.2 Aspectos TeGTICOS . . o o v v o v v v oo e
5.2.1 Reacciones de Formacién de Clusters de Cobre . . .......
5.3 Resultados y Discusién . . . . - o v v v v v o e
5.3.1 Energfas de Enlace, Potenciales de Ionizacién y Afinidades Elec-
EFGICAS « o v o e e n e e e e e e e e e e e

5.3.1.1 Dependencia de PI 'y AE con el Tamafio del Cluster
5.3.2 Propiedades Electrénicas Globales . . . . .. .. oo

53.2.1 Potencial Quimico y Transferencia de Carga.. . . . .
5.3.2.2 Dureza Quimica . . .. . ..o
5.3.2.3 Indice de Electrofilia . . . . . .« oo o oo e
53.24 Bfectos de Relajacién . . . . . . .o oo v v oo
533 Racionalizacién de las reacciones de crecimiento en una repre-
sentacion {g, 1, B} -« oo

vi

102

104




5.3.4 Modelo para la Energiade Enlace . . . ... ... ....... 122

84 Conclusiones. . . . . . . . . ... 125
Referencias 127
Conclusiones Generales 129

Anexos 131
A Vibraciones Moleculares 132
B Rotaciones Internas 134
C Paublicaciones 135

vii




Indice de Tablas

2.1

2.2

2.3

2.4

3.1

3.2

3.3

Longitud de enlace promedio Cu—Cu (< roy—cu >, A), nimero de
coordinacién promedio (NC') y frecuencia arménica de mayor energia
(Vmazyem™ ) de Cip. + v o v v o v 25
Energia total (ua) de la estructuras optimizadas a nivel de teoria
B3PWO1/LANL2DZ de clusters de Cu,, (n =1-9); energia de ato-
mizacién (BE) y energia de cohesién (BE/n) (eneV). . . ... ... 27
Potenciales de ionizacién verticales y afinidades electrénicas para Cuy,.
Todos los valoresestdneneV. . . . .. .. .. ... ... ... 30
Polarizabilidad dipolar promedio (< a >), polarizabilidad promedio
por dtomo (< « > /m), y anisotropia del tensor de polarizabilidad

(|Aa]) de clusters de cobre. Todos los valores esténen na. . . . . . . 35

Pardmetros globales de reactividad de los puntos estacionarios para

la reaccién de isomerizacion de HONO y HSNS. La primera entrada

de datos corresponde a resultados obtenidos mediante calculos RHF
mientras que la segunda presenta resultados TFD(B3LYP). (E, < a >

and o, estdn en ua; gy 1 en eV; MD esta en Debye). . . ... ... 55
Propiedades de Activacién de la reaccién de isomerizacién de HONO

and HSNS. Todos los valores estédn en keal/mol. . . . . . ... .. .. 57
Propiedades energéticas y estructurales para reacciones de 2TP obtenidas
mediante cdlculos RHF/6-311G*™. . . .. . . ... ... ... ..... 61

viil




3.4

4.1

4.2

4.3

4.4

4.5

4.6

4.7

5.1

9.2

5.3

Propiedades electrénicas para reacciones de 2TP obtenidas mediante
calculos RHF/6-311G™. . . . . . . ... ... ... . ...

Energia, potencial quimico y dureza para las estructuras optimizadas
de fragmentos radicalarios determinados a un nivel de teoria ab initio
UHF/6-311G**. Todos los valores estdnen wa. . . . . . ... ... ..
Energias totales y de reaccién en procesos de formacién de sistemas
moleculares a nivel RHF/6-311G**. Todos los valores estdn en ua. . .
Energias de enlaces de hidrégeno de agregados bimoleculares (AFs =
E- B3 AEY =Y 3 E(H---X); ABY) = Yy B(X — H---Y)) .
Todos los valores estdn en wa. . . . . . . . . . . ... ...
Propiedades electrénicas calculadas y estimadas de moléculas y agre-
gados bimoleculares, ¢ y  fueron obtenidos mediante cdlculos RHF/6-
311G™, u? ;1 T oY T ; fueron estimados mediante las ecuaciones (4.2),
(4.3), y (4.4) respectivamente. Todos los valores estan en ua. . . . . .
Comparacion de valores de durezas determinados a través de diferentes
métodos. 7 es el valor ab initio de referencia; las ecuaciones (4.3), (4.5)
y {4.6) son aplicadas con ny = 2. Todos los valores estdn en ua.

Polarizabilidades calculadas y estimadas para moléculas y agregados
bimoleculares. Todos los valoresestdnen ua. . . . . . . ... ... ..
Comparacién de durezas moleculares de agregados bimoleculares deter-
minadas a partir de diferentes esquemas de adicién. Todos los valores

ESEATL 11 UG « + + v v o e e e e e e e e e e e e e e e e e e e e e

Valores experimentales de energias de enlaces para Cu,, (n=2-9). To-
dos los valores esténeneV. . ... ... ... ... 0oL
Valores experimentales de potenciales de ionizacién y afinidades elec-
trénicas para Cu, (n=1-9). Todos los valores estdn eneV. . ... ..
Potencial quimico, dureza quimica e indice de electrofilia para Chu,

(n=1-9). Todos los valoresestdneneV.. . . . . . ... ... .. ...

63

81

82

86

89




9.4

Al

A2

B.1

Estimacién de la transferencia de carga electrénica (AN) asociada a la
formacion de clusters neutros de cobre y sus contribuciones en términos
de (Juz — y]) and (n, + n,). Méxima carga electrénica (ANpq,) que

puede ser adquirida por clustersdecobre. . .. ... ... ... ... 116

Energia Total (E), Dureza Molecular () y Polarizabilidad (o) obtenidas

a través de cédlculos Hartree—Fock (TFD/B3LYP) para modos vibra-
cionales en HyS. Todos los valores estan en ua. ® Célculos con bases
6-311G** y ® con bases de Sadlej. ¢ denota que la distorsién es en A.

4 yalores en la geometria de equilibrio. . . . .. ... ... ... ... 132
Energia Total (E), Dureza Molecular (57) y Polarizabilidad (o) obtenidas

a través de cdleulos Hartree—Fock (TFD/B3LYP) para modos vibra-
cionales en HyO. Todos los valores estdn en ua. ¢ Calculos con bases
6-311G** y ® con bases de Sadlej. ¢ denota que la distorsién es en A.

4 valores en la geometria de equilibrio. . . ... ... ......... 133

Energia Total (E), Dureza Molecular (n) y Polarizabilidad (o) obtenidas
a través de cdlculos Hartree—Fock (TFD/B3LYP) para isémeros con-

formacionales. Todos los valores estan en ua. 2 Calculos con bases
6-311G* ybconbasesde Sadlej. . . ... ... ... .. .. .. ... 134



Indice de Figuras

1.1

2.1

2.2

2.3

24

2.5

Modelo de superficie de energia potencial. . . ... ... .......

Distorsiones asimétricas de amoniaco: perfiles de energia y polarizabi-
lidad (a), perfiles de dureza y polarizabilidad (b) para distorsiones en
la distancia de enlace N-H; perfiles de energia y polarizabilidad (c),
perfiles de dureza y polarizabilidad (d) para distorsiones en el dngulo
de enlace H-N-H. Todos los valores estdn en unidades atémicas (ua)
y fueron obtenidos mediante cdleulos RHF/6-311G*. . .. ... ...
Distorsiones simétricas de amoniaco: perfiles de energia y polarizabili-
dad (a), dureza y polarizabilidad (b) para distorsiones en la distancia
de enlace N-H; perfiles de energia y polarizabilidad (c), perfiles de
dureza y polarizabilidad (d) para distorsiones en ¢l dngulo de enlace
H-N-H. Todos los valores estan en ua y fueron obtenidos mediante
cdleulos RHE/6-311G*™. . . . . .. . .. . . i
Rotacién interna en HoOsq: perfiles de energia y polarizabilidad (a),
perfiles de dureza y polarizabilidad (b). Todos los valores estdn en ua
y fueron obtenidos mediante cdlculos RHF/6-311G*. . . . ... ...
BEstructuras de los estados fundamentales de clusters de cobre neutros,
Cu, (n=2-9). . . . . e
Dependencia de la longitud de enlace promedio (< rgy_cy >) con el

tamano del cluster. . . . . . . . . L e e e e e e e e

xi

20

21

23




2.6

2.7
2.8

2.9

2.10

2.11

3.1
3.2

3.3

3.4

3.5
3.6

Energias de enlace experimentales (CID) y tedricas (BE) en funcién
del tamafiodel cluster. . . . . . . .. ... .. o
Ao E en funciéon del tamaiio del cluster. . . . . . . . .. ... .. ...
Comparacién de potenciales de ionizacion experimentales y tedricos a lo
largo de la serie C'u,, (n=1-9): (a) PI teédricos desde un procedimiento
ASCF (r=0.96); (b) PI teéricos calculados desde la energfa del HOMO
mediante el teorema de Koopmans (r=0.93). . . .. ... ... ....
(a) Potencial quimico, (b) dureza quimica, y (c) indice de electrofilia
en funcién del tamafio del cluster. [PFTEA) = — o —; PleaP) = _ o —;
PEL — & P=pw] oo oo
(a) Polarizabilidad calculada {(r=0.99), (b) polarizabilidad por dtomo
(r=0.96), vy (c) anisotropia de la polarizabilidad como funcién del
tamafio del cluster. . . . . . . ... L e
Correlacién entre energia de enlace por atomo y polarizabilidad por

dtomo a lo largo de la serie (n=1-9; r=-0.97). . .. ... ... . ...

Esquema del proceso de isomerizacién rotacional. . . . . ... .. ..
Representacion de la reaccién conformacional en moléculas del tipo
HXNX (X=0,3). . o oot e e
Perfiles cualitativos de propiedades globales de reactividad a lo largo
del dngulo de torsién de HONO (a) y HSNS (b) obtenidos mediante
caleulos RHEF/6-311G*™. . . .. . .. .. ... . o
Perfiles cualitativos de propiedades locales de selectividad a lo largo
del 4ngulo de torsién de HO;-N=0, (a) y HS;-N=S; (b) obtenidos
mediante cdlculos RHF/6-311G**. . . . . . ... ... ... ......
Esquema de las reacciones de doble transferencia protonica.. . . . . .
Correlacién entre la barrera energética para la transferencia proténica

(AV#) y la energia de formacién del agregado (AEp) . . . . .. ...

xi

28
29

31

33

36

38

46

54

o6

o8
29




3.7

3.8

3.9

3.10

4.1

4.2

4.3

4.4

Perfiles de energia, potencial quimico, dureza molecular y polarizabi-
lidad a lo largo del IRC para la reaccién de 2TP en dimeros de 4cido
férmico (a) y ditioférmico (b). . . . ... ... o L L.
Perfiles de fuerza a lo largo del IRC para dimeros de dcido férmico (a)
y ditioférmico (b). . . . . . . .. e .
Perfiles a lo largo del IRC de poblaciones electronicas especificas para
dimeros de dcido férmico (a) y ditioférmico (b). pp_g ¥ pg...a co-
rresponde a la poblacién electrénica en regiones que estdn definidas
enfre el dtomo de hidrégeno y los centro dador (D) y aceptor (A),
respectivamente. . . . . . . . . . ... L e e e e
Correlacién entre las barrera energética 2TP con: (a) polarizabilidad

de activacién y (b) el pardmetro o para el andlisis HSAB local. Los

diferentes complejos son identificados por su nimero total de electrones. 70

Esquema del proceso de formacion de agregados bimoleculares del tipo
HCX-YH---HCX-YH (X,Y= 0,S) a partir de (a) 2 fragmentos mole-
culares del tipo HCX-YH (X,Y= 0,3), ¥ (b) 4 fragmentos radicalarios
del tipo HCX(Y) y HYX) (X,Y=0,8). ... .. ... ... .....
Correlacién entre energias de enlaces de hidrégeno y constantes de
fuerzas de agregados bimoleculares identificados por el niimero de elec-
trones (a). Valores promedios de AF, y k en sistemas que presentan
igual nimero de electrones (b). . . . . ... ... oo L.
Correlacién entre energias de enlaces y durezas de los productos deter-
minados a partir de la aproximacién de Sanderson con (a) ny =2y
(b) ny = 4. (c) y (d) considera los valores promedios para sistemas
que tienen igual nimero de electrones en los paneles (a) y (b).. . . .
(a) Correlacién entre durezas y constantes de fuerzas de agregados bi-

moleculares. (b) Correlacién entre #;,  versus k usando valores prome-

dios para sistemas que presentan igual nimero de electrones. . . . . .

92




4.5

4.6

9.1

5.2

9.3

5.4

Representacion de las energias de reaccién con: (a) la polarizabilidad
de reaccién definida como Aay = a(producto) — Y, a2, (b) la polari-
zabilidad de reaccién definida como Aag = a(producto) — (3-_a2)/ny,
y (c) la polarizabilidad de los agregados bimoleculares mediante la
ecuacién (4.7). Todos los valoresesténen ua. . ... ... ... ...
Comparacién de potenciales quimicos determinados a través de las

ecuaciones (4.2) y (4.10). Todos los valores estdn en uwa. . . . . . . . .

Valores experimentales de PI y AF para Cu, como una funcién del
tamano del cluster. Todos los valores estaneneV. . . . . . .. .. ..
(a) Valores experimentales de ppy n y (b) dependencia de i como una
funcién del tamano del cluster. . . . . . . .. ... o oL
Relacién entre energia de enlace y variacion de dureza quimica en rea-
cciones de crecimientode Cupn. . v v v v v v v v v e e e e e e e e
Energia de enlace como una funcién del tamafio del cluster predicha
por la Ec. (5.13). El extracto de esta Figura permite comparar con

valores experimentales entregados en la Tabla 5.1. . . . . .. .. ...

96

99

113

117

122

124




Abstract

Potential energy surface is a key concept in the application of electronic structure
methods to the study of molecular structure, properties and reactivities, however its
determination imply a high computational cost. The aim of this work is fo apply
the concepts and principles based upon Density Functional Theory to the study of
molecules, chemical reactions and copper clusters and to propose theoretical models
of chemical reactivity from the calculation of specific portions of the potential energy

surface.

It is shown that principles of chemical reactivity and descriptors based on DFT are
operative for characterizing and rationalizing the electronic properties of molecular
systems and reactions. The conceptual classical model in which a reaction proceeds
from one energy minimum to another via an infermediate maximum, together with
the Principles of Maximun Hardness and Minimum Polarizability provide the nec-
essary elements to discuss the activation and relaxation processes in terms of the

activation chemical potential and chemical hardness.

On the other hand the Sanderson’s geometric equalization principle for electronega-
tivity has been used to derive expressions for molecular hardness and its derivative,
in this context, a new scheme for obtaining molecular properties from the isolated
fragments is proposed with results that are in excellent agreement with others addi-

tion schemes.
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paal

The formation reactions of copper clusters have been studied from the available ex-
perimental data of binding energy and DFT—descriptors and very useful relationship
between energy and electronic properties are proposed to characterize the growth

pattern of copper clusters.




Resumen

El concepto de superficie de energia potencial es clave en la aplicacién de métodos
de estructura electrénica al estudio de estructuras moleculares, propiedades y reac-
tividades, sin embargo su determinacién implica un alto costo computacional. El
objetivo de este trabajo es aplicar los conceptos y principios que estdn basados en la
Teoria Funcional de la Densidad al estudio de moléculas, reacciones quimicas y clus-
ters de cobre y proponer modelos tedricos de reactividad quimica a partir del cdlculo

de porciones especificas de la superficie de energia potencial.

Es mostrado que los principios de reactividad quimica y descriptores basados sobre
la TEFD son de utilidad para caracterizar y racionalizar propiedades electrénicas de
sistemas moleculares y reacciones quimicas. El modelo conceptual cldsico que procede
a partir de un minimo de energia a otro via un intermediario cuya energia es méxima
junto a los Principios de Maxima Dureza y Minima Polarizabilidad proveen los ele-
mentos necesarios para discutir los procesos de activacion y relajacién en términos de

potencial quimico y dureza quimica de activacion.

Por otra parte, el principio del promedio geométrico de la electronegatividad de
Sanderson’s ha sido utilizado como base para derivar expresiones para dureza mo-
lecular y su derivada, en este contexto, se ha propuesto un nuevo esquemsa para

obtener propiedades moleculares a partir de fragmentos aislados con resultados que

estdn en excelente acuerdo con otros esquemas de aditividad.




xviil

Las reacciones de formacién de clusters de cobre han sido estudiadas a partir de datos
experimentales de energias de enlace y propiedades electrénicas y descriptores-TFD
y se han propuesto relaciones entre energia y propiedades electrénicas que son de gran

utilidad para caracterizar patrones de crecimiento de clusters de cobre.
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Capitulo 1

Introduccion

Desde un punto de vista computacional, muchos aspectos de la quimica se reducen
basicamente a preguntas cuyas respuestas provienen de la superficie de energia poten-
cial (SEP), en la Figura 1 se presenta un modelo de superficie de energia como una
funcién de la geometria molecular donde se indican algunas propiedades que son de in-
terés para caracterizar diferentes aspectos de los sistemas moleculares, tales como, es-
tabilidad, reactividad, selectividad, canales de reaccion, propiedades eléctricas, como
también informacién de tipo espectroscépica [1]. Sin embargo la determinacién de la
SEP se encuentra limitada por el nimero de atomos v de grados de libertad que se
generan principalmente por el creciente costo computacional. Desde esta perspectiva,
la comprensién de la estructura y propiedades electrénicas de sistemas moleculares
permiten establecer modelos y mecanismos para representar reacciones quimicas en
términos de interacciones especificas, a partir de esta aproximacion es posible formu-
lar modelos tedricos tanto cualitativos como semi-cuantitativos que resultan ser de
bastante utilidad en la comprensién y prediccién de la reactividad que presentan los
sistemas moleculares evitando un estudio detallado de la SEP, o dicho de otra manera

considerando solamente porciones especificas de esta.
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Figura 1.1: Modelo de superficie de energia potencial.

En este contexto general, la Teorfa Funcional de la Densidad (TFD) [2-4] en las
uiltimas décadas ha llamado la atencidén como una aproximacion alternativa para la
descripcién mecano—cuéantica de la estructura electrénica como también de la dindmica
de dtomos, moléculas y sélidos [5-7]. La TFD de Hohenberg-Kohn-Sham [3,4] se basa
en la idea que la densidad electrénica (p(¥)) permite la descripeién completa del es-
tado fundamental de sistemas quimicos. Adicionalmente, esta teoria se ha convertido
en un marco tedrico 1til para el desarrollo de una teorfa de reactividad quimica, a
través de la definicién de cantidades de cardcter global, local y no-local las que son
denominadas funciones de respuestas, es decir, respuestas de propiedades de los sis-
temas quimicos, tal como, la energia (F) o la densidad electrénica (p(7)), a estimulos
externos, como por ejemplo, variaciones en el nimero de electrones (V) y/o en el
potencial debido a los nicleos v(7), permitiendo describir la quimica de los sistemas
moleculares [2,8-22]. La TFD ofrece un tremendo soporte conceptual de varios as-
pectos interpretativos de la quimica, esta rama de la teoria, que se concentra en la
definicién de conceptos y principios de relevancia quimica, es conocida como la TFD

Conceptual [14,22-27).




Dentro de este marco tedrico, la energia de un sistema de N electrones sujetos a un

potencial externo v(F) es expresada como un funcional iinico de la densidad electrénica

p(7),
Bipl = [ dror)e(@ + Flo (1.1)

donde F[p] es la funcional universal de la densidad electrénica y contiene las con-
tribuciones de la energia cinética de los electrones (T[p]) més la de repulsién inter-
electronica (Veefp]) [2,3]. La energia para un sistema con v(7) fijo es estacionaria para

la densidad real, la cudl se obtiene desde la solucion de la ecuacién de Euler-Lagrange:

_ 8Ejp]

8F[p]
HT T

v(F) + )’ (1.2)

donde p formalmente es un multiplicador de Lagrange que proviene de la normaliza-
cion en TFD

f dio() = N, (13)

y ha sido identificado con el potencial guimico de la nube electrénica. Desde esta
representacion, la reactividad quimica se explora a través de una expansién en series
de Taylor de la energia funcional en el contexto de cuatro representaciones basadas
en transformaciones de Legendre, donde varias de sus derivadas se asocian a un claro
significado quimico [2,27-29]. El siguiente esquema muestra todas las funciones de
respuestas hasta segundo orden en el contexto de la representacién para la energia de

un sistema molecular en un colectivo o ensamble canodnico.
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Las primeras derivadas, definen una propiedad global p que permite caracterizar a un
sistemas como un todo, y una cantidad local p(7) que varfa desde un punto a otro en
el sistema molecular. Por otra parte, a segundo orden ademaés se define una cantidad
de tipo no-local x(7,7’) que representa la variacién o respuesta de una propiedad

local en 7 debido a una perturbacién en 7 [12].

Conceptos y Principios Basados en la TFD.

Potencial Quimico Electrénico (i) y Electronegatividad (x).
Para un sistema de N—particulas con energia total F y potencial externo v(7), el

potencial quimico est4 definido como [8]:

oF
p=- (—) ==X, (1.4)
ON ] sy

nétese la analogia de esta definicién con el potencial quimico termodindmico. g es
una propiedad global y puede ser considerada como una medida de la tendencia de
escape de los electrones del sistema en equilibrio, elecirones fluirdn desde regiones de
alto potencial quimico hacia regiones de bajo potencial quimico, este flujo ocurrira
hasta que u sea constante a través de toda la molécula (%%. = [}). Noétese que la
electronegatividad es igual al negativo del potencial quimico, esta igualdad conecta la
TFD formal con conceptos clasicos en quimica. Desde esta relacién es posible calcular

clectronegatividades para dtomos, moléculas, fragmentos, clusters, etc. Para estimar




numéricamente esta derivada se ha hecho uso de la aproximacion de diferencias finitas
expresando g en término del potencial de ionizacién (PI) y la afinidad electrénica (AE)
[2,8], al invocar el teorema de Koopmans [30], se puede estimar, a partir de los valores
propios de los orbitales fronteras estableciendo la siguiente férmula operacional:

1
R —i(PI—]—AE) r —(eL +en). (1.5)

[ =

En general el valor conceptual de estas funciones de respuestas se aprecia en la for-
mulacién de principios de estructura elecirénica. En este caso p y x estan directa-
mente conectados al principio de equalizacion de la electronegatividad propuesto por
Sanderson en la década del 50, este establece que fodos los dtomos que constituyen
una molécula tienen igual valor de electronegatividad que viene dada por el promedio
geométrico de las electronegatividades de los dtomos aislados [31,32]. Este principio
ha sido la base para el desarrollo de esquemas computacionales orientados a obtener

cargas atémicas [33].
Concepto de Dureza Quimica (7). Los conceptos empiricos de dureza

y blandura propuestos por Pearson en la década del 60 [34] permiten racionalizar

reacciones de tipo 4cido base, en el marco de la TDF Parr y Pearson [9] han definido

1(82E) 1((9#)
1=5 (o) —3(e) (16)
2\0N%) . 2\0N/

1 es una propiedad de caracter global que mide la resistencia impuesta por el sis-

la dureza como:

tema para cambiar su distribucién electrénica, su férmula operacional se basa en

argumentos ya sefialados para y [2,9],

1 1
W’NVE(PI—AE)ﬁg(EL—EH). (17)

El inverso de 7 ha sido identificado como blandura molecular (S), y se ha mostrado

empirica y formalmente que esta propiedad se conecta con la polarizabilidad del




sistema quimico [35-39]

5= (1.8)

1
.
Estas definiciones han permitido establecer bases formales para los principios pro-
puestos por Pearson, el principio de dcidos y bases duros y blandos (HSAB) [40] y
el principio de méxima dureza (PMD) [41] los cuales son importantes gufas en la
caracterizacién de la reactividad qufmica. Mientras el primero de ellos establece que
la interaccién duro—duro y blando—blando es mas favorable tanto desde un punto de
vista termodindmico como cinético, el PMD indica que parece ser una regle de la
naturaleza que las moléculas en sus estados fundamentales tienden a ser tan duras

como seq posible [34].

Indice de Electrofilia (w). Este fndice ha sido recientemente propuesto por
Parr y col. [20] como la capacidad de un electréfilo para estabilizar una interaccién
covalente debida a un méaximo flujo electrénico en términos de p y 7
2

w= g—n (1.9)
Polarizabilidad («). Una caracterizacién completa de una funcién de onda de
N-particulas solo requiere N y v(7). La respuesta del sistema es medida por x y
7 en el caso que exista una perturbacién en N cuando v(F) se mantiene constante.
Mientras que la polarizabilidad (a) de un sistema puede ser considerada como una
propiedad que proporciona informacién de tipo global sobre el comporfamiento del
sisterna cuando v(F) es alterado a N constante. La definicién de o proviene desde
la expansién en serie de Taylor de la energia total en las componentes del campo

eléctrico uniforme ﬁ,
1
E=FE; -I-‘u,iF% — Ea,-jFij + .. (110)

donde E; es la energia en ausencia de campo eléctrico, el segundo término corresponde




al momento dipolar permanente:

oF
p,i = — ( _.) (1.11)
OF;/ o
mientras que el tensor de polarizabilidad corresponde a:
O?E
Qi =—\\ == y (112)
OF;0F; Fo

donde los subindices ¢ y § corresponden a coordenadas cartesianas z, ¥ y z. La canti-
dad experimental que se obtiene es la polarizabilidad isotrépica promedio, calculada

a partir de las componentes diagonales del tensor de a:
1 1
<a>= gtr(a) = g(amm + Qyy + ) (1.13)

Sobre la base de una relacién inversa entre 1 y « [38], Chatiaraj y Sengupta han
propuesto el principio de minima polarizabilidad (PMP), el cual establece que la di-
reccion natural de evolucion es hacia un estado de minima polarizabilidad [42]. El
PMP junto al PMD son principios de estructura electrénica ampliamente aceptados,
puesto que complementan el criterio de minima energia para la estabilidad de un
sistema molecular, ademas ha sido mostrado que un sistema molecular es més duro

y menos polarizable en su estado fundamental que en algin estado excitado [43].

Funcién de Fukui (f(¥)) y Blandura Local (s(7)). Por otra parte,

las respuestas respecto al potencial externo proporcionan informacién de tipo local,
es decir, respuestas que dependen de la posicién (7), estas son definidas como indices
de selectividad. Los descriptores locales como la funcién de Fukui (f(7)) [10] y blan-
dura local (s(7)) [11] son propiedades necesarias para explicar la selectividad en una
molécula. La funcién de Fukui (FF) estd definida como [10]:




en la ausencia de relajacién orbital esto se aproxima a la densidad de los orbitales
moleculares de frontera (HOMO y LUMO) permitiendo hacer un puente con la teorfa
de orbitales de frontera desarrollada por Fukui [44,45]. En acuerdo con la discon-

tinuidad que presentan las respuestas respecto a N se han definido tres tipos diferentes

de f(7):

770 = (%2). = lowia® — o) ~ o),
) = (%), ~ o) = pia )] pu() (1.15)

for) = sl + £~ ()

En un punto 7, f*(7) mide la reactividad hacia un ataque nucleofilico; f~ () mide la
reactividad hacia un ataque electrofilico y f°(7) mide la reactividad hacia un ataque
radicalario. La conexién con la teorfa de orbitales de fronteras se logra a través de las
densidades de los orbitales fronteras pz(7) ¥ pr(F) como lo indica la ecuacién (1.15).
Un valor alto para esta funcién en un dado sitio implicard una mayor reactividad
puesto que este sitio experimentard a un mayor cambio en el potencial quimico como
se establece en la ecuacion (1.14). La cuantificacidén de esta funcién de respuesta se
logra a través de esquemas de condensacién en regiones atémicas, asf la funcién de

Fukui puede ser escrita en términos de poblaciones electrénicas en un dtomo [46].

I = [ilona () — pn(P)dF = [gu(N + 1) — gu(N)],
fk_ = fk[pN(F) - PNwl(f')]sz [Qk(N) - Qk(N - 1)]: (1-16)
72 =35+ £l = San(N -+ 1) — q(V - 1))

En el marco de la aproximacién de core congelado, estas cantidades pueden ser con-
densadas considerando sélo las contribuciones de los orbitales de frontera sobre un

dado 4tomo, conduciendo a las sigulentes expresiones [47]:




f& = [ po(PdF = pg,
fe = Ji pu(P)dr = pf, (1.17)
fe =3[R + £ = slok + of),

donde pf y pif son las poblaciones electrénicas sobre el dtomo k asociadas a los
orbitales de fronteras LUMO y HOMO, respectivamente. La blandura local es definida

en términos de la funcién de Fukui y la blandura global como [11]:
s(f) = f(7}- S. (1.18)

De acuerdo a esta definicién se obtienen diferentes tipos de blandura local al igual
que para la FF, a partir de este descriptor local es posible establecer una versién local
del principio HSAB [48].

En la década del 60 Klopman [49] reporté un tratamiento general de reactividad
quimica v en él mostré que las interacciones del tipo duro-duro son predominante-
mente de naturaleza i6nica {0 a través del espacio) y por lo tanto controladas por
cargas mientras que las interacciones del tipo blando—blando son principalmente co-
valentes (0 a través del enlace) y por tanto controlada por orbitales fronteras. En
este dmbito estas cantidades electronicas en conexidén con principios de estructura
electrénica resultan interesantes a la hora de analizar el sifio de ataque preferido

como también el tipo de atagque por un reactivo.

Valencia Atémica (Vk) y Molecular (VM). Los procesos quimicos pro-
ducen cambios en la distribucion electrénica sobre diferentes regiones de la topologia
molecular, la FF al igual que la blandura local permiten medir esta redistribucion elec-
trénica en un dado centro atémico de una molécula. Complementario a estos indices

de reactividad de sitios, la valencia atémica (V) es una medida de la localizacién de
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la densidad electrénica en las regiones de enlaces asociada a un dtomo:

Vi=>_ D) DuDul, (1.19)

ek |ack bet

donde D, son elementos de la matriz de orden de enlace [50]. Vj es entonces una
medida del ntmero de enlaces covalentes del dtomo &k dentro de la molécula. Los
valores V}, son siempre muy cercanos al valor clasico de valencia del atomo %, con
fluctuaciones desde una molécula a otra [50-52]. Las desviaciones desde el valor
clasico son atribuidas al caracter i6nico de los enlaces formados por dtomos de dife-
Tentes electronegatividades. Siguiendo con la observacién de Klopman [49] sobre las
interacciones especificas, un centro reactivo con interacciones locales blando—blando
debe estar asociado con una valor minimo de.V; (una méxima desviacién desde su
valor cldsico) mientras que para interacciones duro—duro un valor méximo de Vi (una
minima desviacién desde su valencia clésica) es esperado. Entonces el andlisis de
la valencia atémica permite inferir acerca de la naturaleza de las interacciones in-

teratémicas.

La valencia molecular (I/M) es obienida como
2 )

y corresponde a una medida de los enlaces covalentes denfro de la molécula, una
molécula descrita por enlaces covalentes o levemente polares en su conformacion de
minima energia se espera que presente un valor maximo de Vy;. En este contexto se

ha propuesto el principio de méxima valencia molecular (PMVM) [51, 52].

Habiendo definido los pardmetros de reactividad y selectividad, resulta interesante
saber cémo estos pardmetros varian durante el progreso de un proceso fisico quimico
v ¢émo ellos entregan informacién que permiten comprender un evento quimico, este

es el sujeto principal de este trabajo de Tesis.
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En este trabajo de Tesis, nos hemos interesado principalmente en el estudio de
propiedades globales, como la energia (E) y propiedades electrénicas globales que de
ella se derivan como el potencial quimico electrénico y la dureza molecular. Ademds
nos ha interesado el estudio de propiedades electrénicas locales, como la densidad
electrénica (p(7)) y la funcién de Fukui (f(7)) asociada a un sitio o regién de la
topologia molecular, que estan implicadas en la selectividad que presentan los difer-

entes sitios de una molécula.

El estudio de estas propiedades y su nacionalizacién mediante reglas de reactividad
quimica como el Principio de Mdxima Dureza, Principio de Minima Polarizabili-
dad, Principio de Acidos y Bases Duros y Blandos y el Principio de Equalizacion de
Sanderson conduce a identificar los factores electrénicos que determinan las interac-
ciones entre varios componentes de un proceso quimico. En el presente trabajo de
Tesis hemos abordado el estudio y caracterizacién de diversas estructuras y procesos

quimico.

Este escrito estd organizado de la siguiente manera.

En el Capitulo 2 nuestra principal motivacién ha sido validar los descriptores y princi-
pios provenientes de la TED en el contexto de su aplicacion en el estudio de vibraciones
moleculares y rotaciones internas en moléculas sencillas. Con la idea de analizar el
rango de aplicabilidad de estos elementos hemos estudiado sistemas de una mayor

complejidad como los clusters o ciimulos de cobre.

En el Capitulo 3 nos centramos bésicamente en el estudio de reacciones quimicas
poniendo un mayor énfasis en la conexién de descripciones clisicas de reactividad con
los descriptores de la TFD, y cé6mo estos modelos permiten dilucidar los mecanismos
de reaccion e identificar la naturaleza de las interacciones especificas responsables de

las barreras de energia.
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En el Capitulo 4 avalados por el poder predictivo que presentan estos elementos de
analisis nos centramos en estimar estas propiedades desde fragmentos en el marco de
las reacciones de formacién principalmente basados en el principio de equalizacién de

Sanderson.

En el Capitulo 5 en acuerdo al éxito que presentan estos elementos en la racionaliza-
cion de resultados tedricos nos propusimos abordar estudios de formacién de clusters
de cobre con el objetivo principal de racionalizar resultados experimentales reciente-

mente reportados.

Finalmente en el Capitulo 6 indicamos las principales conclusiones de este trabajo de

Tesis.
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Capitulo 2

Moléculas y Clusters de Cobre:
Principios de Maxima Dureza y

Minima Polarizabilidad

Resumen

En este Capitulo se entregan resultados acerca de la caracterizacion de estructuras
quimicas en términos de conceptos y principios que provienen de la TFD. Se abordaran
sistemas moleculares sencillos en el contexto de vibraciones moleculares y rotaciones
internas, y sistemas de una mayor complejidad como son los clusters de cobre. En
ambos tipos de estructuras se encontré que los principios de maxima dureza y minima,
polarizabilidad son reglas que complementan el criterio de minima energia para la
estabilidad molecular. Por otra parte, estos elementos teéricos permiten caracterizar

y racionalizar propiedades electronicas en clusters de cobre.
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2.1 Introduccion

Los conceptos de electronegatividad (1] y dureza molecular [2] han sido de gran uti-
lidad e importancia en la racionalizacidn y prediccién de varios aspectos referentes
al enlace quimico y reactividad de moléculas. Estas cantidades electrénicas han sido
definidas en el Capitulo 1. Estos dos pardmetros esencialmente determinan la respues-
ta de un dtomo o molécula al cambio en N. Por otra parte, la polarizabilidad de una.
especie determina la respuesta debida al cambio del campo externo a N constante.
En literatura existen varios trabajos orientados a interrelacionar estos descriptores
electrdnicos, en este contexto, se ha establecido empiricamente una relacién inversa
entre dureza y polarizabilidad [3-5], y se ha determinado, que las condiciones de

méxima dureza y minima polarizabilidad se asocian a una mayor estabilidad [6-8].

En este Capitulo, nos centramos en verificar 1a validez de estos elementos de an4lisis en
la caracterizacién de estructuras moleculares que van desde simples moléculas hasta
agregados de cobre. Nuestra principal motivacién, ha sido probar que los descrip-
tores electrénicos son elementos de analisis vilidos que complementan la descripcién
clasica de estructuras moleculares {constantes de fuerzas, energias de enlace, etc.), y

que, pueden proporcionar criterios alternativos de estabilidad molecular.

La caracterizacién de las estructuras de moléculas simples la hemos desarrollado en
el contexto de vibraciones moleculares a través del anélisis a lo largo de los modos
normales de vibracién, y del andlisis de isémeros conformacionales a lo largo de un
modo torsional. Para este propdsito calculamos pardmetros de reactividad (x, ny a) a
través de métodos ab initio SCF en el contexto de vibraciones moleculares y rotaciones
internas. Hemos investigado distorsiones simétricas y asimétricas en amoniaco (NHj),
sulfuro de hidrégeno (H,S) y agua (H20) a lo largo de direcciones especificadas por las
coordenadas de simetria vibracional. El proceso de isomerizacién rotacional ha sido
caracterizado a lo largo del dngulo de torsién investigando los diferentes conférmeros
rotacionales de sistemas moleculares del tipo HXYH (X,Y=0,S}; HXNY (X,Y=0,S)
y etileno (CH,=CH,) [8].
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La caracterizacién de agregados de cobre (Cuy,; n=1-9) ha sido llevada ha cabo a
través de sus propiedades estructurales, energéticas y descriptores de reactividad (1,

7, w ¥y @) como funcién del niimero de dtomos que forman el agregado metalico [9].

2.2 Aplicaciones

2.2.1 Detalles Computacionales

El potencial quimico electrénico, la dureza molecular y la polarizabilidad son estima-

dos a través de las férmulas operacionales entregadas en el Capftulo 1.

Sistemas Moleculares. Potencial quimico y dureza molecular fueron calculados
a través de las ecuaciones (1.5) y (1.7) a partir de los valores de energfas de los or-
bitales fronteras las que fueron obtenidas a través de calculos ab initio a nivel de teoria
Hartree—Fock'y TFD mediante el modelo BLYP [10,11], con un set de funciones bases
estdndar 6-311G** implementadas en el paquete de programas Gaussian 94 [12]. En
adicion a estos calculos, la polarizabilidad fue estimada a través de la base de Sadlej,

la cual es més adecuada para reproducir propiedades moleculares eléctricas [13].

clusters de Cobre. Los cdlculos de estructura electronica para clusters de cobre
requieren el tratamiento de la correlacion electrémica, en este contexto, los métodos
TFD son la mejor alternativa computacional. En este estudio se utilizé el modelo
hibrido B3PW91 para el funcional de intercambio (B3) [10] y correlacién (PW91) [14]
combinado con el esquema de potenciales de core efectivo (LANL2DZ) [15]. Todos
los célculos de optimizacién de geometrias y andlisis vibracional fueron realizados en

el paquete de programas Gaussian 98 [16].
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2.2.2 Resultados y Discusién

2.2,2.1 Sistemas Moleculares: Modos Vibracionales

Los resultados que se discuten en los siguientes parrafos estdn contenidos en el
articulo, referencia [8], que se adjunta en un anexo al final de esta Tesis. Ei pro-
cedimiento general que seguimos para caracterizar sistemas moleculares a través de
sus vibraciones moleculares fue comenzar con las moléculas en sus geometrias de
equilibrio y hacer pequeiias distorsiones en direcciones que estén especificadas por las
coordenadas de simetria vibracional. Las Figuras 2.1 y 2.2 muestran los perfiles de
energia, dureza, y polarizabilidad asociada a las distorsiones asimétricas de simetria
F'y distorsiones simétricas de simetria A; para la molécula de amoniaco (NH;s: Cs,),
respectivamente. Las Figuras (a) y (b) estdn referidas a distorsiones en la longitud
del enlace N-H (modo de stretching) mientras que (¢) y (d) estdn referidas al d4ngulo
de enlace H-N-H (modo de bending).

Para oscilaciones no totalmente simétricas, tanto, p como el potencial promedio
niicleo-electrén (vp. = [ dFu(F)p(7)) permanecen constantes mientras que en dis-
torsiones totalmente simétricas estas propiedades varfan considerablemente a lo largo

de la coordenada vibracional [17].
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Figura 2.1: Distorsiones asimétricas de amoniaco: perfiles de energia y polarizabilidad
(a), perfiles de dureza y polarizabilidad (b) para distorsiones en la distancia de enlace
N-H; perfiles de energfa y polarizabilidad (c), perfiles de dureza y polarizabilidad (d) para
distorsiones en el angulo de enlace H-N-H. Todos los valores estdn en unidades atémicas
(ua) y fueron obtenidos mediante cdlculos RHF/6-311G**.
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Figura 2.2: Distorsiones simétricas de amoniaco: perfiles de energia y polarizabilidad (a),
dureza y polarizabilidad (b) para distorsiones en la distancia de enlace N-H; perfiles de
energia y polarizabilidad (c), perfiles de dureza y polarizabilidad (d) para distorsiones en
el dngulo de enlace H-N-H. Todos los valores estdn en ua y fueron obtenidos mediante
cilculos RHF/6-311G**.

En las Figuras 2.1 (a) y (¢) vemos que la polarizabilidad es minima para la configu-
racién de equilibrio (minima energia) para modos de vibracién asimétricos del tipo
stretching y bending, respectivamente. Por otra parte, para estos modos normales se
observa una relacién inversa entre los perfiles de & ¥ 9 claramente manifestada en la
Figura 2.1 (b) y (d), lo cual permite demostrar de forma simultdnea la validez de los
principios de maxima dureza y minima polarizabilidad en el contexto de vibraciones

moleculares. Desde esta ilustracién queda suficientemente claro que la configuracién
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de equilibrio estd caracterizada por un valor méximo de 7 y un valor minimo de
«. Las Figuras 2.2 (a) y (c) presentan los resultados para oscilaciones totalmente
simétricas, en ellas se observa que la polarizabilidad decrece a medida que los niicleos
se aproximan, este proceso también es acompaifiado por un incremento monoténico de
la, dureza como es sefialado por las Figuras 2.2 (b) y (d). Lo interesante de este tipo de
modos de vibracidn, es que la relacién inversa entre n y & se mantiene a lo largo de la
coordenada tanto en modos de stretching como bending, a pesar que la configuracién
de equilibrio no presenta valores extremos de estas propiedades. En estos casos, la
conformacién de equilibrio es determinada mas bien por el teorema electrostatico de
Hellman-Feynman [18,19] que por valores extremos de 17 y @, esto no necesariamente
implica que el PMD y PMP estén siendo violados, el no cumplimiento de estas reglas
empiricas es debido a que tanto g como vy, varian fuertemente a lo largo de AR
y A#, y por lo tanto, no existe cumplimiento con las condiciones necesarias para la
validez del PMD [6].

En este contexto, hemos realizado cdleulos de modos vibracionales simétricos y a-
simétricos tanto de streiching como bending para diversas moléculas con resultados
similares a los presentados para NH; [8,20] éstos se encuentran en Tablas del Apéndice
A de la Tesis.

2.2.2.2 Sistemas Moleculares: Rotaciones Internas

Se han caracterizado los diferentes conférmeros a lo largo del dngulo diedro para
sisternas moleculares del tipo HXYH (X,Y=0,S) [8]. Los perfiles de energia, dureza
y polarizabilidad para la rotacion interna de HyO5 son presentados en la Figura 2.3.
Se observa que la curva de polarizabilidad es cualitativamente similar a la curva de
energia aunque la minima polarizabilidad se encuentra levemente desplazada hacia la
derecha del conférmerc de minima energia. Una situacién similar se observa para los
perfiles de F y 1. En esta Figura se aprecia que la dureza y polarizabilidad presentan
una, relacién inversa a lo largo del dngulo de torsién, méximos (minimos) en el perfil
de dureza corresponden a minimos (maximos) en el perfil de polarizabilidad, una

clara evidencia de la validez de ambos principios de estructura electrénica (PMD
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y PMP) durante el proceso torsional. Con la idea de probar la validez de estas
reglas de reactividad en el contexto del andlisis conformacional se llevaron a cabo
cdlculos similares en otras moléculas no rigidas del tipo HXNY (X,Y=0,8) [20] y
etileno [8] (CHp=CH,) observdndose las mismas tendencias descritas anteriormente,

sus resultados estdn reportados en el Apéndice B de esta Tesis.
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Figura 2.3: Rotacién interna en HpOpg: perfiles de energia y polarizabilidad (a), perfiles
de dureza y polarizabilidad (b). Todos los valores estdn en ua y fueron obtenidos mediante
cdlculos RHF/6-311G**.

2.2.2.3 Clusters de Cobre.

Los antecedentes que se han acumulado en literatura, y que han permitido mostrar
el éxito de estos descriptores en la caracterizacién de moléculas nos llevaron ha in-
vestigar estructuras més complejas tales como clusters o agregados de cobre. Estos
sistemas resultan particularmente interesantes por su potencial uso en diversos pro-
cesos en ciencia de superficie, como modelos en quimica organometélica y electrénica,

a escala molecular [21-25].

El interés en el estudio de pequefios clusters metdlicos ha crecido considerablemente
en los Ultimos afios debido al desarrollo de nuevas técnicas tanto experimentales como

tedricas que han permitido caracterizar este tipo de sistemas més detalladamente.
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Figura 2.4: Estructuras de los estados fundamentales de clusiers de cobre neutros, Cu,
(n=2-9).

La investigacién en quimica de clusters ha estado dirigida al estudio de la depen-
dencia y evolucién de diferentes propiedades con el tamafio del cluster, y cémo estas
se aproximan al valor del material (bulk) [26]. En general, se ha observado que las
propiedades de clusters son muy sensibles al nimero de atomos, y estas pueden cam-
biar draméticamente con la adicién o remocién de un dtomo. En este trabajo de
Tesis, nos centramos en caracterizar clusters neutros de cobre considerando aspectos
estructurales, energéticos y de reactividad mediante los mismos descriptores que han

sido utilizados en la seccion anterior.
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Cluster < rgu—cu > NC vnae
Cu

Cug Do 2.254 1.0 259
Cug Coy 2.447 2.0 240
Cuy Dy, 2.418 25 256
Cus Cay 2.429 2.8 252
Cug Dap 2.431 30 255
Cur Dsp, 2.500 43 224
Clug Coy 2.501 45 222
Clug 'y 2.534 51 231
exp® 2.556 12

Tabla 2.1: Longitud de enlace promedio Cu-Cu (< roy..cu >, A), nimero de coordinacién
promedio (NC) y frecuencia arménica de mayor energfa (Vmax, cm ™) de Cu,.

2 Ref. [27]

2.2.2.3.1 Clusters de Cobre: Estructura. La Figura 2.4 muestra las estruc-
turas optimizadas de los estados fundamentales de clusters de cobre desde el dimero
al nondmero, se puede visualizar que la dimensionalidad de estas estructuras es: Cuqg
— 1D, Cuz a Cug son estructuras 2D mientras que desde Cuy a C'ug son sistemas
3D. Las estructuras de agregados de cobre han sido caracterizadas a través de la dis-
tancia promedio Cu — Cu (< Tgu—cu >), €l nidmero de coordinacién promedio (NC)
y la frecuencia armdénica de vibracién de mayor energia (¢,42), todas estas cantidades
estan contenidas en la Tabla 2.1. La variacién de < rgy—¢, > Hlustrada en la Figura
2.5 muestra que estan ocurriendo transiciones estructurales a medida que el tamafio
del clusters crece, y la distancia Cu — Cu en las estructuras 3D es la que mejor se
aproxima al valor experimental en el material [27]. En el NC se observa un aumento
con el crecimiento del tamafio del cluster indicando que el grado de deslocalizacién
electrénica incrementa, y por lo tanto, la fuerza de los enlaces, tal como veremos en

la siguiente subseccién.

Finalmente, el Gltimo descriptor estructural que se considera en este andlisis también
b
permite observar las traunsiciones estructurales que ocurren a medida que los clusters

crecen, cuando se adiciona un dtomo a Cug la frecuencia v, claramente disminuye
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por 29 em~! debido al cambio estructural desde una 2D a una conformacién més

compacta 3D.

Figura 2.5: Dependencia de la longitud de enlace promedio (< roy—cu >) con el tamaiio
del cluster.

2.2.2.3.2 Clusters de Cobre: Estabilidad. Energia de Enlace. La Tabla
2.2 contiene los valores de energia total junto a la energfa de atomizacién total (BE),

que ha sido calculada como:

BE = nEcu — Egun. (21)

También en esta Tabla se incluyen las BE experimentales determinadas a través de
experiencias de disociacién inducidas por colisién (CID, Collision Induced Dissocia-
tion) de clusters ani6nicos [28] y catidnicos [29]. La Figura 2.6 permite observar que
nuestros resultados siguen correctamente las tendencias cualitativas y cuantitativas

de los datos experimentales.
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Cuy, —F BE  BE/n BFE(exp)® BE(exp)®
Cu 196.15426

Cuy 39237926 1.9250 0.9625 2.04+0.17 1.81+0.14
Cuz 588.57326  3.0061 1.0020 3.194+0.26 2.5740.27
Cug T784.80931 5.2320 1.3080 5.91+0.33 4.60+£0.81
Cus  981.03363  7.1384 1.4277 7.76+0.37 6.19+£1.13
Cug 117727957 9.6332 1.6055 10.32+0.49 7.99+1.37
Cur 1373.51538 11.8523 1.6932 12.984+0.66 9.04+1.58
Cug 1569.76050 14.3247 1.7906 15.96+0.75 11.20£1.77
Cug 1765.97437 15.9468 1.7719 12.2241.84

Tabla 2.2: Energia total (ua) de la estructuras optimizadas a nivel de teoria
B3PW91/LANL2DZ de clusters de Cuy,, (n =1-9); energia de atomizacién (BE) y energia
de cohesién (BE/n) (en eV).

@ Experimentos de CID en clusters aniénicos Ref. [28] .

b Experimentos de CID en clusters catiénicos Ref. [29].

Otra cantidad que permite analizar la estabilidad de estos sistemas, es la energia de
cohesion, la cual es definida como la energia de atomizacién total por d&tomo BE/n,
los resultados para esta cantidad se entregan en la Tabla 2.2 donde se compara con
datos experimentales. El buen acuerdo alcanzado entre nuestros resultados tedricos
determinados a través de la combinacion de métodos de funcionales de la densidad con
potenciales de core efectivo, y aquellos determinados en experimentos CID (Figura
2.6) ciertamente permite validar la metodologia de cdlculo empleada en la caracteri-
zacién de clusters de cobre. Los resultados numéricos de BE y BE/n muestran un
incremento con el tamafio del cluster, y en el caso de BE/n se observa el miximo
valor en C'ug. Este incremento se debe a una alta deslocalizacién electrénica pro-
ducto de una mayor coordinacién de los dtomos a medida que el cluster crece. Estas
cantidades proporcionan informacién acerca de la fuerza de los enlaces quimicos en

el cluster determinando la estabilidad y reactividad de estos sistemas.
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H

Figura 2.6: Energfas de enlace experimentales (CID) y tedricas (BE) en funcién del
tamaiio del cluster.

Emnergia Relativa. Otra cantidad que proporciona informacion sobre la estabilidad

de agregados metédlicos es la energia de enlace relativa (Ao E):

A E =Em+1)+ E(n—1)—2E(n), (2.2)

esta cantidad permite estimar la estabilidad relativa de un cluster con n atomos res-
pecto de aquellos con (n-1) y {(n+1) dtomos frente a un proceso de fragmentacién
(Cup — Cupe.; + Cu) y de formacién (Cu, + Cu — Cuyuy), respectivamente. Un
alto valor en A F indica que Cu,, es mds estable que Cu,_; y Cup,q;. La Figura 2.7
ilustra la variacién de AsE como una funcién del nimero de atomos del agregado
metalico, en ella se observa un comportamiento oscilatorio al que en literatura se ha
denominado como regla de alternacién del tipo par-impar, dicho comportamiento se
atribuye al cambio de multiplicidad de spin de los estados fundamentales a lo largo
de la serie [30,31]. Clusters con un nimero par de dtomos presentan maximos locales

de AyF identificando a estas especies como més estables respecto a aquella con un
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nimero impar de dtomos de las cuales se espera una mayor reactividad. Este com-
portamiento es atribuido al tipo de configuracién electrénica que presenta el estado
fundamental del agregado metdlico, el estado fundamental de clusters con n par es
singlete, es decir, presenta una configuracién del tipo capa cerrada (closed—shell), y
como es bien sabido a este tipo de configuraciones se les asocia una estabilizacién
extra, mientras que, el estado fundamental para agregados con n impar es del tipo
doblete, es decir, capa abierta (open—shell) y por lo tanto se espera que este tipo de

sistema presenten una reactividad intrinseca mayor.

Finalmente, se debe destacar que estos resultados estén en acuerdo con el modelo de
capas electrénicas de jellium, que ha sido aplicado con éxito en la caracterizacién de
clusters formados por elementos monovalentes, de acuerdo a este modelo, cluster con
capas electrénicas completas con 2,8,18,20,40,... electrones de valencia presentan una
estabilidad en analogia a los elementos nobles de la tabla periédica. La estabilidad
de clusters con estas caracteristicas se manifiesta en el espectro de masa, clusters de
elementos monovalentes con estos mimeros de dtomos, los cuales son denominados

nimeros mdgicos, presentan mayor intensidad en el espectro [31].
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Figura 2.7: AqF en funcién del tamafio del cluster.
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Cu, PI Pl{exp) AE AE(exp)®
Cu 7.6919 7.724° 0.6427 1.235 + 0.005
Cup T7.8016 7.9042 & 0.0008° 0.5880 0.836 & 0.006
Cuz 5.7700 5.80 & 0.04% 0.7641 2.37 + 0.01
Cus 6.4682 7.15 £ 0.75° 1.2139  1.45 - 0.05
Cus 6.1618 6.3 £ 0.1¢ 1.5551 1.94 + 0.05
Cug 7.0573 7.15 = 0.75¢  0.9075  1.96 % 0.05
Cuy 5.9678 6.1 + 0.05¢ 1.5777 2.16 + 0.1
Cug 6.6353 7.15 £ 0.75¢ 1.1143 157 +0.05
Cug 5.3376 5.35 + 0.05¢ 0.7149  2.40 + 0.05

Tabla 2.3: Potenciales de ionizacién verticales y afinidades electrénicas para Cu,. Todos
los valores estén en eV.
¢ Ref. [33]; ® Ref. [34]; © Ref. [35]; ¢ Ref. [36]; ¢ Ref. [37].

2.2.2.3.3 Clusters de Cobre: Propiedades Electrénicas. En acuerdo a las
férmulas operacionales en el cdlculo de ¢ y 17 es crucial una buena estimacién de
propiedades monoelectrénicas (PI, AE). En cdlculos TFD estas propiedades son muy
sensibles al funcional de intercambio y correlacidn, en este 4&mbito, De Proft y col. [32]
han aplicado varios funcionales de intercambio y correlacién en el cdlculo de PI y
AE para sistemas atémicos y molecitlares con el resultado que funcionales hibridos
estiman adecuadamente estas propiedades. A la luz de este dato, hemos escogido el
funcional BSPWO91 para la caracterizacién de propiedades electrénicas de Cu,,. En
la Tabla 2.3 se entregan resultados tedricos de PI y AFE [9] verticales obtenidos a
través de un procedimiento ASCF, ademads se incluyen datos experimentales como

referencia.

Potencial de Ionizaciéon. Desde la Tabla 2.3 se observa que PI verticales varian en
forma oscilatoria debido al cambio de multiplicidad de spin del estado fundamental,
agregados con un mimero par de dtomos presentan valores maximos de PI respecto
a los sistemas vecinos (clusters con n impar), esta tendencia nuevamente puede ser
racionalizada en términos de la configuracién electrénica de estos agregados. Desde
esta perspectiva, el proceso de ionizacién implica un mayor costo energético para

remover un electrén desde un HOMO doblemente ocupado de un sistema de capa
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cerrada (clusters con n par) que desde un orbital molecular simplemente ocupado
(SOMOQ) de un sistema de capa abierta (clusters con n impar). Esta tendencia es
consistente con la variacién de la energia del HOMO a lo largo de la serie como se

muestra en la Figura 2.8(b).

1 [| | 1 1 1 ] 1 ] | ] ]
55 60 65 70 75 8.0 39 42 45 48 51 54
PI (ASCF) PI=-

Figura 2.8: Comparacién de potenciales de ionizacion experimentales y tedricos a lo largo
de la seric Cup (n=1-9): (a) PI tedricos desde un procedimiento ASCF (r=0.96); (b) PI
tedricos calculados desde la energia del HOMO mediante el teorema de Koopmans (r=0.93).

La Figura 2.8(a) indica que los resultados ASCF muestran un muy buen acuerdo con
los datos experimentales, esto se verifica a través de un buen coeficiente de correlacién
(r= 0.96). En este contexto, resulta interesante verificar la validez del teorema de
Koopmans [38] para estimar potenciales de ionizacién a partir de la energia del HOMO
(PI = —egomo). La Figura 2.8(b) muestra una buena correlacién lineal (r= 0.93)
entre potenciales de ionizacién experimentales y el negativo de la energia del HOMO,
sin embargo, PIs obtenidos a través del teorema de Koopmans sistematicamente
subestiman el valor experimental. Por otra parte, es bien conocido que dentro del
esquema de Kohn-Sham [39] la aproximacién de PI por la energia del HOMO es

considerado como una medida de la calidad del funcional empleado, v solamente en el
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limite del funcional exacto PI = —egopmo [40]. Este satisfactorio acuerdo confirma
la confiabilidad de nuestros resultados y del esquema de computo utilizado en este

trabajo.

Afinidades Electrénicas. Es bien conocido que la afinidad electrénica es una
propiedad considerablemente de una mayor dificultad de estimar que el potencial
de ionizacién, basicamente debido a los siguientes aspectos: (%) el proceso de ioni-
zacién es un proceso endotérmico mientras que el proceso de agregar un electrén a
un sistema puede ser endotérmico o exotérmico; (%) las afinidades electrénicas son
mds pequeftas en magnitud que las energias de ionizacién; y (#4t) €l electrén adicional
tiende a presentar una distribucién de carga mucho mds difusa que en el sistema
neutro o catiénico, esto hace necesario incluir funciones difusas en el set de bases
atémicas empleadas en calculos quimico cuantico. Los valores de AF para clusters de
cobre se presentan en la Tabla 2.3, y en acuerdo a estos antecedentes no se obtiene
una estimacién cuantitativa satisfactoria, sin embargo se obtiene de forma correcta la
tendencia cualitativa, donde clusters con un nimero par de Atomos presentan valores

minimos de AF respecto a clusters con n impar.

2.2.2.3.4 Clusters de Cobre: Descriptores de Reactividad. La cuantifi-
cacién de descriptores electrénicos: potencial quimico (g), dureza molecular (1) y el
indice de electrofilia (w = u?/2n), que permiten caracterizar la reactividad de estas
complejas estructuras se ha llevado a cabo a través de las férmulas operacionales de
las ecuaciones (1.5) y (1.7) utilizando propiedades monoelectrénicas tanto experimen-
tales como tedricas, y también las energias de los orbitales fronteras. La Figura 2.9
ilustra las tendencias que siguen estos descriptores respecto al tamafio del cluster, al

igual que en otras propiedades se observa un comportamiento oscilatorio,
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Figura 2.9: (a) Potencial quimico, (b) dureza quimica, y (¢) indice de electrofilia en
funcién del tamafio del cluster, [PTLEA = — o —; plewp) = _ o —; PHL) = _¢—
P = 1,70,

Potencial Quimico: Se ha mencionado que u es una propiedad que tiene relacién
con la transferencia de carga que presentan los sistemas moleculares, la Figura 2.9(a)
presenta el perfil de ¢ a lo largo de la serie, y fal como es esperado clusters con n
impar, se caracterizan por exhibir valores méaximos de p, es decir, este tipo de clus-
ters presentan mayor tendencia a transferir carga que sistemas con un niimero par de

atomos debido a que especies con capas electrénicas abiertas son més reactivas que
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especies con capas cerradas. Particularmente Cuz y Clug presentan valores extremos,
estos clusters al cerrar sus capas electrénicas por perdida de un electrén generan
agregados con nimeros magicos de 2 y 8 electrones de valencia, respectivamente; de
acuerdo con el modelo de jellium, los clusters resultantes presentaran mayor estabili-
dad, este resultado es consistente con lo observado en la Figura 2.7 donde Cug y Clug

presentan maximos en Ay F.

Dureza Quimica: La Figura 2.9(b) muestra el perfil de dureza a lo largo de la serie,
este sigue la misma tendencia que Ao F en la Figura 2.7, y tal como es esperado 7 pre-
senta maximos locales en agregados con n par, es decir clusters mds (menos) estables
son especies mas (menos) duras. Estos resultados permiten confirmar que la estabi-
lidad de los clusters con n par esta determinada por ¢l cierre de la capa electrénica
como una manifestacién del principio de maxima dureza. Ofro aspecto que merece
ser destacado corresponde a la estabilidad de 7 respecto del tipo de aproximacién que
se utilice para su estimacién, la Figura 2.9 muestra las mismas tendencias cualitativas
para 1 a partir de {PI, AE} y {en,c1}. Este antecedente en conexién con el PMD
sugiere que en aquellos sistemas que presenten dificultades en obtener informacién
energética, como por ejemplo dificultades en localizar puntos estacionarios sobre la
superficie de energia potencial, el conocimiento de n puede ser considerado como un

camino alternativo para obtener ordenes de estabilidad [41].

Indice de Electrofilia: w ha sido definido como la estabilizacién de un complejo
donor-aceptor debida a un méximo flujo electrénico [42]. La evolucién de esta
propiedad se muestra en la Figura 2.9(c), se observa que clusters con n impar presen-
tan maximos locales que se atribuyen a la alta capacidad de aceptar carga electrénica

por sistemas de capa abierta.

Polarizabilidad Dipolar Eléctrica: o es una propiedad que proporciona infor-
macién complementaria a g y 9 ya que permite comprender el comportamiento del
sistema cuando el potencial externo (v(7)) es alterado y el ntimero de electrones se

mantiene fijo. Esta propiedad es considerada uno de los observables més importantes
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Cu, <oa> <a>/n [Ac
Cu 52.610  52.610 0.000
Cug  77.574  38.787 30.752
Cuz 137148  45.716 62.256
Cug 153.948  38.487 98.882
Cus 196.506  39.301  107.685
Cug 221.212  36.869  107.978
Cur 242.873  34.696 45.051
Cug 267.640  33.455 33.946
Cug 312970 34.774 66.6562

Tabla 2.4: Polarizabilidad dipolar promedio (< & >), polarizabilidad promedio por 4tomo
(< @ > /n), y anisotropia del tensor de polarizabilidad (|Ac|) de clusters de cobre. Todos
los valores estdn en ua.

en la comprensién de propiedades electrénicas de clusters metdlicos [43]. La Tabla
2.4 presenta los valores promedio de polarizabilidad (< « >) y la polarizabilidad por
atomo (< a > /n) calculadas al nivel BSPW91/LANL2DZ.

A pesar de no existir medidas experimentales de o en Cu, hemos encontrado un
acuerdo satisfactorio de nuestros resultados con aquellos reportados por Calaminici y
col. [44] que provienen de cdleulos mecano—cuénticos donde se han considerado todos
los electrones, este resultado permite sostener que la contribucién de los electrones
de core al valor de < a > es despreciable. La Figura 2.10 muestra< o>y < a > /n
en funcién del tamafio del cluster. En la Figura 2.10(a) notamos un incremento
monoténico de < a > desde Cu a Cuy mostrando la proporcionalidad que se espera
con el niimero total de electrones; desde la Figura 2.10(b) se observa que < a > /n
presenta un comportamiento que puede se ajustado a un decaimiento exponencial de
primer orden, < a > /n = A+ Be™%; (A = 31.14; B = 28.67; C' = 3.66), con esta
forma analitica se predice un valor de 31.14 ua para la polarizabilidad por dtomo en
el limite del bulk de cobre.
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Figura 2.10: (a) Polarizabilidad calculada (r==0.99), (b) polarizabilidad por &tomo
(r=0.96), y (c) anisotropia de la polarizabilidad como funcién del tamafio del cluster.

La. anisotropia del tensor de polarizabilidad (|Ac]) proporciona informacién adicional
sobre la forma del cluster, en particular la anisotropia puede ser considerada como una
medida del grado de empaquetamiento de una estructura, asf estructuras compactas
deben presentar valores pequefios de |Aa|. La anisotropia de la polarizabilidad estd

definida como:
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3tr{a)? — (tra)?

2 __
|Aa? = 21

- %[(am — ayy)2 + (Ctae — Oéz'-z}2 + (ayy - QZZ)Q} (2.3)

y los resultados se incluyen en la Tabla 2.4 y se ilustran en la Figura 2.10(c). Se
puede notar que a medida que el cluster crece [Ac| aumenta hasta Cug y luego decae
abruptamente en Cuy hasta Cug pasando por un minimo en Cug, esta fuerte caida es
debida basicamente al cambio estructural que ocurre desde Cug (2D) a estructuras
més compactas (3D). En este contexto se puede observar que |Aal es una cantidad
que es capaz‘de identificar las transiciones estructurales que estdn ocurriendo a me-

dida que el tamano del cluster crece.

Se ha hecho mencién que Cug presenta los valores mas altos de energia de cohesién y
més bajos de polarizabilidad por 4tomo en acuerdo al PMP. Para demostrar que se ha
alcanzado consistencia entre descriptores energéticos y electrénicos, en la Figura 2.11
se presenta una buena relacién lineal entre BE/n y < a > /n, esta relacién indica
que en aquellos sisternas con enlaces fuertes (o alta deslocalizacién electrénica) estan
asociados a yalores minimos de < & > /n en acuerdo con ¢l PMP, este resultado
permite dejar en evidencia que la polarizabilidad es un propiedad electrénica que
puede ser utilizada como un indicador de estabilidad quimica en el contexto de quimica

de clusters.
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Figura 2.11: Correlacién entre energia de enlace por stomo y polarizabilidad por 4tomo

a lo largo de la serie (n=1-9; r=-0.97).
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2.3 Conclusiones

Los resultados presentados en sistemas moleculares tanto en el contexto de
vibraciones moleculares como en rotaciones internas han confirmado la validez

de los principios de méaxima dureza y minima polarizabilidad.

Las moléculas es sus geometrias de equilibrio presentan valores méximos y mi-
nimos de dureza y polarizabilidad, respectivamente; cuando se comparan a los
correspondientes valores en alguna otra geometria obtenida a través de una

distorsion del tipo asimétrica.

En rotaciones internas los resultados entregados muestran que isémeros més
(menos) estables estdn asociados con valores méximos (mfnimos) de dureza y

minimos (méximos) de polarizabilidad.

Clusters de cobre més estables son especies mds duras y menos polarizables
en acuerdo al PMD y PMP, respectivamente. Este comportamiento muestra
que estas reglas funcionan en la caracterizacién de este tipo de sistemas, y en
conjunto con el andlisis de descriptores TFD eventualmente permiten obtener
una mayor comprensién en procesos que estin involucrados, tales como, en

catalisis y reacciones de fragmentacién.

En este Capitulo se ha mostrado que conceptos provenientes de la TFD resul-
tan ser de gran utilidad en la interpretacién de resultados tedricos y experi-
mentales en la caracterizacién de sistemas moleculares complementando asf la

informacién clésica que se obtiene desde la superficie de energia potencial.

Los resultados presentados en este Capitulo sugieren que en ausencia de in-
formacién de tipo energética, estos conceptos en conjunto con los principios de
maéxima dureza y minima polarizabilidad pueden ser considerados como criterios
alternativos que permiten caracterizar la estabilidad y reactividad de sistemas
moleculares. Estos resultados permiten promover el uso de estos elementos de
andlisis en una variedad de dominios en quimica como veremos en los siguientes

Capitulos.
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Parte del trabajo presentado en este Capitulo ha sido publicado en los siguientes

articulos:

1. Validity of the Minimum Polarizability Principle in Molecular Vibrations and
Internal Rotations: An Ab Initio SCF Study.
Pratim K. Chattaraj, Patricio Fuentealba, Pablo Jaque, and Alejandro Toro—
Labbé. Journal of Physical Chemistry A, 103 (1999) 9307-9312.

2. Characterization of Copper Clusters Through the use of Density Functional
Theory Reactivity Descriptors.
Pablo Jaque and Alejandro Toro-Labbé. Journal of Chemical Physics, 117
(2002) 3208-3218.

3. Towards Understanding the Molecular Internal Rotations and Vibrations and
Chemical Reactions Through the Profiles of Reactivity and Selectivity Indices:
An Ab Initio SCF and DFT Study.

Pratim K. Chattaraj, Soledad Gutiérrez—Oliva, Pablo Jague and Alejandro
Toro-Labbé. Molecular Physics, 101 (2003) 2841-2853.

4. Polarizability of Neutral Copper Clusters.

Pablo Jaque and Alejandro Toro-Labbé. Manuscrito en preparacidn.
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Capitulo 3

Caracterizacion de Reacciones
Quimicas a partir de Conceptos
Clasicos y Descriptores de

Reactividad

Resumen

En este Capitulo presentaremos como los conceptos clésicos de reactividad en conexién
con descriptores definidos en la TTFD son elementos de andlisis adecuados para ca-
racterizar reacciones quimicas. El modelo conceptual clésico, en el cual una reaccién
procede desde un minimo de energfa a otro pasando por un méaximo, junto a los prin-
cipios de méxima dureza y minima polarizabilidad proveen los elementos necesarios
para discutir los procesos de activacién y relajacién en términos de potencial quimico
y dureza molecular. Se entregan aplicaciones en reacciones torsionales y de doble

transferencia proténica que validan este esquema de analisis.
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3.1 Introduccion

La quimica es la ciencia que estudia los cambios moleculares, y la comprensién de las
transformaciones estructurales que acompafian la conversién de reactantes a produc-
tos es el tema central de ella. Dentro de este marco general existen muchos esfuerzos
que permiten justificar tedéricamente la preferencia de un camino de reaccién sobre
otro, la formacién de solo algunos productos seleccionados entre varios posibles y elu-

cidar los factores que gobiernan el curso de una reaccién quimica.

En general, un proceso quimico puede ser caracterizado a través de perfiles de reaccion,
que ilustran el cambio de las propiedades de los sistemas reactivos como una funcién
de la coordenada de reaccién (CR). Estas propiedades pueden ser de tipo global (e-
nergia, potencial quimico electrénico, dureza molecular, polarizabilidad, electrofilia,
valencia molecular, etc) o de cardcter local (poblaciones electrénicas, funciones de
Fukui, valencias atémicas, cargas atémicas, ordenes de enlaces, etc). En el contexto
de la aproximacién de Born-Oppenheimer [1], la CR representa el reordenamiento
nuclear a medida que la reaccién avanza, es decir, el cambio en longitudes y dngulos
de enlaces durante la reaccién quimica. Existen muchas situaciones en donde la. CR
puede ser una variable conformacional que conecta dos conformaciones que pueden
ser consideradas como reactantes y productos de una reaccién quimica, desafortu-

nadamente en muchos procesos la CR. es bastante compleja para su visualizacion.

La comprension de la reactividad quimica permite predecir mecanismos de reaccion
y determinar como la energia de activacién depende de propiedades especificas de
reactantes y productos. En este contexto, la identificacién de estas propiedades y
"aquellas asociadas al estado de transicién son especialmente importantes. La TFD a
través de la definicién de propiedades de reactividad global y local, es una teoria ade-
cuada.-para describir la reorganizacién electrénica que ocurre a medida que la reaccién
gquimica avanza, y la nacionalizacién del cambio energético resultante en término de
las funciones de respuestas TFD forman un conjunto de elementos tedricos de andlisis

que permiten caracterizar varios aspectos de un proceso quimico.
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Por otra parte, para caracterizar estados de transicién (TS) se han definido un
conjunto de herramientas conceptuales que permiten comprender su estructura y
propiedades. Estas herramientas conceptuales son: (a) el postulado de Haemmond
(PH) que permite relacionar la estructura del TS con la exotermicidad de la reaccién
[2]; (b) el coeficiente de Brgnsted () que es una medida de la localizacién del TS
a lo largo de la CR, g es un indice que cuantifica el postulado de Leffler y puede
ser interpretado como el grado de semejanza del TS respecto a los productos de
reaccién [3]; (c) la ecuacién de Marcus que corresponde a una simple expresién que
permite escribir la barrera de energia (AE7) en términos de la energia de reaccién
(AE°) y de propiedades estructurales de reactantes y productos [4]; y (d) los princi-
pios de maxima dureza (PMD) [5] y minima polarizabilidad (PMP) [6] que aseguran
que los sistemas moleculares en equilibrio tienden a valores méximos de dureza y
minimos de polarizabilidad, respectivamente. La extensién de estos principios de es-
tructura electrénica para estados de transicion implica que en el TS se esperan valores
minimos de dureza y méximos de polarizabilidad. Aunque estos principios no sean
ampliamente aplicables al estudio de TSs, ellos forman una base conceptual para

racionalizarlos y caracterizar mecanismos de reaccion.

En este Capitulo, nos concentramos en el estudio de reacciones quimicas dentro del
esquema. de la teoria del estado de transicién, en la cual reactantes (R) cambian a
productos (P) pasando por un estado de transicién (TS), estos tres estados esta-
cionarios sobre la superficie de energia potencial (SEP) estdn conectados por una
coordenada. de reaccién [7,8]. Nuestro principal interés ha sido abarcar el estudio de
un proceso quimico desde una nueva perspectiva, la cual consiste en lograr conec-
tar conceptos clasicos de reactividad con descriptores de la TFD, y as{ generar un
conjunto de elementos tedricos de andlisis que permitan caracterizar diferentes as-
pectos (termodindmicos, cinéticos y mecanisticos) de una reaccién quimica. En las
siguientes secciones de este Capitulo se presentan aspectos tedricos y aplicaciones, par-

ticularmente hemos llevado a cabo estudios en proceso de isomerizacion rotacional en

sistemas que presenta simetria de reflexién HXNX (X=0,S) [9], y reacciones de doble
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transferencia proténica en complejos ciclicos enlazados por puentes de hidrégeno for-
mados por unidades de HCX-XH (X=0,S) [9, 10].

3.2 Aspectos Tedricos

3.2.1 Procesos de Isomerizacion Rotacional

Figura 3.1: Esquema del proceso de isomerizacién rotacional.

Para una transformacién rotacional frans = cis que ocurre a través de la rotacién
interna con respecto a un dado enlace en una molécula, la CR es el dngulo de torsién
o definido como el dngulo dihedro que se indica en la Figura 3.1. En los casos
que hemos considerado en este trabajo, se tienen isomerizaciones trans = cis en
donde los isémeros de referencias son planares y el angulo de torsién es medido desde
el conférmero trans (a= 0) al cis (a= =). Se ha utilizado el siguiente modelo de

potencial para describir este proceso [11-14]:

1

Via) = %Kv[l — cos*(a)] + 5

AV?[1 — cos(a)] (3.1)
donde Ky es la suma de las constantes de fuerza de las conformaciones trans y cis
(Kv = ke + k) y AV® = [V(&) — V(0)], es la energia de la reaccién. Por otra
parte, expresamos la. CR en término de una coordenada de reaccién reducida que esta
definida entre 0 y 1, que mide el progreso de la reaccién cuando va desde reactantes
a productos. En el contexto de las reacciones conformacionales esta coordenada de

reaccién reducida w, denominada funcién conformacional, estd definida como:
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1
w(@) = 5[1 — cos(e)] (3:2)
en esta representacion la energia potencial viene dada por:
Viw] = Ky flw] + wAV® (3.3)

con flw] = w(l —w). Existen varias formas analiticas posibles para flw] puesto que

el nico requerimiento es que esta debe ser simétrica con respecto a w = 1/2.

La energia potencial es una propiedad global del sistema en estudio, por fanto, la
evolucién de otras propiedades de caracter global como p y 7 a lo largo de w vendra

dada por las misma forma analftica que para V|w]

ul] = K, fl] + wlpe (3.4)

w] = Ky flw] + wAn®. (3.5)

El set de pardmetros (K, Ap®) y (K, An°) tienen el mismo significado que Ky y
AV® en V[w]. Al considerar que V, g y 1 depende de la misma funcién flw], es
posible establecer relaciones analiticas entre el potencial torsional y las propiedades
electrénicas, esto conduce a una descripcién completa del proceso rotacional per-
mitiendo conectar aspectos energéticos (termodindmicos) con mecanisticos. La ex-
tensién de la aplicacion de este tipo de relaciones es atin maferia de investigacion, sin
embargo se sabe que su aplicabilidad depende del grado de independencia que puedan

mostrar las propiedades electrénicas respecto de la energia [10,13,14].

La posicién del TS puede ser determinada por diferenciacién de la ecuacién (3.1):

dVv AV® 1 AV°
(%-) == COS(O![)) = — 7o = w(ag) 8= 5 + 2Ky (36)
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donde (3 es el coeficiente de Brpnsted que segiin el postulado de Leffler [3] mide el
grado de semejanza del T'S con respecto a los productos. Al introducir 3 en la ecuacién
(3.3) se obtiene la siguiente expresién para la barrera de energia asociada al proceso
rotacional

Vi = AVF = %KV + %AV" + %TI/:;)Z?' (3.7)
BEsta expresion es idéntica a la ecuacién de Marcus, originalmente propuesta para
caracterizar procesos de transferencia electrémica [4], en este trabajo mostraremos
su utilidad en la interpretacién de barreras de energia de reacciones quimicas de
diferentes tipos [9,10,13]. También se debe hacer notar la consistencia que existe
entre la ecuacién de Marcus con la definicién de Leffler del coeficiente de Brgnsted
(3 = (BAV#/BAV®)). Esta ecuacién contiene la estructura formal necesaria para

una representacién analitica del postulado de Hammond [9,15,18].

3.2.2 Reacciones de Transferencia

Los resultados presentados en la seccién anterior pueden ser aplicados para caracteri-
zar estados de transicién de procesos quimicos méas complejos, ya que una reacciéon
quimica, puede ser racionalizada en términos de etapas elementales que conectan
reactantes, estado de transicién y productos: R — (TS)* — P. Estos estados
estacionarios S(;n conectados por una coordenada de reaccién interna (IRC) que viene
dada por célculos estdndar [17,18], a lo largo del IRC es posible definir los perfiles
de energia, potencial quimico, dureza y polarizabilidad que permite caracterizar la
reaccién y las propiedades del estado de transicidon. Nuevamente, para caracterizar
TS se ha hecho uso de la ecuacion de Marcus y el coeficiente de Brgnsted. Por otra
parte, conociendo AV® y AV# se puede obtener Ky que serd utilizado para determi-
nar la posicién del TS a lo largo del IRC. Se debe hacer notar que para caracterizar
la posicién del TS se requiere una definicion explicita de la coordenada de reaccidn,
sin embargo la ecuacién de Marcus proporciona una base analitica para obtener una

mayor comprension del TS.

s
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3.2.3 Propiedades Electréonicas de Activacién

Para reacciones isoenergéticas las ecuacién de Marcus se reduce a:
. 1
Avy = 15 (3.8)

y €l TS esta localizado en el punto medio entre reactantes y productos (8 = 1/2).
La cantidad A.T/}f‘é es equivalente a la energia de activacién intrinseca de Marcus
y corresponde a la altura de la barrera para el caso en el cual no existen fuerzas de
origen energéticos (o termodindmicos) que controlen el proceso, esta cantidad deberia
estar relacionada a propiedades puramente electrénicas tal como el potencial quimico

y dureza molecular. La ecuacién de Marcus puede ser escrita como:

(AVe)?
16AVT

AV? = AVF + %AW + (3.9)

Esta expresion indica que cuando la reaccién es exoergénica (AV° < 0) AV# es menor
que la barrera intrinseca mientras que para reacciones endoergénica (AV° > 0) AV#
es mayor que la barrera intrinseca. Como hemos mencionado la barrera intrinseca
podria ser interpretada en términos de propiedades estructurales y electrénicas, a
partir de nuestras investigaciones hemos sugerido que esta barrera puede ser racional-
izada a través de las propiedades electrénicas p y 77 [9,10]. Hemos propuesto la

siguiente expresién que relaciona AV})# con las propiedades electrénicas de activacion:
£_ 1o A Lo an#
AVy = EQ,,A,U + §Qp/_\n (3.10)

donde Ap* = [u(TS) — p(R)] y Ag” = [)(TS) — n(R)] son el potencial quimico y
dureza de activacién, respectivamente. Los pardmetros Jy,, ¢, han sido relacionados
a la cantidad de carga elecirénica transferida durante la reaccién quimica [13,14],

estos pueden ser determinados numéricamente a través de:

(AVF — AV?®)

(3.11)

D= mE )
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0, — (AV# — AV®)
T (An* - Are)

(3.12)

Se debe destacar que de acuerdo a esta representacién la validez del principio de
maxima dureza implica una curvatura opuesta para la energia y dureza molecular,

esto se debe reflejar en un valor negativo para el pardmetro @, [9,13,14].

3.2.4 Mecanismos de Reaccion

El concepto de mecanismo de reaccién esta relacionado con el desplazamiento nuclear
que ocurre al pasar desde reactantes a productos. Estos desplazamientos estan rela-
cionados con las fuerzas que actian sobre el sistema para transformar reactantes en
productos. Las fuerzas que actiian sobre el sistema dependen solo de la posicién a lo
largo de la coordenada de reaccién, entonces:

dv

Fw)=——, (3.13)

y suponiendo que V(w) puede ser expresado como:
Viw) = Kyw(l — w) +wAV?®, (3.14)
entonces se obtiene:
F(w) = —(Ky + AV®) + (2Ky )w. (3.15)
Para obtener una descripcién adecuada de toda la reaccidon quimica, es 1itil distinguir

los diferentes procesos que tienen lugar a lo largo de la coordenada de reaccién. En

la regién de reactantes ocurre un proceso de activacién al que asociamos el trabajo

de activacion Woy:




61

W = f ? Plw)dw = AV, (3.16)

en la regién de productos tenemos un proceso de relajacién, el trabajo (Weer) asociado

es:
1
Wit = f Fw)dw = AV° — AV?, (3.17)
8

Reacciones isoenergéticas presentan estados de transicién en 8 = 1/2, en valor ab-
soluto el trabajo de activacién es igual al de relajacién. En contraste a esto y con-
siderando el postulado de Hammond, reacciones exoenergéticas estdn caracterizadas
por estados de transicién tempranos (£ < 1/2} y por un trabajo de activacién menor
que de relajacién. Finalmente, un proceso endoenergético esta caracterizado a través

de un TS tardio 8 > 1/2 y un trabajo de activacién mayor que de relajacién.

Es importante destacar que las expresiones anteriores permiten discutir los trabajos
de activacién y relajacién en términos del potencial quimico y la dureza molecular.
Esta forma de racionalizar un evento quimico permite conectar conceptos cldsicos
de reactividad quimica con descriptores de reactividad definidos desde la TFD. Para
establecer esta regla cualitativa se debe asumir que la ecuacién (3.10) es valida para

todo w, y se define el perfil de energia como:
1 1
Viw) = EQmU'(w) + 5@#7?(‘“)- (3.18)

Consecuentemente, el concepto de fuerza aparece como dos contribuciones que estén

asociadas a p y 7

av

_ v 1l,dp 1,dn
Flw) = —== = ~5Qyot — 2,20, (3.19)

Haciendo uso de definiciones directa y considerando que @, < 0 en cumplimiento del
PMD, F(w) puede ser dividido como:
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F(w) = —F,{w) + Fy(w). (3.20)

Esta Expresién permite realizar un andlisis cualitativo de F(w) en término del signo

que toma la fuerza a lo largo de la coordenada de reaccién:

(<w<fP): Plw)<0 = Fuw)> Fw) (3.21)

entonces cuando se avanza en la CR desde reactantes al estado de transicién (proceso
de activacién), el potencial quimico controla la reaccién. En el estado de transicién

se tiene que:

(w=p): Flw)=0 = Fu(w) = F,(w) (3.22)

ambas contribuciones se cancelan. En la regién que esti definida desde el TS a los

productos de la reaccién (proceso de relajacién), se tiene que:

B<w<l): Flw)>0 = Fylw) > F,(w), (3.23)

esta etapa de la reaccidn es controlada por la dureza molecular, el sistema se reor-
denard para alcanzar una configuracién de méxima dureza. En resumen, este simple
modelo sugiere que el proceso de activacién es basicamente controlado por p mientras

que el proceso de relajacién estara gobernado por 7.
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3.3 Abplicaciones: Isomerizacién Rotacional y Reacciones

de Transferencia Proténica

3.3.1 Detalles Computacionales

Todos los cdleulos fueron realizados al nivel de teorfa RHF/6-311G* y B3LYP/6-
311G* usando el programa Gaussian 94/98 [19,20]. Los perfiles de E, 1, , v @
para procesos de isomerizacién rotacional en HXNX (X=0,S) se obtuvieron haciendo
calculos cada 10° a lo largo del dngulo de torsién en un intervalo de 0° a 180° mien-
tras que para el proceso de doble transferencia proténica en dimeros de referencias
(HCOOH), y (HCSSH)s, se obtuvieron a través de célculos de puntos sencillos de las
estructuras optimizadas indicadas por el procedimiento IRC.

Los descriptores electrénicos fueron obtenidos a través de las férmulas operacionales

entregadas en el Capitulo 1.

3.3.2 Isomerizacién Rotacional de HXNX (X=0,S)

La comprensién de procesos de isomerizacion rotacional que presentan los sistemas
moleculares es de fundamental importancia en la optimizacién de propiedades biolé-
gicas, quimicas y fisicas. Para este propésito resulta indispensable la determinacién
de la estabilidad relativa de los diferentes isémeros, la identificacién del mecanismo de
reaccién, la evaluacién de las barreras de potencial y velocidades de transformacién
entre varias conformaciones. La metodologia que fué presentada en las secciones
anteriores ha sido utilizada para analizar procesos de isomerizacién rotacional del
tipo trans == cis en sistemas moleculares del tipo HXNX (X=0,8), 4cido nitroso
(HO;-N=0y,) y tionitroso (HS;-N=S;) como es ilustrado en la Figura 3.2.
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R P

Figura 3.2: Representacién de la reaccién conformacional en moléculas del tipo HXNX
(X=0,8).

3.3.2.1 Indices de Reactividad.

En la Tabla 3.1 se presentan los pardmetros globales de reactividad (en el caso de
la, polarizabilidad agregamos su componente fuera del plano molecular ;) y el mo-
mento dipolar para los reactantes, estados de transicién y productos asociados con el
proceso de isomerizacion rotacional de HONO y HSNS obtenidos mediante célculos
a niveles RHF/6-311G* y B3LYP/6-311G**. En ambos casos estudiados, tanto los
conférmeros trans como cis corresponden a minimos sobre la SEP y estdn caracteriza-
dos por la no presencia de frecuencias imaginarias (NIMAG=0). Tanto los resultados
RHF como B3LYP indican que la isomerizacién rotacional frans — cis es un pro-
ceso favorable desde un punto de vista termodindmico, en ambos casos el conférmero
cis es levemente mas estable que el isémero frans, debido al puente de hidrégeno

intramolecular que se forma. en la conformacién eis.

Los estados de transicién tanto para HONO como HSNS estén localizados préximos a
90°, y como es de esperar, son caracterizados por una frecuencia imaginaria (NIMAG=1),
ademads de valores de méaxima energia, minima dureza y valencia molecular, que in-
dican la validez de los principios de maxima dureza y méxima valencia molecular.
La polarizabilidad promedio del TS presenta un valor méximo en el caso de HONO
mientras que en HSNS presenta un valor minimo, indicando la validez del principio de
minima polarizabilidad solamente en el proceso torsional en HONO. En este 4mbito,

Ghanty y Ghosh [21] sugieren el anélisis de la componente fuera del plano molecular
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HONO E 7} n <> Quy Var DM
trans -204.700158 -4.4627 7.7635 13.448 7.488 3.7597 2.5469
(0 =0) -205.761769 -5.1239 2.6803 15.352 7.806 3.9783 2.0645
TS(0=92.6) -204.682531 -4.8028 7.5213 13.535 9.477 3.6886 1.8656
TS(0=92.5) -205.741044 -5.5675 2.4109 15.334 10.516 3.8779 1.6155

cis -204.701446 -4.7811 7.9104 13.268 7.402 3.7497 1.5730
(6 =180) -205.762150 -5.3634 2.7892 15.110 7.703 3.9815 1.5151
HSNS

trans -850.021798 -4.4736 4.8546 40.576 19.690 3.7540 1.9299

(¢ =0) -851.727234 -4.8872 1.3062 43.653 20.249 3.9734 2.1297
TS(6=93.8) -850.001284 -4.7539 4.7403 37.645 25.386 3.6253 1.7356
TS(6=92.7) -851.702711 -5.4124 1.1511 42.099 27.068 3.8109 1.6378
cis -850.022786 -4.5764 4.8850 40.189 19.316 3.7627 2.2822

(0 =180) -851.729019 -4.9716 1.3551 43.380 19.836 3.9993 2.3820

Tabla 3.1: Pardmetros globales de reactividad de los puntos estacionarios para la reaccién
de isomerizacién de HONO y HSNS. La primera entrada de datos corresponde a re-
sultados obtenidos mediante célculos RHF mientras que la segunda presenta resultados
TFD(B3LYP). (E, < o > and «, estdn en ua; p y 17 en €V; MD esta en Debye).

(ctzz), en ambos sistemas se observa un valor méximo de o, para el TS respecto &
reactantes y productos, este resultado insinda que el andlisis de la componente per-

pendicular al plano molecular puede ser criterio alternativo en la aplicacién del PMP.

La energia torsional y propiedades electrénicas fueron evaluadas cada 10 grados a lo
largo del dngulo de torsién. La Figura 3.3 muestra los perfiles de F, u, 0, Var v @,
para HONO (a) y HSNS (b). Dentro de los resultados més relevantes se confirma la
validez de principios de estructura electrénica, PMD, PMP y PMVM.
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Figura 3.3: Perfiles cualitativos de propiedades globales de reactividad a lo largo del éngulo
de torsién de HONO (a) y HSNS (b) obtenidos mediante céleulos RHF /6-311G**.

La Tabla 3.2 complementa estos resultados y en ella se¢ presentan valores relativos
a reactantes de diferentes propiedades (AP° = [P(P) — P(R)] y AP# = [P(TS) —
P(R)|,P = V,p,m, ;) que caracterizan el proceso torsional. Se observan valores
negativos para An7 mostrando que en estos casos el PMD se cumple adn cuando
t varfa a lo largo del dngulo de torsién. Por otra parte, valores positivos de AaZ,
validan el PMP. También en esta Tabla se incluye el coeficiente de Brynsted (3) que
indica si la estructura del TS estard mds préxima a las estructuras de reactantes o
productos, este descriptor estructural en conjunto con AV*® permiten clasificar a la
isomerizacion rotacional en HONO y HSNS como reacciones tipo Hammond, debido
a que ambos procesos son exoenergéticos (AV° < 0), lo cnal implica 8 < 0.5, por otra
parie, los productos de reaccién son las especies mds estables, mds duros (An° > 0)
y menos polarizables (Aa}, < 0}, este resultado permite mostrar consistencia entre
el postulado de Hammond y los principios de méxima dureza y minima polarizabili-
dad [22].
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HONO AV° AV#  Ap° Ap# A Ap* Aed, AL, B
HF  -0.8082 11.0611 -7.3424 -7.8428 3.3876 -5.5852 -0.086 1.980 0.4912
DFT -0.2391 13.0051 -5.5230 -10.2296 25113 -6.2125 -0.103 2.710 0.4977
HSNS

HF  -0.6200 12.8728 -2.3706 -6.4638 0.7010 -2.6358 -0.347 5.696 0.4941
DFT  -1.1201 15.3884 -1.9463 -12.1113 1.1277 -3.5767 -0.413 6.819 0.4912

Tabla 3.2: Propiedades de Activacién de la reaccién de isomerizacién de HONO and HSNS.
Todos los valores estdn en kcal /mol.

En relacién a las barreras de energia torsional se observa que sus valores estdn muy
préximos, HSNS presenta un valor de AV¥ levemente mayor que HONO. Este re-
sultado permite concluir que la naturaleza fisica de la barrera torsional es similar en
ambos procesos de isomerizacién, esta conclusién se verifica a partir del andlisis local

que veremos en los parrafos siguientes.

3.3.2.2 Indices de Selectividad

Los perfiles de indices de selectividad de sitios son presentados en la Figura 3.4. Fun-
clones de Fukui condensadas (i) fueron determinadas usando las ecuacién (1.17). En
la mayoria de los casos, al igual que en los indices de reactividad se observan valores
extremos en la cercanfas o en el TS, las mismas tendencias fueron obtenidas cuando se
usa la aproximacidn de diferencias finitas en el cdlculo de funciones de Fukui (ecuacién
(1.16)). En relacién a valencias atémicas, estas permanecen constantes a lo largo de la
coordenada de reaccién con la excepcién de Vp; en HONO y Vi, en HSNS presentando
un valor minimo en el TS. Esta observacién permite confirmar lo mencionado acerca,
de la similaridad de la naturaleza fisica de las barreras de potencial en HONO y
HSNS. Las funciones de Fukui al igual que las valencias atémicas no son fuertemente
dependientes del 4ngulo torsional, en general los patrones de reactividad tanto para
ataques electrofilicos como nucleofilicos permanecen constantes. Sin embargo, las
funciones de Fukui frente a un ataque elecirofilico de los 4&tomos de oxigeno presentan

una mayor variacion, y como es de esperar, éstas son opuestas.
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Figura 3.4: Perfiles cualitativos de propiedades locales de selectividad a lo largo del d4ngulo
de torsién de HO;-N=03 (2) y HS1-N=8S3 (b) obtenidos mediante célculos RHF/6-311G**.

Un resultado a destacar respecto a los perfiles de indices de selectividad es el compor-
tamiento inverso que presenta Vx; con aquellos de fi, (Vi f—lk), esta observacion
puede ser explicada de la siguiente manera, puesto que todos los valores de valencias
atémicas son positivos, y un valor miximo de Vjs implica mayor estabilidad, por
lo tanto, aquellos sitios con valores altos deben ser menos reactivos (fi, pequefios)
mientras que valores pequefios de V}, implica un alto valor de f, es decir una mayor

reactividad del sitio k.

Finalmente, destacamos que los resultados obtenidos a partir de métodos TFD mues-

tran las mismas tendencias cualitativas que aquellos obtenidos mediante cdlculos
RHF.
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3.3.3 Reacciones de Doble Transferencia Proténica

Las reacciones de transferencia proténicas (TP) son unas de las més simples y funda-
mentales en quimica, debido a su importancia en reacciones de oxidacién y reduccién
en muchos procesos quimicos y bioldgicos [23,24]. Existe un creciente interés en
el estudio de propiedades intrinsecas, tanto de complejos enlazados por puentes de
hidrégeno como de la dindmica de la transferencia proténica, en la literatura se han
reportados numerosos estudios basados en diferentes metodologfas tanto en la teorfa
Hartree—Fock como en la teorfa funcional de la densidad [25-28]. Estos estudios en
su mayoria considera la transferencia de un protén, las reacciones en las cuales més
de un protén es transferido han sido menos estudiadas. En esta seccién se presentan
los resultados del estudio de la reaccién de doble transferencia proténica (2TP) en
complejos ciclicos enlazados por puentes de hidrégeno por combinacién de unidades
del tipo HCX-XH (X=0,S) ilustrado en la Figura 3.5.

Figura 3.5: Esquema de las reacciones de doble transferencia proténica.

Dentro de los antecedentes bibliogrificos, se encuentra que la reacciéon de 2TP en
el dimero de 4cido férmico [(HCOOH).] ha sido estudiada extensivamente desde los
puntos de vista experimental y tedrico [29-33]. [(HCOOH),} ha sido utilizado como
modelo para estudiar y comprender propiedades de muchos sistemas multiproténicos
de importancia quimica y biolégica. Recientes estudios teéricos donde la principal
motivacion ha sido predecir estructuras de [(HCOOH),], y la SEP para el proceso
2TP, han permitido identificar el camino de minima energla (MEP) sobre la SEP,
este involucra un conjunto de desplazamientos nucleares: la transferencia es inici-

ada en una primera etapa por desplazamientos de dtomos pesados aproximando a
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las unidades monoméricas, en la vecindad del estado de transicién, el MEP implica

principalmente movimiento de los protones transferidos [29,34, 35].

Otra caracteristica interesante en procesos de TP tiene relacidon con la direccién del
flujo de carga electrénica, la cual es opuesta al movimiento del protén [26], este
antecedente sugiere que el andlisis detallado de la redistribucién de la carga electrénica
manifestada en variaciones de descriptores electrénicos durante el proceso dindmico
proporcionara los elemento necesarios para comprender el mecanismo de la reaccién

e identificar las interacciones especificas que gobiernan el proceso.

3.3.3.1 Reacciones de 2TP

Desde las unidades monoméricas HCX-YH (X,Y = 0,S) es posible generar 10 es-
tructuras bimoleculares enlazadas por hidrdgeno, entre estas estructuras existen 7
posibles reacciones de doble transferencia proténica. En este estudio se ha considera-

do el proceso de transferencia sincrénica.

HC(=0)-OH --- HC(=0)-OH = HC(=0)-O0H --- HC(=0)-OH (R1)
HC(=0)-OH --- HC(=0)-SH = HC(=0)-OH --- HC(=S) OH (R2)
HCO(=0)-OH --- HC(=8)-SH = HC(=0)-OH --- HO(=S)-SH (R3)
HC(=0)-SH --- HCG(=8)-OH = HC(=S)-OH ... HC(=0)-SH (R4)
HC(=S)-SH --- HG(=0)-SH = HC(=S)-SH --- HC(=S)-0H (R5)
HC(=0)-SH --- HC(=0)-SH = HC(=8)-OH --- HC(=S)-OH (R6)
HC(=S)-SH --- HCO(=S)-SH = HC(=S)-SH --- HC(=S)-SH (R7)

La Tabla 3.3 se presentan varias propiedades del TS para las 7 reacciones de 2TP. En
primer lugar se observa que es su mayoria estas reacciones son isoenergéticas, y solo
3 reacciones son endoenergéticas, (R2), (R5) y (R6) como lo sefiala el valor de AV®
en la Tabla 3.3. Las barreras de energia para las reacciones de transferencia proténica

estan ordenadas en el sentido que esta propiedad incrementa desde la reaccién R1




Reaccién AV® AV Ky B8 N
R1 0.0000 179311 71.7244 0.500 48
R2 0.4675 19.9937 79.0370 0.503 56
R3 0.0000 23.1733 92.6932 0.500 64
R4 0.0000 25.6087 102.4348 0.500 64
R5 2.2685 29.0499 111.6165 0.510 72
R6 3.0754 30.4612 115.6122 0.513 64
RT 0.0000 37.3895 149.5580 0.500 80

Tabla 3.3: Propiedades energéticas y estructurales para reacciones de 2TP obtenidas me-
diante calculos RHF/6-311G**.

a la R7, es decir, estas reacciones definen los limites de AV# para las barreras
de reacciones restantes; R1 y R7 son reacciones de referencia debido a que ellas
ocurren en dimeros de HCOOH y HCSSH. Es interesante notar que esta cantidad es

proporcional al nimero total de electrones (N) del agregado molecular.

Utilizando los valores optimizados de AV# y AV® en la ecuacién (3.7), se determind
el valor del pardmetro Ky el cual sigue la misma tendencia que AV#. A través de
la expresién (3.6) se obtuvo el coeficiente de Bransted, que indica la posicién del TS
a lo largo de la coordenada de reaccién. Los resultados muestran que 8 = 0.50 o
£ > 0.50 indicando que el TS se encuentra a mitad de camino entre R y P en el
caso de reacciones isoenergéticas o mds cerca de productos en el caso de reacciones
endoenergéticas en acuerdo al postulado de Hammond, este resultado permite validar
las ecuacién (3.7) para caracterizar estados de transicién asociados a reacciones de

transferencia proténica.

Respecto a propiedades electrénicas, estas son entregadas en la Tabla 3.4, y se indican

los valores de potencial quimico, dureza molecular y polarizabilidad referidos a los
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reactantes (AP° = [P(P)—P(R)] y AP* = [P(T'S)—P(R)],P = u,n,a) . En el caso
de procesos endoenergético se encuentra Ap® < 0 indicando que la direccién del flujo
de carga electrénica es en el sentido R — P, la cual es opuesta al movimiento del
protén. Por otra parte, se observan valores relativamente altos de Ap# que indican
que el potencial quimico no se mantiene constante a lo largo del proceso, este hecho
es importante a la hora de discutir el principio de maxima dureza [36], en todos los
casos con AV® > 0 se observa que An° < 0 mostrando que reactantes son especies
mas duras que los productos. Por otra parte # indica que la estructura del T'S es tipo
producto encontrando consistencia entre el PMD (Ar° < 0) y PH para caracterizar
este tipo de procesos. Los valores de An” estdn indicando que el TS es la especie
més blanda a lo largo de la coordenada de reaccién. Estos resultados muestran que
un maximo en energia esta asociado a un valor minimo en dureza, lo cual permite
confirmar la validez del PMD en reacciones de doble transferencia proténica. Este
resultado y los presentados en procesos de isomerizacién rotacional son ejeraplos en
que ¢l PMD se mantiene valido atin cuando el potencial quimico no es constante a lo

largo del IRC [10,22].

Los valores de polarizabilidad de activacién muestran que en todos los casos el estado
de transicién es mds polarizable que los reactantes y productos indicando que el prin-
cipio de minima polarizabilidad también se cumple en este tipo de reacciones. Adi-
cionalmente en los tres casos de reacciones endoenergéticas Aa® > 0 lo cual confirma
que la direccién de evolucién es hacia un estado de minima, energia y polarizabilidad,

como es requerido por el PMP [6].
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Reaccién Ay ApT Ag° A Aa® Ao7
R1 0.0000 -1.7633  0.0000 -6.1245 0.0000 1.0890
R2 -0.5397 13.3471 -22.4460 -16.5851 2.0937 4.0350
R3 0.0000 15.4995  0.0000 -4.1165 0.0000 6.6230
R4 0.0000 0.8848  0.0000 -4.0725 0.0000 9.1603
R5 -5.8672 59613 -2.1586 -14.3700 2.1844 11.9334
R6 -8.2685 -9.2056 -27.5288 -15.2422 4.2687 6.6884
RT 0.0000 -1.9327  0.0000 -7.7497 0.0000 17.6313

Tabla 3.4: Propiedades electrénicas para reacciones de 2TP obtenidas mediante célculos
RHF/6-311G**.

3.3.3.2 Relacién Entre los Procesos de Formacion y 2TP

Estos procesos son secuenciales, es decir, la formacién del complejo ciclico que estéd
caracterizado por la energia de interaccion AEp, = Epp, — an E.,, donde Epy es la
energia del complejo bimolecular optimizado y E,, es la energia de las correspondientes
especies monoméricas optimizadas, es seguida por la reaccién 2TP. Aunque estos
procesos parecen ser independientes uno del otro, encontramos una buena correlacion
entre los valores de AEy, y AV#, la Figura 3.6 indica que altas barreras de energia
estdn asociadas con pequeilas energias de interaccidon, asi mientras més fuerte es el
enlace de hidrégeno mas baja es la barrera energética para la transferencia indicando

que el enlace se fortalece en la medida que los protones se encuentran dindmicamente

deslocalizados.
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Figura 3.6: Correlacién entre la barrera energética para la transferencia proténica (AV#)
v la energia de formacién del agregado (AEp)

3.3.3.3 Mecanismos de Reaccion de 2TP

3.3.3.3.1 Perfiles de Reaccion En el caso de los dimeros de referencia formados
por 4cidos férmico (HCO-OH) y ditioférmico (HCS-SH) se realizaron célculos de
estructura electrénica a lo largo del IRC con la idea de obtener los perfiles presentados
en la Figura 3.7. En primer lugar notamos que en ambas reacciones p presenta
valores intermedios entre I y 7, este decrece para alcanzar una regién completamente
plana alrededor del TS, donde tres puntos criticos pueden ser identificados, los cuales
sugieren que en esta regién del MEP toma lugar un mayor reordenamiento electrénico
en el proceso. El peculiar comportamiento de p confirma el mecanismo propuesto
en literatura, se debe recordar que en una primera etapa la transferencia proténica

es iniciada por el desplazamiento de las estructuras monoméricas para favorecer la
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subsecuente transferencia de los protones, que es acompaiiada de una redistribucién
de la p(7). Observamos que el perfil de dureza presenta un comportamieﬁto opuesto
mientras que él de polarizabilidad sigue la misma tendencia al perfil de energia, el T'S
esta asociado a un valor minimo de  y maximo de « indicando la validez simulténea

de los principios de médxima dureza y minima polarizabilidad.
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Figura 3.7: Perfiles de energia, potencial quimico, dureza molecular y polarizabilidad a lo
largo del IRC para la reaccién de 2TP en dimeros de dcido f6rmico (a) y ditioférmico (b).
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Figura 3.8: Perfiles de fuerza a lo largo del IRC para dimeros de dcido férmico (a) y
ditioférmico (b).

3.3.3.3.2 Perfiles de Fuerza En la Figura 3.8 se muestra el perfil de fuerza de-
terminado por diferenciacién numeérica del perfil de energia dado en la Figura 3.7.
F(w) es negativo en la regién de reactantes y es positiva en la regién de productos,
este permite distinguir los diferentes procesos que toman lugar a lo largo de la coor-
denada de reaccién. En la regién de reactantes ocurre el proceso de activacién para
alcanzar la estructura del estado de transicién mientras en la region de productos

ocurre la relajacién desde el TS hacia productos.

Los perfiles de fuerza presentan minimos y méximos en las cercanfas del T'S, estos
definen una regién donde las interacciones especificas y reordenamientos intermole-
culares son de naturaleza diferente a las encontradas en las vecindades de reactantes

y productos. Los resultados de F(w) sugiere que la primera etapa de la reaccidén
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requiere una cantidad de trabajo (W;) necesaria para fraer las unidades monoméricas
lo mas préximas una de la otra, que es mayor al trabajo requerido para el movimiento

hidrogénico (Ws). Estos trabajos son cualitativamente definidos como:

Wy = /j::F(w)c&u y Wa— j:)F(w)dw, (3.24)

donde wy es la posicién del minimo de F(w) como es indicado por las flechas en la
Figura 3.8. Se observa que W; > W, indicando que la reaccion es determinada por la
primera etapa, es decir, el movimiento de las unidades monoméricas para obtener lo
mads cerca posible una de la otra en favor a permitir y asistir la posterior transferencia

proténica en estos agregados moleculares.
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Figura 3.9: Perfiles a lo largo del IRC de poblaciones electrénicas especificas para dimeros
de dcido férmico (a) y ditioférmico (b). pp-g y pH..a corresponde a la poblacién
electrdnica en regiones que estdn definidas entre el dtomo de hidrégeno y los centro dador
(D) y aceptor (A), respectivamente.
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3.3.3.3.3 Naturaleza de las Barreras de Energia de 2TP Con la idea de
obtener una mayor comprensién sobre el mecanismo de reaccion y la naturaleza de
las barreras de potencial es necesaria una caracterizacion cuantitativa de las pobla-
ciones electrdénicas en regiones de enlaces y centros atémicos (o fragmentos) a lo largo
de la coordenada de reaccién. La poblacién de Mulliken [37,38] a lo largo del IRC en
regiones de enlace y centros atdomicos que participan directamente en la reaccién es
mostrada en la Figura 3.9. La evolucién electrénica en regiones topoldgicas en enlaces
(px—p) v enlaces de hidrégeno (px..rr) siguen tendencias opuestas; cuando un protéu
es transferido, px_p decrece mientras py..y incrementa confirmando la existencia
de una transferencia de carga en la direccién opuesta al movimiento del protén. Es
interesante notar que los cambios mds notables en estas poblaciones ocurre después
del punto wy (indicados por las flechas en la Figura 3.9), es decir en la regién donde

ocurre la transferencia de los protones.

En el caso del dimero del dcido férmico la carga atémica de los protones transferidos
(gg) incrementa en forma leve en el TS (Figura 3.9(a)), mientras que en el dimero
del acido ditioférmico esta cantidad es completamente constante pero desde wy esta
incrementa rdpidamente hasta alcanzar un valor maximo en el TS (Figura 3.9(b)).
Las cargas atémicas en los dtomos donores (X —, gp)} y aceptores (X =, g4) de pro-
tones siguen una tendencia opuesta a lo largo del IRC. En el dimero de acido férmico
son bastante similares en magnitud lo cual favorece la deslocalizacién de los protones
entre los dtomos de oxigeno, contrario a esto, en (HCSSH), se observa una difer-
encia mucho més marcada entre estas cantidades que estad determinada incluso por
el signo de las cargas atémicas indicando que interacciones electrostiticas y de po-

larizacién pueden estar jugando un rol importante en la estabilizacion de este sistema.
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Estos resultados sugieren que la barrera de energia para la transferencia proténica en
el dimero de 4cido férmico es basicamente del tipo a fravés del enlace o controlado
por orbital en el sentido de Klopman mientras que en el dimero del 4cido ditioférmico
es basicamente debido a interacciones electrostaticas, es decir una barrera o través
del espacio o controlado por cargas en ¢l sentido de Klopman [5,39]. Cualitativa-
mente, interacciones a través del enlace ocurren entre patrones que presentan pobla-
ciones electrénicas locales similares mientras que las interacciones a través del espacio
ocurre entre patrones que presentan poblaciones electrénicas locales completamente
diferentes, y esta es la razén de porque este tipo de interacciones es comiinmente

asociado a interacciones no enlazantes.

En nuestra investigacién hemos mostrado como el andlisis de poblaciones electrénicas
v momentos dipolares ayuda a caracterizar la naturaleza de barreras de potencial
[10,40,41]. Sin embargo, en el presente caso esio no es posible debido a que las
conformaciones ciclicas de los dimeros de acido férmico y ditioférmico presentan un
centro de inversidn a lo largo de IRC. Por lo tanto, en ausencia de momentos dipolares
permanentes, en esta direccién puede ser utilizada la polarizabilidad para realizar un
andlisis cualitativo. La polarizabilidad de una molécula es proporcional a su tamaio
o su ntmero de electrones, la Tabla 3.4 indica que esta proporcionalidad se mantiene
para la polarizabilidad de activacién {Aa®). Por otra parte, desde la Tabla 3.3 es
posible visualizar la proporcionalidad entre AV# y N, entonces es de esperar, también
encontrar una proporcionalidad a Aa®. La Figura 3.10(a) muestra una buena cor-

relaci6n lineal entre AV# y Ag™ para los complejos identificados por su niimero total
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de electrones (en este andlisis se ha considerado un valor promedio para aquellos sis-
temas con N= 64, para las reacciones (R3), (R4) y (RR6)). Se observa que altas
barreras estén asociadas a altos valores de Ao confirmando que se trata de barreras
del tipo a través del espacio mientras que barreras bajas estdn asociadas a pequefios

valores de Aa” indicando que son del tipo a través del enlace.
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Figura 3.10: Correlacién entre las barrera energética 2TP con: (a) polarizabilidad de
activacién y (b) el pardmetro o para el andlisis HSAB local. Los diferentes complejos son
identificados por su nimero total de electrones.

Para validar este resultado se debe considerar que las interacciones a través del enlace
pueden ser explicadas por medio de una version local del principio de acidos y bases
duros y blandos de Pearson. El principio HSAB local, permite explicar interacciones
del tipo blando—blando, estableciendo que interacciones entre especies blandas ocurren
a través de dtomos que estdn caracterizados por una blandura similar. El principio
HSAB local entrega un criterio independiente en término de interacciones especificas

para caracterizar la naturaleza de barreras de potencial. Gdzquez y Méndez [42]
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han definido una cantidad que proporciona la informacién que se requiere para este

analisis:

o= (sg — 5311)2 + (832 — 5%9)° (3.25)

donde s% es la blabura local del d4tomo X [hidrégeno (H) o el correspondiente acep-
tor (A)] definido desde la blandura global como s% = px.S/N. Si las interacciones
especificas pueden ser explicadas en término del principio HSAB local, entonces se es-
pera un pequeiio valor de ¢ debido a que las blanduras de los patrones interactuantes
son esperados a ser similares, esto corresponderia a la parte blando con blando del
HSAB. Entonces valores grandes del pardmetro o indica que la interaccién es de tipo
a través del espacio. En la Figura 3.10(b) se muestra una buena correlacién entre las
barreras energéticas para el proceso 2TP vy el parametro o. Estos resultados mues-
tran que la barrera para el dimero del dcido férmico puede ser explicado en término
del principio HSAB (o pequefio) confirmando su naturaleza a través del enlace. En
el caso del dimero de acido ditioférmico o presenta un valor relativamente alto que
permite confirmar que la barrera 2TP es principalmente de naturaleza a través del
espacio. De acuerdo a estos resultados debe ser posible clasificar el origen fisico de
las barreras de energia para los sistemas remanentes como promedios de los sistemas

de referencias.
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3.4 Conclusiones

e Desde una perspectiva global, se ha encontrado que en procesos de isomerizacion
rotacional en HONO y HSNS, el estado de transicién presenta valores maximos
de F, a, y valores minimos de u, 1y Vps. Estas caracteristicas permiten validar
los principios de mdxima dureza y maxima valencia molecular y el principio de

minima polarizablidad.

e En un contexto local se ha encontrado una débil dependencia de descriptores
locales en procesos de isomerizacién rotacional en HONO y HSNS. Sin embargo
se encontrd una relacidn inversa entre la funcién de Fukui y la valencia atémica

que resulta 1til a la hora de discutir la reactividad de sitios.

e A partir de un andlisis global se han verificados los PMD y PMP en reacciones
de doble transferencia proténica en sistemas del tipo HCX-YH-:-- HCX-YH
(X,Y =0,8), mientras que a partir de un andlisis local ha permitido identificar
las interacciones especificas que controlan el proceso logrando clasificarlas de

acuerdo a su naturaleza como: a través del enlace o a través del espacio.

e En este Capitulo se ha mostrado que el estudio de descriptores electrénicos de
reactividad a lo largo de la coordenada de reaccién resulta de gran interés en
la caracterizacién de mecanismos de reaccién e identificacién de interacciones
especificas responsables del cambio quimico. Los estudios descritos en este
Capitulo basicamente estdn aludiendo a incorporar la coordenada de reaccion
en la formulacién de una teoria de reactividad quimica en el contexto de la
TFED. Esta idea esta fundamentada en que cambios en las coordenadas internas
a lo largo de la CR produce un cambio en el potencial externo v(¥) permitiendo

caracterizar F(w) en la ecuacién (3.19) como una sumatoria de contribuciones
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locales, las cuales pueden identificar regiones especificas de la topologia molecu-
lar que son responsables de la activacién y relajacién a través de la formulacién
de una ley de fuerza locales, en esta direccién F(w) puede ser descrito a través
de [6—5‘%} WY [5—1‘52717—)] ¥ los cudles pueden conducir a establecer nuevas reglas de

reactividad local.

Parte del trabajo presentado en este Capitulo ha sido publicado en los siguientes

articulos:

1. Theoretical Study of the Double Proton Transfer in the CHX-XH- - - CHX-XH
(X=0,S) Complexes.
Pablo Jaque and lejandro Toro-Labbé. Journal Physical Chemistry A, 104
(2000} 995-1003.

2. Characterization of Chemical Reactions Through Classical Concepts and DFT
Descriptors.
Soledad Gutiérrez—Oliva, Pablo Jaque and Alejandro Toro-Labbé. Rewview of
Modern Quantum Chemistry: A Celebration of the Contributions of Robert G.
Parr. K.D. Sen Editor. Singapore (2002) 966.

3. Towards Understanding the Molecular Internal Rotations and Vibrations and
Chemical Reactions Through the Profiles of Reactivity and Selectivity Indices:
An Ab Initio SCF and DFT Study.

Soledad Gutiérrez—Oliva, Pablo Jaque and Alejandro Toro-Labbé. Molecular
Physics, 101 (2003) 2841-2853.
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Capitulo 4

Reacciones de Formacion:

Principio de Sanderson

Resumen

En este Capitulo usamos el principio de equalizacién de la electronegatividad de
Sanderson para derivar expresiones para la dureza molecular () y su derivada (),
éstas se utilizardn para estimar propiedades electrénicas en moléculas y agregados
bimoleculares enlazados por puentes de hidrégeno a partir de valores asociados a
fragmentos que participan en la formacién de estas especies. En estas aplicaciones se
encuentra que las condiciones de maxima dureza y minima polarizabilidad comple-
mentan el eriterio de minima energia para la estabilidad de agregados moleculares. En
la parte final de este Capitulo se propone un nuevo esquema para obtener propiedades
moleculares desde fragmentos aislados que producen resultados que estdn es excelente

acuerdo con aquellos determinados a través del esquema de Sanderson.
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4.1 Introduccion

Una reaccién de formacién es racionalizada como el resultado de la combinacién de
los fragmentos constitiyentes, desde esta perspectiva, las propiedades moleculares
asociadas al sistema resultante (molécula o agregado molecular) pueden ser determi-
nadas a partir de las propiedades de los fragmentos que lo forman. Sin embargo, los
principales problemas que conlleva esta aproximacion en la estimacién de propiedades
moleculares se debe a los siguientes factores que no son considerados dentro de este
esquema: el potencial de enlace, la redistribucién de la densidad electrénica entre los
fragmentos y la relajacién estructural debida a las nuevas interacciones especificas a
través del enlace y a través del espacio que controlan el proceso de formacién. Los
errores asociados al uso de fragmentos rigidos para estimar propiedades moleculares
basicamente se deben a la completitud del set de funciones bases y mezclas de estados
electrénicos, en este contexto, la determinacién de propiedades moleculares basadas
en esquemas de adicion de fragmentos se espera que no sea muy exacta. Sin embargo,

el uso de éstos resulta atractivo principalmente por el poder predictivo que presentan.

En este Capitulo nos centramos en el estudio de la obtencién de propiedades elec-
trénicas globales (u, 7} desde los correspondientes valores asociados a los fragmentos
constituyentes a través de la aplicacidon del principio de equalizacion de la electroneg-
atividad de Sanderson [1-3]. También se exploré cémo estas propiedades se conectan
con las energias de enlaces en procesos de formacién de moléculas v agregados en-
lazados por puentes de hidrégeno [4]. Consideramos la formacién de cuatro moléculas

del tipo HCX-YH desde especies radicalarias HCO, HCS, OH, y SH, y 10 complejos
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bimoleculares ciclicos enlazados por puentes de hidrégeno del tipo HCX-YH. - - HCX~
YH formados por combinacién de especies del tipo HCX-YH (X,Y= O,S). La prin-
cipal motivacién para llevar a cabo este estudio fue validar el esquema de adicién de
Sanderson en el calculo de propiedades electrénicas globales e investigar la posibilidad

de discutir el reordenamiento electrénico debido al proceso de formacién de enlace.

4.2 Aspectos Tedricos

4.2.1 FEnergia de Formacién: Moléculas y Agregados Mole-
culares

El cambio energético debido a la formacién de una molécula o agregado a partir de

ny fragmentos no enlazados est4 dada por:

AE, =E - E3, (4.1)

donde F es la energia del sistema molecular optimizado que resulta de la combinacién
de los ny fragmentos, y E; ;= > % Ey; E, corresponde a la energia del fragmento
x optimizado. En estas aplicaciones la energia del producto de formacién se obtuvo
a partir de dos fragmentos (E3) en el caso de moléculas del tipo HCX-YH (X, Y=
0,S) mientras que en el caso de complejos bimoleculares (HCX-YH.-- HCX-YH;
X,Y = 0,8) se usaron dos (E3) y cuatro (Ej) fragmentos, es decir desde dos especies
moleculares (HCX-YH; X, Y= 0,S) y cuatro especies radicalarias (HCX(Y) y X(Y)H;
X,Y= 0,3), respectivamente, como lo ilustra la Figura 4.1. Es importante destacar

que tanto el error de superposicién de base como las mezclas de estados electrénicos

son fuentes de errores en la estimacién de AE7 , sin embargo la evaluacién de estos
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efectos escapan a los objetivos planteados en este trabajo de Tesis.

4.2.2 Principio de Sanderson: u, ny v

El principio de Sanderson establece que la electronegatividad (x= -1) de una molécula
estd dada por el promedio geométrico de las electronegatividades de los dtomos o
fragmentos aislados [1-3], asi el potencial quimico de un sistema molecular puede ser

expresado como:

ng 1/ng
Hpy = — (H |#Z|) ; (4.2)

donde pu; corresponde al potencial quimico del fragmento x. Se debe destacar que
dentro de esta aproximacién mieniras mayor sea el valor de ny menos exacto es el
resultado debido a que existe un mayor ntimero de enlaces y potenciales de enlaces

que no son considerados en el calculo de p;), 5

Para estimar la dureza molecular de forma aproximada dentro del esquema de Sander-
son se debe considerar que el potencial quimico al igual que la energia puede ser escrito
como: p = p[N,v(7)], la dureza se obtiene a través de la diferenciacién de la ecuacién

(4.2) respecto a N [4-7],

a ] © nf [s)
no _ ( )un.f ) — % & (43)
T‘f aN v(F) n-f [ M"c;" ,

donde 7% corresponde a la dureza del fragmento z. La diferencia entre los valores
aproximados v aquellos obtenidos para las especies moleculares estructuralmente op-
timizadas pueden ser afribuidas a la relajacién de la densidad electronica después

del enlace quimico. La cuantificacién de estas diferencias resulfan interesantes en la
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discusién y comprension de la p(7) a medida que la reaccién avanza en direccién de

la formacién de sistemas moleculares.

La dureza también puede ser escrita como: n = g[N,v(F)], la derivada respecto a
N a v(F) constante fue definida por Fuentealba y Parr [8] como una propiedad de
tercer—orden <, estimaciones de esta propiedad solamente se llevé a cabo en dtomos
e iones resultando ser una cantidad mucho mds pequefia en comparacién a g y 7.
En el contexto del esquema de Sanderson se obtiene la siguiente expresién luego de

diferenciar 7  respecto a N [4]:

an;) (M) Hay & ( °)2 Hag
] £ nf ns Nz ny Yz
o = = E Z) + 2 E =, 4.4
Ty (BN N . T SN 4 T el (44

En el contexto del esquema de Sanderson, se ha propuesto una expresion analitica para
estimar valores de -y en sistemas moleculares a partir de potenciales quimicos, durezas

moleculares y sus derivadas asociadas a sistemas atémicos y fragmentos moleculares.

4.3 Aplicaciones: Reacciones de Formacién

4.3.1 Detalles Computacionales

El esquema de célculo utilizado para caracterizar la estructura electrénica de moléculas
y agregados enlazados por puentes de hidrogeno fue del tipo RHF con un set de fun-
ciones bases estandar 6-311G** implementado en el paquete de programas Gaussian
94 [9]. En el caso de fragmentos radicalarios se utiliz6 un esquema de célculo del tipo

UHF/6-311G**. Para estimar los valores de g y 9, se aplicaron las férmulas opera-

cionales entregadas en el Capitulo 1, en término de las energfas de orbitales fronteras
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Fragmento E n 7

CHO -113.2802 -0.1327 0.2450
OH -76.4107 -0.1906 0.3153
CIHS -435.9153 -0.1492 0.1852
SH -398.0929 -0.1907 0.1864

Tabla 4.1: Energia, potencial quimico y dureza para las estructuras optimizadas de frag-
mentos radicalarios determinados a un nivel de teoria ab initio UHF/6-311G**. Todos los
valores estdn en ua.

(en y €L)-

En la Tabla 4.1 se presentan los valores de referencia de E, p y 1 para las especies
radicalarias del tipo HCX y XH (X= 0O,S). Estos fragmentos en reaccién pueden
formar el siguiente conjunto de moléculas HCO-OH (M1), HCS-OH (M2), HCO-
SH (M3) y HCS-SH (M4), el cambio energético y clectrénico (manifestado a través
de cambios en u y 1) que caracteriza este proceso estd asociado principalmente a
la formacién de un enlace covalente que involucra a los centros atémicos C-X (X=
0,S). La comparacién entre los valores aproximados de g, ;Y T, (obtenidos a partir
de fragmentos rigidos) respecto aquellos obtenidos desde las estructuras optimizadas
permite discutir cualitativamente el efecto del potencial de enlace sobre estos descrip-
tores electronicos, este aspecto serd expuesto con un mayor énfasis en el siguiente

Capitulo.

En relacién a la formacidén de agregados moleculares solo fueron consideradas estruc-
turas ciclicas de todas las posibles geometrias que se encuentran en la superficie de

energia potencial. Estos agregados estdn estabilizados por dos enlaces de hidrégeno

como se muestra en la Figura 4.1. La combinacion de monoméros del tipo HCX--YH
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Sistema -B —BES —-Ef —-AEy, —AFEy
HCOOH (M1)  188.8205 188.6910 0.1295
HCSOH (M2)  511.4454 511.3260 0.1194
HCOSH (M3)  511.4493 511.3731 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) 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) 1345.5389 1345.5320 1345.3342 0.0069 0.2047
HCOSH---HCOSH (C8) 1022.9076 1022.8987 1022.7463 0.0089 0.1613
HCSSH---HCOSH  (C9) 1345.5425 1345.5360 1345.3813 0.0065 0.1612
HCSSH. - - HGCSSH (C10) 1668.1770 1668.1733 1668.0164 0.0037 0.1606

Tabla 4.2: Energias totales y de reaccién en procesos de formacién de sistemas moleculares
a nivel RHF/6-311G**. Todos los valores estédn en ua.

(X,Y= 0,S) conduce a la formacién de 10 agregados ciclicos enlazados por puentes
de hidrégeno (C1 a C10). En la construccién de estos agregados se han considerado
dos aproximaciones como se muestra en la Figura 4.1: (a) la formacién de complejos
bimoleculares desde dos moléculas neutras (ny = 2) donde los valores optimizados de
E, u'y 1 de cada unidad del tipo HCX-YH (X,Y= O,S) son utilizadas para producir
B3, pS v n3, nétese que en estos valores no es considerado el efecto de dos enlaces
de hidrégeno; y (b) la segunda aproximacién establece la formacién del agregado a
partir de cuatro fragmentos radicalarios (ny = 4), mediante los valores entregados en
la Tabla 4.1 se obtiene Ef, pg y 73, estos valores no incluyen los efectos de dos enlaces
covalentes (C-X; X=0,9) y dos enlaces de hidrégeno (X-H---Y; X,Y= O,S). En la
Tabla 4.2 se definen las especies bajo estudio y se entregan los valores de energias

totales como las energias de formacion de moléculas y de agregados AF,; y AE;,.
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Figura 4.1: Esquema del proceso de formacidon 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= 0,8).
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4.3.2 Resultados y Discusién
4.3.2.1 Enmergias de Enlaces

4.3.2.1.1 Energias de enlaces C-X (X= 0,S). Los valores de energfas de
reaccién (AE, ) entregados en la Tabla 4.2 indican que tanto la formacién de moléculas
(M1 a M4) como de agregados bimoleculares (C1 a C10) son procesos termodina-
micamente favorables. Considerando los valores de AE» desde M1 a M4 permiten

estimar las energfas de enlaces del tipo C-X (X=0,S). El valor de AE, involucrado

en la formacién de M1 y M2 se identifica con la energia de un enlace simple C-O-

mientras que en los procesos de formacién de M3 a M4 estdn asociados a la formacién
de un enlace C-S. Los valores promedios para estas energias de enlaces fueron com-
paradas a valores experimentales, para el enlace C-0 se determiné que < AF, >¢p~2
0.12 ua y para el enlace C-S < AFEy >gg~ 0.08 ua, mientras que los valores ex-
perimentales son 0.13 y 0.10 ua [10], respectivamente. Aunque los valores numéricos
presentan algunas variaciones, los resultados tedricos acuerdan cualitativamente con

los experimentales en cuanto a que estos indican que el enlace C—0 es més fuerte que

el C-S.

Estos resultados son consistentes cuando se racionaliza la formacién de agregados
moleculares desde cuatro fragmentos radicalarios y se desprecian la interacciones por
puentes de hidrégeno, asi la energia de reaccién (AE,;) puede ser escrita en términos
de energias de enlaces del tipo C-X (X= 0,S). Los valores de AE, entregados en
la Tabla 4.2 asociados a la formacién de C1, C2 y C3 flucttian desde -0.28 ua
(C1) a -0.25 ua (C3), estos pueden ser asignados a la formacién de dos enlaces
C-0 (AE; =2 < AE; >¢p). Desde C4 a C7 se determina un valor promedio para

AFE; de -0.21 ua, este valor esta asociado principalmente a contribuciones energéticas
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debido a la formacién de un enlace C-0 y C-8 (AE; ~< AE, >0 + < AE, >es)-
Desde C8 a C10 se encuentra que AEy ~ -0.16 ua el cual es debido a la contribucién
de dos enlaces C-S (AF; ~ 2 < AE; >¢g). Los resultados de energias de enlaces de-
terminados mediante célculos RHF/6-311G** acuerdan satisfactoriamente con datos
experimentales lo cual permite validar la metodologia de célculo para caracterizar

este tipo de sistemas.

4.3.2.1.2 Energias de Enlaces de Hidrégeno H---X {(X= O,S). Antes
de continuar con este andlisis se debe hacer mencién que aunque se espera que
los calculos Hartree—Fock no sean muy exactos al estimar energias de enlaces de
hidrégeno, los resultados obtenidos en este estudio concuerdan satisfactoriamente con
aquellos obtenidos mediante otros estudios tedricos [6]. En relacién a datos experi-
mentales se encuentra un buen acuerdo con la informacién experimental disponible,
en el caso de la formacién del dimero de 4cido férmico (C1) se obtiene que AE,=
~0.0231 ua, valor que es comparable al experimental (AE,; = -0.0233 ua) [11]. En
literatura no existe informacién experimental acerca del sistema C10, sin embargo
hay estudios en sistemas que contienen solo una unidad del tipo S--- H, el dato ex-
perimental para esta interaccion es de 0.0016 ua [12] que compara con una fraccién
(1/2) de la cantidad entregada en la Tabla 4.2 para C10 (AE,/2 = 0.0019 ua), esta
asimilacién es justificada considerando que C10 es estabilizado por la presencia de

dos unidades S--- H.

A partir de esta particién y motivados con la idea de racionalizar las energfas de
enlaces de hidrégeno en la serie estudiada, se exploré la idea de estimar energfas de

enlaces a partir E(H:--0) y E(H ---5) obtenida desde C1 y C10 como AFE,/2
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Sistema N —AE, —AE® —AEYD

C1 48 0.0231 0.0231  0.0231
C2 56 0.0181 0.0134 0.0175
C3 64 0.0119 0.0037 0.0119
C4 86 0.0149 0.0231 0.0160
C5 64 0.0104 0.013¢4 0.0104
Ccé 64 0.0121 0.0134 0.0134
Cr 72 0.0069 0.0134 0.0078
Cs8 64 0.0089 0.0231  0.0089
C9 72 0.0065 0.0134 0.0063
C10 80 0.0037 0.0037 0.0037

Tabla 4.3: Energias de enlaces de hidrégeno de agregados bimoleculares (AE; = F — ES;
AEéa) =y xB(H- X); AES’) =Y xy B(X —H---Y)) . Todos los valores estén en ua.

(E(H---0) = AF,(C1)/2 = -0.01155 ua; E(H---S) = AE,(C10}/2 = -0.00185
ua). Hstos valores son utilizados para estimar AE, como AEéa) =y, B(H---X),
es decir simplemente al sumar las energias de enlace H- .+ X que est4n presentes en
el agregado. Estos resultados se incluyen en la Tabla 4.3. Nétese que desde esta
aproximacion la estimacién de AE&“) no es adecuada para describir los valores de

AFE, para los sistemas remanentes (C2 a C9) observdndose desviaciones hasta un

0% (C3).

Una aproximacién considerablemente mejor a AFE, puede ser obtenida al considerar
ademds del enlace H --- X el efecto del heterodtomo vecino, a través de la definicién
de la energia del fragmento X — H---Y (X,Y=0,S). Para ello se¢ consideran cua-
tro dimeros (C1, C3, C8, y C10) que contienen los fragmentos deseados: E(O —
H---0) = AE(C1)/2 = -0.01155 ua; E(O — H---8) = AE(C3)/2 = -0.00595
uag; BE(S — H---0) = AEy(C8)/2 = -0.00445 ua; E(S — H---5) = AE,(C10)/2 =

-0.00185 ua. Nétese que un atomo de azufre adyacente al enlace de hidrégeno lo
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hace més débil que en presencia de un dtomo oxigeno. A partir de esta aproximacién
se define AEQU’) = > xy E(X — H---Y) cuyos resultados también se incluyen en la
Tabla 4.3 y se comparan a AEs y AE;“). Los valores de AES’) presentan desviaciones
menores respecto a los de referencia. Esto indica que el efecto del heterodtomo ad-
yacente al enlace de hidrégeno es importante en caracterizar las energias de enlaces
de hidrégeno. En resumen, a través de esta aproximacién para la energia de enlace
H ---0 se estima un valor de 0.0080 % 0.0036 ua y para H---S un valor de 0.0039
& 0.0021 ua, el enlace de H --- O puede ser considerado dos veces mas fuerte que el

enlace H-.- S.

4.3.2.1.3 Constantes de Fuerza (k) y Energias de Enlaces de Hidrégeno.
La Tabla 4.3 ademas de entregar los valores de energias de enlaces AF, incluye el
nimero total de electrones N para cada sistema. Se observa que AE, decrece con N
y que el enlace H -+ - O es mas fuerte que H --- 5. La fuerza de un enlace quimico es
usualmente representada por la constante de fuerza (k), la cual permite caracterizar
las diferentes estructuras sobre la SEP, en este contexto es de esperar que AE; este
relacionada con la & asociada al par de enlaces de hidrégeno del agregado bimolecular.
Se determinaron los valores de constantes de fuerzas a través de célculos ab initio de
frecuencias vibracionales a partir de las estructuras optimizadas de estos complejos,
los resultados se entregan en la Figura 4.2(a), donde una buena. correlacién lineal (r =
0.980) puede ser observada entre AFy y k para los 10 sistemas estudiados que estdn
identificados con el niimero total de electrones que presentan. Para un dado valor de
N pueden asociarse a mas de una estructura, asf en la Tabla 4.3 se logra identificar
que hay dos sistemas con 56 electrones (C2 y C4); cuatro con 64 electrones (C3,

C5, C6, y C8); y dos con 72 elecirones (CT y C9), al considerar valores promedios
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de sus respectivos datos de AE;, y k se logra una mejor correlacién (r = (0.996) como
es ilustrado en la Figura 4.2(b), por lo tanto, las constantes de fuerzas ab initio son
consistentes con los resultados energéticos: enlaces de hidrégeno més fuertes estdn

asociados a un alto valor de |AE;|.
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Figura 4.2: Correlacién entre energias de enlaces de hidrégeno y constantes de fuerzas de
agregados bimoleculares identificados por el niimero de electrones (a). Valores promedios
de AFEs y k en sistemas que presentan igual nimero de electrones (b).

4.3.2.2 Descriptores Electrénicos

4.3.2.2.1 Potencial Quimico Electrénico. La ecuacién (4.2) se ha utilizado
para obtener p en el contexto del esquema de Sanderson. Para el caso de moléculas
(M1-M4) se requieren los datos ab initio (12 y 72) para las especies radicalarias
entregadas en la Tabla 4.1 (z = CHO, OH, CIS, y SH). Mientras que en el caso
de la formacién de agregados bimoleculares se han considerado dos aproximaciones;

una desde dos fragmentos moleculares y otra desde cuatro especies radicalarias, los

valores de p;  estdn listados en la Tabla 4.4.
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Sistema I B3 B Ui s ! Y2 i
M1 -0.1554 -0.1590 0.3138 0.2783 0.0247

M2 -0.1402 -0.1686 0.2206 0.2441 0.0214

M3 -0.1391 -0.1591 0.2608 0.2246 0.0431

M4 -0.1532 -0.1687 0.1996 0.1872 0.0062

C1 -0.1503 -0.1554 -0.1590 0.3204 0.3138 0.2783 0.0317 0.0247
C2 -0.1411 -0.1476 -0.1638 0.2251 0.2652 0.2619 0.0303 0.0269
C3 -0.1462 -0.1402 -0.1686 0.2169 0.2206 0.2441 0.0153 0.0214
C4 -0.1402 -0.1470 -0.1590 0.2609 0.2863 0.2515 0.0281 0.0380
C5 -0.1601 -0.1543 -0.1638 0.2021 0.2563 0.2342 0.0398 0.0326
C6 -0.1320 -0.1397 -0.1638 0.2215 0.2408 0.2342 0.0231 0.0326
C7 -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 -0.1511 -0.1460 -0.1638 0.2000 0.2319 0.2065 0.0288 0.0289
Ci0 -0.1576 -0.1532 -0.1687 0.1965 0.1996 0.1871 0.0084 0.0064

Tabla 4.4: Propiedades electrénicas calculadas y estimadas de moléculas y agregados
bimoleculares, zz y 7 fueron obtenidos mediante cilculos RHF/6-311G**, Hngs Tags ¥ Tng
fueron estimados mediante las ecuaciones (4.2), (4.3), y (4.4) respectivamente. Todos los
valores estan en ua.

Nétese que las desviaciones de ; con respecto a los valores de referencias obtenidos
desde cdlculos ab initio son razonablemente pequefias, sin embargo en la mayoria de
los casos, ;19 se aproxima mejor al valor de referencia que como lo hace g3 . Al igual
que la energia el potencial quimico depende del nlimero de fragmentos empleados en

el contexto del esquema de Sanderson [4].

4.3.2.2.2 Dureza Molecular. Dentro del esquema de Sanderson se han deter-
minado valores de dureza molecular a partir de la ecuacién (4.3), los resultados se
entregan en la Tabla 4.4. Es interesante notar que la dureza puede ser estimada tanto
por 7n; como 7;, ambos valores represenfan una buena aproximacioén al valor ab initio
de referencia. La consistencia cualitativa entre %3 como #%; indica que la ecuacién (4.3)

es una expresién confiable para estimar durezas moleculares a partir de fragmentos
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rigidos.

Para estimar durezas moleculares desde fragmentos, eu la literatura se han propuesto
otros esquemas de adicién, en este contexto, Ghosh y col. [13] se han basado en el
promedio aritmético de la blandura molecular que puede ser escrito en término de

dureza como:

Iy (4.5)

En esta linea Datta propone un esquema similar al propuesto por Sanderson para
t, es decir, expresa la dureza de un agregado como el promedic geométrico de las

respectivas durezas de los fragmentos constituyentes {14],

ny 1/ng
n’ = (H n;;) : (4.6)

La Tabla 4.5 lista valores de durezas obtenidas mediante diferentes tratamientos
sefialados por las ecuaciones (4.3), (4.5) y (4.6) considerando ny = 2. Nétese el satis-
factorio acuerdo entre estos valores obtenidos a partir de diferentes métodos, solo se
observan pequeiias desviaciones. Estos resultados permiten atribuir una importante
caracteristica a la dureza, desde un punto de vista numérico # es una propiedad es-
table. Este atributo en conexién con el principio de méxima dureza (PMD) sugiere

que para aquellos sistema en los cuales la energfa es dificil de obtener,  puede abrir

un camino alternativo para conseguir informacién de tipo energética [15].
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Sistema g 5 n“ nY
Ec. (4.3) Ec. (45) Fe. (4.6)
M1 0.3138  0.2783 0.2757 0.2779
M2 .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 0.2501 0.2631
C3 0.2169  0.2206 0.2206 0.2206
C4 0.2609  0.2863 0.2849 0.2861
Cs 0.2021  (.2563 0.2440 0.2503
C6 0.2215  0.2408 (.2390 0.2399
C7 0.1966  0.2108 .2096 0.2098
C8 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

T

4.3.2.2.3 Relacién entre Energia y Dureza.

Tabla 4.5: Comparacién de valores de durezas determinados a través de diferentes métodos.
7 es el valor ab initio de referencia; las ecuaciones (4.3), (4.5) y (4.6) son aplicadas con ny
= 2. Todos los valores estdn en ua.

La conexién entre emergia y

dureza a través del PMD estimula a investigar la relacién entre las energfas de for-
macién AFEy y AFE; para los complejos bimoleculares y las correspondientes durezas
12 ¥ 13 determinados a través de la ecuacion (4.3). Los graficos (a) y (b) de la Figura
4.3 muestran correlaciones lineales entre AE, . y 7} ; bara los agregados identificados
por su nimero total de electrones. Estas correlaciones son mejoradas cuando se uti-
lizan valores promedios como se muestra en las Figuras 4.3 {¢) y (d). En acuerdo a la.

prediccién del PMD se observa que el agregado més estable es la especie més dura.
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Figura 4.3: Correlacién entre energfas de enlaces y durezas de los productos determinados
a partir de la aproximacién de Sanderson con (a) ny =2y (b) ny = 4. (c) y (d) considera
los valores promedios para sistemas que tienen igual niimero de electrones en los paneles

(a) y (b).

La conexién entre propiedades electrénicas y energia de reaccién permiten obtener
un cuadro més completo de algin evento quimico, esto ha sido sujeto del presente
trabajo de Tesis. En este contexto, Pearson propuso un método empirico para clasi-
ficar el orden de 4cidos y bases en término de sus durezas [16]. M4s recientemente
Gdzquez propuso una expresion para la energia de enlace en término de los poten-

ciales quimicos, las durezas y las funciones de Fukui condensadas de las especies
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aisladas [17]. En la biisqueda de relacionar las energfas de enlaces de hidrégeno y las
propiedades electrénicas de las especies aisladas, se examiné la expresién propuesta
por Gdzquez resultando que ésta sobre-estima las energias de enlaces de hidrégeno
aunque indica correctamente que la principal contribucién a la energia de enlace es

debida al cambio en la dureza del sistema.

Para finalizar esta discusién, es interesante notar que las Figuras 4.2 y 4.3 sugieren
que la dureza de los agregados estd relacionada con las constantes de fuerza. La
Figura 4.4 corrobora esta relacién a través de una buena correlacién lineal entre
estas propiedades, mientras més fuerte es el enlace formado més duro es el complejo.
Este resultado confirma la proporcionalidad directa entre dureza y constantes de
fuerzas, como fuera apuntado por Arulmozhiraja y Kolandaivel [18], por otra parte
estos autores y los resultados presentados en este seccién sugieren que la dureza
quimica es una cantidad bastante adecuada en describir la estabilidad quimica, que

algiin otro descriptor proveniente de la TFD.

4.3.2.2.4 Polarizabilidad de Sistemas con Enlaces de Hidrégeno. En gene-
ral se ha observado que las condiciones de méxima dureza y minima polarizabilidad
complementan el criterio de minima energia para la estabilidad molecular como es
sugerido por el PMD [19] y el PMP [20,21]. En este contexto, la Tabla 4.6 entrega
valores de polarizabilidad () determinados mediante cdlculos ab initio para moléculas
(M1-M4) y agregados bimoleculares (C1-C10), también se listan valores de o para
agregados obtenidos a través de la simple adicién de polarizabilidades asociadas & las

unidades monoméricas constituyentes (a3).
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Sistema N o e Aas Ady
M1 24 15.1733

M2 32 28.2873

M3 32 27.7830

M4 40 43.4183

C1 48 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 56 43.6490 42,9563 0.6927 22.1709
C5 64 60.9957 ©58.5916 2.4041 31.6999
Cs8 64 58.0750 56.0703 2.0047 30.0399
CT 72 75.0847 T71.7056 3.3791 39.2319
C8 64 56.3013 55.5660 0.7353 28.5183
C9 72 729003 71.2013 1.6990 37.2997
C10 80 88.6140 86.8366 1.7774 45.1957

Tabla 4.6: Polarizabilidades calculadas y estimadas para moléculas y agregados bimolecu-
lares. Todos los valores estdn en ua.

0.28=
0.24-
» 64
0204 e 72 0.204
80 80
1 1 ] 1 [] ]
006 005 0.0 015 020 0.00 0.05 010 015 020
k/mdyn A™ kimdyn A™

Figura 4.4: (a) Correlacién entre durezas y constantes de fuerzas de agregados bimole-
culares. (b) Correlacién entre 73 ; versus k usando valores promedios para sistemas que
presentan igual miimero de electrones.
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Desde la Tabla 4.6 se observa el excelente acuerdo entre o5 y los valores de referen-
cia. Este resultado sugiere que la polarizabilidad de un sistema compuesto se puede
aproximar a la suma de los ny valores de polarizabilidades de las unidades que forman

el agregado

lifi
a, =Y, (47)

donde o corresponde a la polarizabilidad de los monoméros.

La adicién de electrones a un sistema molecular incrementa su polarizabilidad debido
a que esta propiedad es proporcional a N, esta proporcionalidad es confirmada en
agregados enlazados por puentes de hidrégeno (ver Tabla 4.6). Por otra parte, como
ha sido sefialado las energias de enlaces de hidrégeno también muestran dependencia
con N, por lo tanto se debe esperar que AE; este conectado con la polarizabilidad a
través de N. Sin embargo la Figura 4.5(a) muestra un grifico con bastante dispersion
entre los valores de A y la polarizabilidad de reaccién Aay, que se define como
la diferencia entre o de producto y de reactantes: Aag = a — Y a2 (estos valores
estdn en la Tabla 4.6). La consistencia esperada se logra cuando la polarizabilidad
de reactantes es definida como un promedio aritmético de las polarizabilidades de
los monoméros, se define la polarizabilidad de reaccién como Ad = a — (3, a,)/2,
estos valores estan listados en la Tabla 4.6. La Figura 4.5(b) muestra una buena. cor-
relacién lineal donde es claro que las energias de reaccién méas bajas estdn asociadas
a polarizabilidades de reaccién también mds bajas. Este resultado alude a la posibili-
dad de extender la validez del PMP en comparaciones de energfas y polarizabilidades
relativas [4,22]. Adicionalmente se encontré que AE, se correlaciona de forma, lineal
con la polarizabilidad de productos (a3) como lo ilustra la Figura 4.5(c). En resumen

se ha encontrado que el producto de reaccién mds estable corresponde a la especie
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mas dura y menos polarizable.

a
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Figura 4.5: Representacién de las energias de reaccién con: (a) la polarizabilidad de
reaccién definida como Aaz = afproducto) — 3~ af, (b) la polarizabilidad de reaccién
definida como Aay = afproducto) — (3, a2)/ns, ¥ (c) la polarizabilidad de los agregados
bimoleculares mediante la ecuacién (4.7). Todos los valores estdn en ua.
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4.3.2.2.5 Derivada de la Dureza, . Se ha reconocido a la dureza molecular
como una propiedad para caracterizar procesos quimicos, por tanto es necesario cono-
cer como esta propiedad cambia con el nidmero de electrones y el potencial externo.
La cantidad v mide el cambio de 7 con N. Se utilizd la ecuacién (4.4) para evaluar
esta propiedad. Notese que a partir de esta expresién se requiere de valores de 72
de los fragmentos aislados, estos fueron estimados a partir de la siguiente férmula

aproximada [8].

Ey, °
o o . A 0. 4.
Yo [EH_3EHL% (4.8)

Los valores de 5 y 4 son entregados en Tabla 4.4 de donde se observan que ellos
son muy pequefios y positivos al igual que el estudio en 4tomos e iones realizado por

Fuentealba y Parr [8].

4.3.2.2.6 Nuevo Esquema de Aditividad para gy 7. Se finaliza este Capitulo,
con la discusién acerca de la variacién de ; respecto al cambio en v(7). El poten-
cial quimico al igual que la energia es una funcién de N y un funcional de v(7) la

diferenciacién respecto a v(F) conduce a:

o] (e SEE)

donde F;, es una cantidad adimensional que contiene la informacién acerca de las

reactividades de los fragmentos a través de la funcién de Fukui condensada f°. A
partir de un anélisis dimensional se propone que el potencial quimico para un sistema,

compuesto por ny fragmentos puede estar definido como:
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L _ i (—) . (4.10)
Hn, 7 \Hg

En aplicaciones numéricas de esta nueva aproximacién se requiere de una férmula
operacional para f;, en esta direccién, se considera como punto de partida la aproxi-
macién de densidad local (LDA) donde la funcién de Fukui radial puede ser aproxi-
mada como

p(7)
F7) ==~ (4.11)

al integrar en el volumen del fragmento x, se obtiene la siguiente expresién para la

funcién de Fukui condensada en z
. Nz
o= (4.12)

donde N =} N, y corresponde al niimero total de electrones en el agregado y N,
es el nimero de electrones en el fragmento x. Lo interesante de la expresién (4.10)
es que la funcién de Fukui definida a través de la ecuacién (4.12) juega mds bien
un rol de factor de ponderacién que de pardmetro de reactividad. Se determinaron
potenciales quimico de los 10 agregados ciclicos mediante este nuevo esquema a partir
de dos fragmentos rigidos, los resultados muestran un muy buen acuerdo con aquellos
determinados mediante la ecuacién (4.2), esto se puede verificar en la Figura 4.6. Mds
aun, los valores obtenidos con este nuevo esquema se aproximan mejor a los valores

ab initio de referencia que aquellos determinados por la ecuacién (4.2).
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Figura 4.6: Comparacién de potenciales quimicos determinados a través de las ecuaciones
(4.2) y (4.10). Todos los valores estan en ua.

La caracterizacidn de derivadas de la ecuacién (4.10) es directa. En esta nueva for-

mulacién la dureza esta dada por

T

; Opin, D e 1
??nf = aN = (nu’nf) Z (;,b°)2 [fil'n:&‘ — hmu.w] ) (413)
v(F) =

donde AZ es una medida de la fluctuacién de la dureza qufmica debido al cambio en
cl potencial externo. Alternativamente, a través de la relacién de Maxwell, hS puede
ser considerada como la respuesta de la funcién de Fukui a un cambio en el nimero

total de electrones.

o_ {03\ _ (9f;
"m“(av(a)N“(aN)um' (.19

Parr y col recientemente han definido el indice de electrofilia como w = p?/2n [23].
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Sistema 7 7% % % 7~ 7"

Ec.(2) Ec(13) Ec(13) Ec(5) Ec.(6)
HCOOH---HCOOH 0.3204 0.3138 0.3138 0.3204 0.3138 0.3138
HCOOH---HCSOH 02251 0.2652 0.2565 0.2575 0.2591 0.2631
HCSOH---HCSOH 02169 02206 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 02215 0.2408 0.2407 0.2388 0.2390 0.2399
HCSSH---HCSOH  0.1966 0.2108 0.2102 0.2067 0.2096 0.2008
HCOSH---HCOSH 02607 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

Tabla 4.7: Comparacién de durezas moleculares de agregados bimoleculares determinadas
a partir de diferentes esquemas de adicién. Todos los valores estdn en uaq.

En analogia a esta definicién dentro del esquema presentado, el inverso de w

T A
(,U:’ J')2 = Z (Mo)z [f.’cn:r.' - h’m:u:z:] . (4.15)
ng T

T

al contener propiedades locales y globales puede ser el punto de partida para la for-
mulacidn de métodos que permitan la caracterizacion de conceptos de reactividad y

selectividad en una perspectiva unificada.

La Tabla 4.7 entrega valores de durezas determinadas a través de los diferentes es-
quemas a partir de ny = 2. La segunda columna de esta Tabla contiene los valores de
referencia (1) mientras que la tercera columna lista los valores obtenidos mediante la
ecuacién (4.2), las dos columnas siguientes contienen aquellos determinados a través
de la ecuacién (4.13), en la primera de ellas se asume un valor de A2 = 0 mientras

que la segunda considera valores de h; determinados a partir de los dimeros (C1,
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C3, C8, y C10), a estas columnas les siguen valores ya incluidos en la Tabla 4.5. En
general se observa que los valores provenientes de este nuevo esquema de aditividad
se aproximan mejor a los de referencias, este hecho se debe bdsicamenie a que este
nuevo método incorpora un factor de peso de los diferentes fragmentos a través de f2
y k3 [7,24].

En este contexto, como un comentario final se puede decir que mejores aproxima-
ciones a f; y h2 puede enriquecer la calidad de prediccién de propiedades globales de
agregados a partir de aquellas desde los fragmentos constituyentes. Por otra parte la
caracterizacion de propiedades de TS usando estos esquemas bajo algunas restriccio-
nes impuestas por modelos de reactividad como por ejemplo el principio de méxima

dureza, parece ser un interesante tépico en investigaciones futuras.
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4.4 Conclusiones

e Se ha hecho uso del principio de equalizacién de la electronegatividad de Sander-
son para estimar la primera (u), segunda (77) y tercera () derivada de la energia

respecto al mimero de electrones.

Los resultados obtenidos muestran que, el principio de equalizacién de la elec-

tronegatividad de Sanderson es adecuado para predecir propiedades electrénicas.

Se han determinado valores numéricos para la propiedad de tercer orden -y, en
magnitud estos son muy pequefios y positivos en acuerdo con comportamientos

esperados.

Los resultados para energia de enlaces obtenidos a nivel RHF/6-311G** estén

ent satisfactorio acuerdo con datos experimentales disponibles.

Se ha encontrado que los principios de méxima dureza y minima polarizabilidad

se cumplen en el contexto de formacién de moléculas y agregados bimoleculares.

Finalmente, se ha propuesto un nuevo esquema para obtener propiedades mole-
culares a partir de fragmentos aislados. En esta nueva aproximacién propiedades
globales y locales juegan roles equivalentes, los cuales pueden conducir a métodos
para caracterizar simultaneamente los conceptos de reactividad y selectividad

en procesos quimicos.
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Parte del trabajo presentado en este Capitulo ha sido publicado en los siguientes

articulos:

1. Using Sanderson’s Principle to Estimate Global Elecironic Properties and Bond
Energies of Hydrogen—Bonded Complexes.
Soledad Gutiérrez—Oliva, Pablo Jaque and Alejandro Toro-Labbé. Journal of
Physical Chemistry, 104 ( 2000), 8955-8964.

2. Characterization of Chemical Reactions Through Classical Concepts and DFT
Descriptors.
Soledad Gutiérrez—Oliva, Pablo Jaque and Alejandro Toro-Labbé. Review of
Modern Quantum Chemistry: A Celebration of the Contributions of Robert G.

Parr. K.D. Sen Editor. Singapore (2002) 966.
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Capitulo 5

Formacion de Clusters de Cobre:
Datos Experimentales de Energias

de Enlaces y Descriptores de

Reactividad

Resumen

En este Capitulo se estudia y racionaliza la formacién de clusters de cobre desde el
dimero al nonamero usando la informacion experimental disponible de energias de
enlace y propiedades electrénicas. A partir de este estudio se ha determinado que
reacciones de crecimiento por un Atomo es principalmente controlada por variaciones
en la dureza quimica. Finalmente se propone una expresion analitica para la energia
de enlace como una funcién del tamano del clusters que ha sido utilizada para predecir

patrones de crecimiento de clusters de cobre.
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5.1 Introduccién

Un interesante tépico en ciencia de clusters es el estudio de la evolucién de las
propiedades con el tamafio del cluster cuando se incrementa ¢l nimero de dtomos
constituyentes. Clusters de cobre neutros con un nimero par de dtomos son sistemas
de tipo capa cerrada {closed—shell) mientras que aquellos con un nimero impar de
atomos son sistemas de tipo capa abierta (open—shell) [1-5]. En investigaciones ac-
erca de propiedades, tales como, potenciales de ionizacidn, afinidades electrénicas,
energias de enlace, y estudios de reactividades sobre clusters de cobre se ha encon-
trado un comportamiento tipico que en literatura ha sido bautizado como regla de

alternacién del tipo par—impar [6-9].

En este Capitulo nos concentramos en el estudio de la reaccién de formacién de Cu,
desde un nuevo punto de vista que permite comprender el proceso de crecimiento a

partir de un analisis detallado de las energias de enlaces, la reaccion en estudio es:

Cttp_1 + Cu — Cuy; (n=2-19). (5.1)

Esta aproximacion consiste en racionalizar datos experimentales disponibles de energi-
as de enlace [10,11] a través del uso de descriptores de reactividad (g, 7, y w) obtenidos
a partir de datos experimentales de potenciales de ionizacién [12-16] y afinidades
electrénicas [17]. Mediante esta aproximacién se espera establecer correlaciones entre
energias de enlaces y propiedades electrénicas [18] que sean titiles en la comprensién
de la reaccién de formacion de clusters de cobre y proporcionar nuevos elementos para

racionalizar reacciones de crecimiento de clusters metélicos [19].




108

5.2 Aspectos Teoricos

5.2.1 Reacciones de Formacion de Clusters de Cobre

El proceso indicado por la ecuacién (5.1) se caracteriza a través del cambio global de

energia que corresponde a la energia de enlace Cu,_; — Cu:

AE = E(P) — [E(RL) + E(R2)], (5.2)

con P = Cu,, Rl = Cu,_1 y R2 = Cu. Este proceso también se puede racionalizar
en término del cambio electrénico asociado al proceso, que se manifestard como varia-
ciones en p y 177, en este contexto se define la siguiente cantidad para caracterizar dicho

cambio;

AQ = Q(P) - S{QR)}, Q=p,n, (5.3)

donde la cantidad S{Q(R)} = Qs(R) corresponde al valor de la propiedad asociado
a los reactantes Rl y R2, para estimar este valor se ha hecho uso del promedio de
Sanderson presentado en el Capitulo anterior. El promedio de Sanderson para el po-
tencial quimico de reactantes est4 dado por el promedio geométrico de los potenciales

quimicos de Rl y R2:

S{p} = —[ur - pra]** = ps. (6.4)

La dureza promedio de Sanderson se obtiene mediante diferenciacién de S{u} con

respecto a IV
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la diferencia entre los valores promedios (S{u} y S{n}) respecto a los valores obtenidos
a partir de las férmulas operacionales entregadas en el Capitulo 1 pueden ser atribuidas
a la relajacién de la densidad electrénica después del enlace, la cuantificacién de
estas diferencias contribuyen en la comprensién del reordenamiento de la densidad

electrénica a medida que la reaccién quimica ocurre [20,21).

5.3 Resultados y Discusién

5.3.1 Energias de Enlace, Potenciales de Ionizacién y Afini-

dades Electronicas

En la Tabla 5.1 se presentan los valores de energias de enlaces de clusters de cobre
neutros (Cuy,) recientemente reportados por Spasov y col. [10] e Ingdlfsson y col
[11]. Estos autores han realizados experimentos de disociacién inducida por colisién
(Collision—Induced Dissociation, CID) para estudiar aspectos de estabilidad y canales
de fragmentacién en clusters de cobre cationicos y anidnicos, respectivamente. Los
datos experimentales de energias de enlaces para sistemas neutros Cu — Cu,—; son
obtenidos a partir de un ciclo termodindmico aplicando la informacién de las energias
de disociacién por perdida de un atomo conseguidas a partir de mediciones CID junto
a valores de afinidades electronicas en el caso de clusters anidénicos y potenciales
de ionizacién para clusters catiénicos. En el presente andlisis se considera el valor

promedio que también se entrega en la Tabla 5.1.
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Cu, -AFE(ezp)®* -AFE(exp)® -AE

Cug 2.04+£0.17 1.81%0.14 1.93+0.11
Cuz 1.15+£0.20 0.76%0.23 0.96+0.15
Cug 2.7240.20 2.03:4-0.76 2.38:£0.39
Cus  1.85+0.17 1.59+0.78 1.72:£0.40
Cug  2.56+0.32 1.804-0.77 2.18+0.42
Cuy 2.66+£0.44 1.05+0.79 1.86+0.45
Cug 2.98+0.35 2.16+0.79 2.57+0.43
Cug 1.02+£0.50 1.02+0.50

Tabla 5.1: Valores experimentales de energias de enlaces para Cu, (n=2-9). Todos los
valores estdn en eV,

¢ Experimentos de CID en clusters aniénicos Ref. [10] .

b Experimentos de CID en clusters catiénicos Ref. [11].

La energia de enlace (AF) presenta un comportamiento oscilatorio donde clusters
con un nimero par de atomos presentan valores mdas altos que aquellos sistemas con
un nimero impar de dtomos constituyentes, es decir, enlaces quimicos en clusters
con n par son mas fuertes que en clusiers con n impar. Visto desde otra perspec-
tiva, se espera que en procesos de fragmentacién (Cu, — Cu + Cu,_1), clusters
con un nimero par de dtomos son mas estables que clusters con niimeros impares,
esto se explica a partir de las siguientes consideraciones, clusters con n par presentan
configuraciones electronicas closed—shell y como es bien sabido este tipo de configura-
ciones vienen acompaifiadas con una estabilizacion extra, mientras que clusters con un
nimero impar de dtomos presentan configuraciones del tipo open-shell, la que hace
a estos sistemas mucho maés reactivos como se ha observado en recientes estudios de
reactividad frente a NO [7] y O3 [6]. Por otra parte, en el limite de clusters muy
grandes la energia de enlace se aproxima al negativo de la energia de vaporizacién

del sdlido, el valor experimental para esta propiedad es de 3.50 eV y ésta se utilizara

como valor de referencia en las discusiones siguientes [22].




Cun PI AE®
Cu 7.724%  1.235 £ 0.005
Cug  7.9042 £ 0.0008° 0.836 + 0.006
Cug 5.80 & 0.042  2.37 + 0.01
Cug 7.15 £ 0.75¢ 1.45 + 0.05
Cus 6.3 + 0.1¢ 1.94 4 0.05
Cug 7.15 £ 0.75¢ 1.96 + 0.05
Cluyg 6.1 + 0.05¢ 2.16 £ 0.1
Cug 7.15 & 0.75¢ 1.57 + 0.05
Clug 5.35 + 0.05¢  2.40 £ 0.05
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Tabla 5.2: Valores experimentales de potenciales de ionizacién y afinidades electrénicas
para Cu, (n=1-9). Todos los valores estén en eV.

@ Ref. [17]; ® Ref. [12]; ¢ Ref, [13]; ¢ Ref. [14]; © Ref. [16].

Los valores experimentales de potenciales de ionizacién (PI} y afinidades electrénicas
(AE) reportadas en literatura para clusters de cobre son entregados en la Tabla 5.2.
Noétese que en ambas propiedades se observa nuevamente el patron oscilatorio que se
atribuye al cambio de multiplicidad de spin de los estados fundamentales, Cu,, con n
par presenta valores més altos y bajos de PI y AE, respectivamente, en comparacién
a sus vecinos del tipo Cuy,—; ¥ Cuge1. Bl proceso de ionizacion resulta ser de mayor
dificultad cuando se remueve un electrén a partir de un orbital molecular de mds alta
energia (HOMO) doblemente ocupado correspondiente a una configuracidn closed—
shell que a partir de un orbital molecular simplemente ocupado (SOMO) de una
configuracién open—shell. En contraste a esto, el proceso de adjuntar un electrén serd
mas favorable en clusters con n impar, ya que el electrén ocuparid un orbital semi
ocupado (SOMO), como se corrobora a partir de altos valores de AF en este tipo de

sistemas.
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5.3.1.1 Dependencia de PI y AFE con el Tamafo del Cluster

Clusters metélicos son agregados que tienen propiedades que se diferencian a las de
un atomo o sélido, en este contexto, estos sistemas pueden ser vistos como clusters
infinitamente pequefos e infinitamente grandes. Se analizé la evolucién de PI y AE
con el tamafio del clusier, ambas propiedades convergen a la funcién trabajo (®) en
el limite como 7 — o0, es decir, al valor en cobre policristalino de ® = 4.65 eV [23].
En este 4mbito se ha propuesto que la evolucién de una propiedad P, tal como PI
y AE, como una funcién del mimero de dtomos n puede ser descrito a través de la

siguiente forma analitica [24]:

P(n) = P(oco) + A-n~'3, (5.6)

donde P(c0) corresponde al valor de la propiedad en el limite del bulk. La Figura 5.1
presenta los valores de PI y AFE en funcién del tamafio del cluster, las lineas rectas

son referencias que estdn definidas a partir de las siguientes condiciones de bordes:

0= n— o0, limite bulk — AE=PI=® =465 eV

n-1/3 —

1= n=1, limite atémico — AE =124 eV, PI =7.72 eV
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PI (eV)

AE (eV)

1+ 8 4 .2 1
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Figura 5.1: Valores experimentales de PI y AFE para Cuy, como una funcién del tamafio
del cluster. Todos los valores estdn en eV.

Nétese que todos los clusters a excepcién de Cuy presentan valores de AF més bajos
que los esperados a partir de la linea de referencia . Por otra parte, los valores de PI
de clusters con niimero par e impar presentan comportamientos diferentes respecto
a la linea de referencia, sistemas con n par presentan valores més altos mientras
que sistemas con n impar presentan valores mas bajos que los que predice la linea
de referencia. Esta observacién permite concluir que el comportamiento oscilatorio
caracteristico impar-par de propiedades electrénicas que dependen de Pl y AFE se

debe al comportamiento del potencial de ionizacién.

5.3.2 DPropiedades Electrénicas Globales

Usando los valores de PI y AE entregados en la Tabla 5.2 en las férmulas opera-

cionales definidas en el Capitulo 1, se obtienen los valores del potencial quimico,




114

Cup I Ks ] ns w wg
Cu  -4.4795 £ 0.0050 3.2445 &+ 0.0050 3.0923 £ 0.0068

Cug  -4.3701 4 0.0061 -4.4795 3.5341 & 0.0061 3.2445 2.,7019 & 0.0071 3.0923
Cuz -4.0850 £+ 0.0412 -4.4245 1.7150 £ 0.0412 3.3914 4.8651 X+ 0.1359 2.8862
Cus -4.3000 - 0.7517 -4.2777 2.8500 X 0.7517 2.4471 3.2439 £ 1.1727 3.7389
Cus -4.1200 4+ 0.1118 -4.3888 2.1800 £ 0.1118 3.0438 3.8932 4- 0.2494 3.1641
Cug -4.5550 & 0.7517 -4.2960 2.5950 £ 0.7517 2.6924 3.9977 + 1.4871 3.4274
Cuy -4.1300 4+ 0.1118 -4.5171 1.9700 4+ 0.1118 2.9226 4.3292 £ 0.2964 3.4908
Cug -4.3600 £ 0.7517 -4.3012 2.7900 % 0.7517 2.5835 3.4067 £+ 1.2379 3.58056
Cug -3.8750 & 0.0707 -4.4193 1.4750 £+ 0.0707 3.0145 5.0900 + 0.2771 3.23%4

Tabla 5.3: Potencial quimico, dureza quimica e indice de electrofilia para Cu,, (n=1-9).
Todos los valores estdn en eV.

dureza molecular y el indice de electrofilia para clusters de cobre, estos resultados se
listan en la Tabla 5.3. En esta Tabla también se incluyen los valores obtenidos a través
de los promedios de Sanderson aplicando las ecuaciones (5.4) y (5.5) mediante los co-
rrespondientes valores de u y 7 de las especies en reaccién Cu,—y v Cu. Estos valores
promedios producen wg = u%/2ns. Nétese que todos estos deseriptores presentan el
patrén caracteristico par—impar observados en otras propiedades, nuevamente esto se
atribuye al cambio de multiplicidad de spin de los estados fundamentales a lo largo

de la serie.

5.3.2.1 Potencial Quimico y Transferencia de Carga.

Cuando dos sistemas entran en interaccion ocurre un proceso de transferencia de carga
desde un sisterna con mayor p al sistema con menor valor de g. A partir de la Tabla
5.3 se observa que clusters con n impar (sistemas open-—shell) presentan valores més
alto de u respecto a sistemas con n par, esto indica que sistemas open-shell tienen
una mayor tendencia a transferir carga que aquellos sistemas cuyas configuraciones

son del tipo closed—shell.
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En el contexto del proceso de formacién de moléculas y agregados, cuando dos compo-
nentes (en este caso Cu,—; y Cu) comienzan a interactuar, sus potenciales quimicos
tienden a un 1inico valor mediante un proceso de equalizacién del potencial quimico
que determina la direccion de la transferencia de carga, en todos los casos esta di-
reccién es desde Cu,—; a Cu, la nica excepcién a esta regla ocurre en la formacién
de Cuy. Para estimar la transferencia de carga (AN) involucrada en un proceso
de formacién de una molécula o agregado a partir de dos fragmentos, utilizamos la

siguiente expresién [25]:

. (ﬂw — t“'y)
AN = e ) (57)

con = y y representando a los diferentes fragmentos involucrados en el proceso de
formacién. Los valores de AN se entregan en la Tabla 5.4 como también sus dos
contribuciones. Es interesante notar que en general AN es una cantidad pequefia
aunque en la formacion de clusters con n par es mayor debido al bajo valor asociado
al término de dureza, ya que, la diferencia de potenciales quimicos |y, — py]) es casi
constante a lo largo de la serie, los valores promedios son 0.37 eV y 0.12 eV para
clusters con n par e impar, respectivamente, estos valores muestran una pequeia
dispersion. Mientras que el factor 2(n, + 7,) presenta una diferencia mucho més
marcada en la formacién de clusters con n par o impar, los valores promedios de
esta cantidad son 11.04 €V para el caso de n par y 12.37 eV para el caso de clusters
con n impar. Esto indica que la formacién de enlaces fuertes en clusters pares es

caracterizado por una mayor transferencia de carga electrénica entre los reactantes

(Cuy Cuy-1) hasta que los potenciales quimicos son equalizados.
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Cun s — piy|  2(1 + 1) AN  ANpas = —(u/n)

Cu 1.3806
Cug 0.0000 12.9780 0.0000 1.2366
Cug 0.1094 13.5672  0.0081 2.3819
Cluy 0.3945 9.9190 0.0398 1.5088
Cus 0.1795 12,1890  0.0147 1.8899
Cug 0.3595 10.8490 0.0331 1.7553
Cuy -0.0755 11.6790 -0.0065 2.0965
Cug 0.3495 10.4200 0.033%5 1.5627
Cuyg 0.1195 12,0690  0.0099 2.6271

Tabla 5.4: Estimacién de la transferencia de carga electrénica (AN) asociada a la for-
macién de clusters neutros de cobre y sus contribuciones en términos de (|pz — py|) and
(Nx+7y). Méxima carga electrénica (ANmaz) que puede ser adquirida por clusters de cobre.
La Figura 5.2 (a) muestra los valores de p y 7 desde el sistema atémico hasta el
metal. A partir de esta ilustracién se puede notar una débil dependencia de p con el
tamafo del clusters, el valor promedio de i es muy cercano al valor en el limite del
sélido, es decir, al negativo de la funcién trabajo (@), esto es un indicativo que enlaces
quimicos en clusters de C'u son similares a aquellos en el metal, esta observacion esta
en acuerdo con recientes trabajos sobre andlisis topoldgicos de la densidad electrénica
para cobre en un empaquetamiento ciibico centrado en las caras (fcc) [26] y clusters
de cobre [27]. Estos resultados ademds validan el uso de clusters metdlicos en catélisis
heterogénea como modelos adecuados. Es interesante destacar en la Figura 5.2 (a)
que Cuz y Cug presentan los valores més altos de p a lo largo de la serie, esto puede
ser explicado, en término, de la capacidad de estos sistemas a perder un electrén para
cerrar sus capas electrénicas conduciendo a sistemas con 2 y 8 electrones de valencia,
respectivamente, en concordancia a los mimeros mdgicos (NM) en el contexto del
modelo de jellium, tal capacidad a perder un electrén se ve reflejado en los bajos
valores de potenciales de ionizacién de Cuz y Cug (ver Tabla 5.2). Por otra parte,

estos sistemas presentan los valores mas altos de afinidades electrénicas mostrando su
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capacidad para ganar un electrdn, sin embargo este proceso de adjuntar un electréon
no cumple con los requerimientos de estabilidad extra asociada a sistemas closed—shell

en el modelo de jellium.

[ ]
a 2 o - _
304 @ 80004 1 5 N e (b)
00 even
1.5 9o7 593 4= A= 4.6994 = 0.1967
§ 00 1]Cu,, r= 0.983
0= oo 3
= N~ 1
=y bulk 3
x 157 £ 24
.3.04
1- -1/3
IJ'C“ 9.754.3 2 Tlﬂdf Atn
-4.5= by L) * 0— A= 3.1669 £0.2879
p’bnlk =-0 6 r= 0923
T 1 1 1 1 O, O A T |
0.0 0.2 04 06 0.8 1.0 0.0 0.2 04 0.6 0.8 1.0
173 113
n R

Figura 5.2: (a) Valores experimentales de ¢ y 17 y (b) dependencia de 5 como una funcién
del tamafio del cluster.

5.3.2.2 Dureza Quimica

Esta propiedad se ha establecido como una cantidad electrénica que en muchos ca-
sos puede ser utilizada como criterio de estabilidad a través del PMD. A partir de
la Tabla 5.3 se observa que clusters con n pares son mas duros que sistemas con n
impares, 1 sigue un comportamiento opuesto al de AE lo cual permite verificar que

el PMD es valido en este tipo de proceso.

La Figura 5.2(a) muestra que la dureza quimica presenta una dependencia mucho
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mas fuerte con el tamafio del cluster en comparacién a pg. Cu, con n pares son
en promedio 0.83 eV (19.14 kcal/mol) més duros que clusters impar numerados, esto
sugiere que 77 es una propiedad que controla las reacciones de formacién de clusters de
cobre {19]. Aplicando la expresién (5.6) con la siguiente condicién de borde: npuy = 0;
se obtiene una expresién analitica que permite racionalizar la evolucién de la dureza
quimica sobre el crecimiento de los clusters: n(n) = 3.8064 - n~'/3 (r= 0.84). Al
tratar de forma independientes clusters con niimeros impares y pares se observa que
lag correlaciones mejoran, r =0.97 y 0.98 respectivamente. Para trazar las lineas de
referencias en la Figura 5.2(b) se utilizé este resultado de donde ademés se observa
que (ng,—a)) e > (ﬁ”—a))odd’ que puede ser considerado como una evidencia
independiente que el PMD se mantiene en el proceso de crecimiento de clusters de

cobre, y clusters con n par son mas duros que aquellos con n impar.

5.3.2.3 Indice de Electrofilia

En acuerdo a las discusiones realizadas para p y 1 se comenta la tendencia observada
para w (ver Tabla 5.3). En Cu, el comportamiento de w es principalmente debido al
término 27, ya que p permanece constante a lo largo de la serie, clusters con n impar
son considerablemente méas blandos que aquellos con n par, esto conduce a observar

valores maximos de w en este tipo de sistemas.

La cuantificacién de la mdxima carga electrénica que puede ser adquirida por un
sistema hasta que este alcance una energia de estabilizacién, AE = —w, viene dado
por ANpee = —(u/7), los valores para esta cantidad son también entregados en la
Tabla 5.4. Notese que clusters con n impar adquirirdn mds carga hasta saturacién

electrénica que clusters con n par que son clusters mas estables. En resumen el poder
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electrofilico presentado por clusters con n impar es debido basicamente a pequefios
valores de 7, este resulfado esta en acuerdo con la capacidad esperada por clusters
impares para alcanzar una configuracién electrénica del tipo closed-shell a través
de aceptar carga electronica desde sus alrededores o medio en el cual el sistema se

encuentra inmerso.

5.3.2.4 Efectos de Relajacion

Las diferencias entre la propiedad estimada mediante el promedio de Sanderson res-
pecto a los valores determinados a partir de P y AE permiten cuantificar el efecto
de la relajacién y redistribucion de la densidad electrénica que surge de las nuevas
interacciones enlazantes entre Cu,..; y Cu. Nétese que a partir de los valores entre-
gados en la Tabla 5.3, los valores de pg son cercanos a los valores obtenidos mediante
propiedades monoelectrénicas (PI y AFE), esto se debe al hecho que Cu, proviene
del resultado de combinacién de sistemas (Cu,—; + Cu) con valores de p muy si-
milares. En contraste a esto, comparaciones de 1s y 7 indican que la formacion de
clusters impares es acompafiada por reordenamientos estructurales mds fuertes que
clusters par numerados. Estos resultados confirman la siguiente idea, la estabilidad
de clusters pares es determinada por estructuras electrénicas closed—shell como una

manifestacién del principio de méxima dureza [1,28,29].

5.3.3 Racionalizacidon de las reacciones de crecimiento en una

representacién {u, 17, E }

La conexidn entre energia y descriptores electrénicos es de considerable interés tedrico
puesto que el cambio en propiedades electrénicas tiene relacién con los mecanismos

de reaccién, asi la relacién entre energia y propiedades electrénicas permite conectar
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los aspectos energéticos y mecanisticos asociados a un proceso de formacién, en la
literatura existen algunos interesantes y ttiles intentos que relacionan los descriptores
electrénicos a la energia de reaccién [21,30,31]. En este contexto, Gdzquez y col.
lograron establecer una relacion entre energia y diferencias de durezas mientras que
en nuestras investigaciones [21,30] hemos propuesto que diferentes aspectos de un
evento quimico son descritos en una representacién donde el potencial quimico y
dureza molecular son consideradas como variables independientes. En este contexto,

se propone escribir la energia como: E = E[p, 7], con una diferencial total:

dE = Qudp + Qudn (5.8)

donde

oF oF
Qy = (w)n; g = (a_n)u . (5.9)

Los pardmetros (J, y (), estan relacionados a la redistribucién de carga entre los
Atomos en la molécula durante la reaccién quimica. Por lo tanto dentro de este modelo
y en el contexto de la reacciones de crecimientos de clusters por la adicion de un dtomo
es posible de escribir la energia de enlace (AE) en término de dos contribuciones: AE,
y AE,, donde el indice est4 indicando que la dureza o el potencial quimico se mantiene

constante durante el proceso:

AE = AE, + AE,, (5.10)

cada una de las contribuciones pueden ser escritas como:

AE, = AE: +Q,Au (5.11)
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AE, = AES + QuAn. (5.12)

Donde AEp, AE;, Oy and (), son pardmetros deferminados a través de procedimien-
tos de ajustes lineales, Es interesante destacar que dentro de esta estructura formal
el cambio energético puede ser escrito a través de las ecuaciones (5.11) y (5.12), las
que dependen de solo dos pardmetros cada una, cuando el proceso quimico es prin-
cipalmente controlado por p y 7, respectivamente. Al combinar estas expresiones se
otorga una descripciéon mas adecuada en el caso que ambas propiedades gobiernen el
cambio quimico. Por otra parte, nétese que una condicion necesaria en direccion a
que el principio de méixima dureza se cumpla es que (J,, adquiera valores negativos,
ya que un decrecimiento en AE,, (mayor estabilidad) deberfa ser acompafiado por un

incremento del valor de Az,

Mediante la Figura 5.2(a) se establece que p permanece constante desde un clusters
a ofro y a partir de esta misma Figura es evidente que la dureza controla el proceso
de formacién, asi la ecuacién (5.12) permite racionalizar este proceso. En la Figura
5.3 se presenta AF versus Az, de donde se observa una relacién inversa entre estas
propiedades como lo establece el PMD, mediante un procedimiento de ajuste lineal se
determina los siguientes valores para @, = -0.514 y AE, = -1.881 eV. Por lo tanto, es
posible estimar de forma confiable energias de enlaces de clusters solamente a partir
de valores de PI y AFE a través del uso del modelo propuesto que solo depende de
dos pardmetros. Esto permite concluir que la dureza es una propiedad clave que

controla la reaccién de formacién, mientras que el potencial quimico no juega un rol

importante en reacciones de crecimiento de clusters de cobre.
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~0.6= AEF=AE"F+ Q*An
AE";F -1.8806 = 0,0842
1.2 Q, =-0.5136  0.0865
R=-09245
o SD = 0.9724
o, -1.8- N = 8; P=0.00102
24-
-3.0+
] 1 ] ] |
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Figura 5.3: Relacién entre energia de enlace y variacién de dureza quimica en reacciones

de crecimiento de Cu,.

5.3.4 Modelo para la Energia de Enlace

Los resultados presentados en péarrafos anteriores permiten caracterizar la energia
de enlace como una funcién del tamafio del cluster mediante la introduccién de la
dependencia que se ha establecido entre  y n (Figura 5.2 (b)) y combinando las

AES

—tulk 3] conectar estos

ecuaciones (5.6) y (5.12) ademés del hecho que AE; ~ —

elementos conduce a:
lo]
AEp .

AB(n) = —ME & ggﬂnﬂlﬁ, (5.13)

el signo del segundo término de la ecuacién (5.13) depende si se forma un cluster

con un ndimero par (+) o impar (-) de dtomos. En la Figura 5.4 se presenta la
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evolucién de la energia de enlace con n obtenida a través de esta expresién, nétese el
comportamiento oscilatorio esperado que permite exirapolar a sistemas mucho més
complejos. Nuevamente se destaca que esta simple expresién depende solo de dos
pardmetros, los cuales son determinados a partir de datos experimentales de clusters
pequeilos, y que es capaz de producir las tendencias correctas y semicuantitativa en
la regién de clusters mas grandes y en el limite del bulk. Adicionalmente, cuando
n — oo es AE(n) — EE—E”L& (-1.88 eV) que se aproxima a la mitad del negativo de
la energia de vaporizacién experimental del bulk de cobre (-3.50 V), esta diferencia
puede ser atribuida a la simplicidad del modelo propuesto y a efectos de relajacién
estructural que no han sido considerados dentro de esta aproximacién. Sin embargo,
los valores de energias de enlaces obtenidos para los sistemas de referencias (Cuy,;n =
2 — 9) estdn en satisfactorio acuerdo a los valores experimentales entregados en la
Tabla 5.1 lo cual permite validar la extrapolacién cualitativa presentada en la Figura
5.4. Finalmente, se debe hacer notar que la racionalizacién de energias de enlaces
experimentales logradas a través de las expresiones (5.12) y (5.13) abre un nuevo
camino para estimar la energia involucrada en procesos de formacion cuando solo las

propiedades electrénicas estan disponibles.
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Figura 5.4: Energia de enlace como una funcién del tamafio del cluster predicha por la Ec.

(5.13). El extracto de esta Figura permite comparar con valores experimentales entregados
en la Tabla 5.1.
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5.4 Conclusiones

¢ En este Capitulo se ha caracterizado y racionalizado el crecimiento de clus-
ters neutros de cobre a partir de la informacién experimental disponible de
energias de enlaces, potenciales de ionizacién y afinidades electrénicas. Se ha
mostrado que el comportamiento oscilatorio par—impar que exhiben los descrip-
tores electronicos que dependen de PI y AF se debe principalmente a fluctua-

ciones en el potencial de ionizacién.

e Se ha encontrado que las reacciones de crecimiento de clusters de cobre por
adicién sistematica de un dtomo son gobernadas principalmente por variaciones
en la dureza quimica. Mientras que el potencial quimico es independiente del
tamafio del clusters y muy similar al valor del bulk, esto indica que la natura-
leza de los enlaces quimicos no cambian considerablemente cuando se va desde
sistemas discretos al sélido, esto permite validar el uso de estos sistemas en

procesos complejos, tales como, en procesos de catélisis heterogénea.

e Se ha logrado proponer relaciones analiticas entre energia y propiedades elec-
trénicas que hacen posible estimar energias de enlace de clusters a partir de sus
propiedades monoelectrénicas (PI y AE; Ec. (5.12)) y/o tamafio del clusters
(Ec. (5.13)). Aunque el modelo no es cuantitativo para predecir el valor de
energia de enlace del bulk, se obtiene un acuerdo satisfactorio en las regiones de

tamailo pequefio a medio donde AF varia fuertemente.
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¢ Estas herramientas tedricas han mostrado ser muy ftiles en el estudio de sis-
femas que presenfan una mayor complejidad y que estidn involucrados en el
marco de la fisico quimica de superficies, el trabajo presentado en este Capitulo
puede ser considerado como base para explorar procesos que son un desafié para
la quimica computacional y asi proponer nuevo modelos tedricos en esta area

de investigacién.

Parte del trabajo presentado en este Capitulo ha sido publicado en los siguentes

articulos:

1. Characterization of Copper Clusters Through the use of Density Functional
Theory Reactivity Descriptors.
Pablo Jaque and Alejandro Toro-Labbé. Journal of Chemical Physics, 117
(2002) 3208-3218.

2. The Formation of Neutral Copper Clusters From Experimental Binding Energies
and Reactivity Descriptors.

Pablo Jaque and Alejandro Toro-Labbé. Journal of Physical Chemistry B,

(2003) en prensa.
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Conclusiones Generales

e In este trabajo de Tesis hemos probado la capacidad de andlisis de los descrip-
tores (i, n, w, f(7), 8(),..) y principios (PMD, PMP, HSAB) definidos en la
Teoria Funcional de la Densidad en la caracterizacién de moléculas, reacciones

quimicas y clusters de cobre.

¢ Hemos mostrado que conceptos provenientes de la TFD resultan ser de gran
utilidad en la interpretacion de resultados tedricos y experimentales para car-
acterizar sistemas moleculares complementando la informacién cldsica que se
obtiene desde la superficie de energia potencial. Los resultados presentados en
esta Tesis sugieren que en ausencia de informacién de tipo energética, estos
conceplos junto a los principios de maxima dureza y minima polarizabilidad
pueden ser considerados como criterios alternativos, que permiten caracterizar
la estabilidad y reactividad intrinseca de especies moleculares, en condiciones
de equilibrio como en reaccién. Por otra parte estos resultados promueven el
uso de estos elementos de andlisis en una variedad de dominios en quimica que

participen especies de naturaleza organica como inorgénica.,

e En el contexto de reacciones quimicas hemos mostrado que en la formulacién
de una teorfa de reactividad quimica en el marco de la TFD se hace necesario

incorporar de forma explicita la coordenada de reaccién, ya que esto permitiria
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caracterizar mecanismos de reaccién como también identificar las interacciones

especificas que controlan el evento quimico.

Por otra parte hemos propuesto un nuevo esquema de adicién para obtener
propiedades moleculares a partir de fragmentos aislados. En esta nueva aprox-
iniacién, propiedades globales y locales juegan roles equivalentes, que pueden
conducir a proponer metodologias que permitan caracterizar simultdneamente

los conceptos de reactividad y selectividad en procesos quimicos.

El trabajo presentado en esta Tesis puede ser considerado como una plataforma
para explorar procesos de una mayor complejidad que permitan proponer nuevo

modelos tedricos en esta area de investigacién.




Anexos
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Apéndice A

Vibraciones Moleculares

132

Molécula —E° 1t o

HsS (sz)

Stretching Asimétrico (Ba)

5° = 0.0 308.701237(399.421642) 0.258(0.142) 23.715(25.138)
¢ = +0.05 308.698494(399.419017) 0.256(0.136) 23.749(25.161)
¢ ==£0.1 398.690108(399.411001) 0.252(0.130) 23.850(25.233)
60 =302 398.654109(399.376504) 0.243(0.118) 24.257(25.250)
Stretching Simétrico (A1)

5= _0.1 308.688228(399.405088) 0.265(0.151) 22.125(23.544)
§ = —0.05 308.698241(390.417162)  0.262(0.147) 22.886(24.315)
§=0.0 308.701237(399.421642)  0.258(0.142) 23.715(25.138)
5 = +0.05 308.698752(399.420927)  0.254(0.136) 24.616(26.014)
§=+0.1 308.692011(399.416226) 0.250(0.130)  25.594(26.942)
Bending (A1)

84.21 398.698100(399.419734) 0.259(0.137) 23.636(25.029)
80.21 308.700460(399.421378)  0.259(0.139) 23.664(25.073)
94.21¢ 308.701237(399.421642) 0.258(0.142) 23.715(25.138)
99.21 398.700465(399.420562) 0.257(0.140) 23.786(25.222)
104.21 398.608180(399.418181)  0.256(0.137) 23.879(25.327)

Tabla A.1: Energia Total (F), Dureza Molecular () y Polarizabilidad (o) obtenidas a
través de caleculos Hartree—Fock (TFD/B3LYP) para modos vibracionales en HoS. Todos los
valores estdn en ua. ¢ Célculos con bases 6-311G* y © con bases de Sadlej. ¢ denota que

la distorsién es en A. ¢ valores en la geometria de equilibrio.
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Molécula —E° n* o

H»0 (Cay)

Stretching Asimétrico (Bs)

8¢ =0.0 76.047012(76.446574)  0.32665(0.16680)  8.297(9.712)
é = %0.05 76.045417(76.445003)  0.32654(0.16654)  8.303(9.716)
d = £0.1 76.040607(76.440268) 0.32621(0.16581)  8.322(9.727)
0 =102 76.020607(76.420579) 0.32491(0.16300)  8.396(9.769)
0 =+03 75.984459(76.384983)  0.32279(0.15855)  8.519(9.840)
Stretching Simétrico (A;)

§=-03 75.963429(76.351460) 0.34316(0.18664)  6.659(7.874)
§=-02 76.014620(76.406131) 0.33759(0.18032)  7.152(8.442)
§=-01 76.039885(76.435254) 0.33211(0.17371)  7.694(9.053)
§ =-0.05 76.045325(76.442748) 0.32938(0.17030)  7.987(9.376)
§=0.0 76.047012(76.446574) 0.32665(0.16680)  8.297(9.712)
0 =+40.05 76.045542(76.447316) 0.32392(0.16322)  8.625(10.061)
§=+0.1 76.041464(76.445512) 0.32119(0.15958)  8.970(10.423)
§=+0.2 76.027167(76.435959)  0.31574(0.15211)  9.723(11.187)
¢ =+40.2 76.006909(76.420672) 0.31026(0.14446) 10.568(12.007)
Bending (A1)

86.20 76.036097(76.437182) 0.32678(0.16605)  8.225(9.574)
89.98 76.040093(76.440761) 0.32691(0.16640)  8.233(9.592)
97.18 76.045107(76.445129) 0.32695(0.16679)  8.257(9.640)
100.30 76.046285(76.446096) 0.32688(0.16685)  8.271(9.665)
105.384 76.047012(76.446574) 0.32665(0.16680)  8.297(9.712)
110.46 76.046370(76.445809) 0.32627(0.16656)  8.330(9.767)
113.58 76.045353(76.444777) 0.32595(0.16633)  8.352(9.804)
120.78 76.041395(76.440968) 0.32500(0.16552)  8.412(9.898)
124.56 76.038530(76.438280) 0.32437(0.16496)  8.447(9.952)

Tabla A.2: Energia Total (E), Dureza Molecular (n) y Polarizabilidad (a) obtenidas a
través de cdlculos Hartree-Fock (TFD/B3LYP) para modos vibracionales en HoO. Todos
los valores estdn en ua. ® Célculos con bases 6-311G** y © con bases de Sadlej. © denota

que la distorsién es en A. ¢ valores en la geometria de equilibrio.




Apéndice B

Rotaciones Internas

a b

Isémero —F° n @
cis-HSOH 473.531796(474.614686) 0.232(0.093) 26.860(29.027)
gauche-HSOH  473.542668(474.626130)  0.243(0.1 10) 26.672(28.799)
trans-HSOH  473.535313(474.618957) 0.229 (0.093) 27.036(29.164)

cis-HSSH 796.217610(797.619719)  0.206(0.082) 43.848(45.779)
gauche-HISSH  796.230201(797.631886) 0.234(0.108) 43.194(45.291)
trans-HSSH  796.221192(797.623560) 0.206(0.081) 43.980(45.876)

planar-CoHy  78.054725(78.613656)  0.273(0.143) 27.276(27.667)
90°~C,H, 77.882049(78.463019)  0.150(0.030) 35.111(36.812)

Tabla B.1: Energfa Total (E), Dureza Molecular (7) ¥ Polarizabilidad () obtenidas a
través de célculos Hariree—Fock (TFD/B3LYP) para isémeros conformacionales. Todos los
valores estdn en ua. ® Célculos con bases 6-311G** y ¥ con bases de Sadlej.
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Pablo Jaque and Alejandro Toro-Labbé. Journal of Physical Chemistry B,
(2003), en prensa.

. Polarizability of Neutral Copper Clusters.

Pablo Jaque and Alejandro Toro-Labbé. Manuscrito en redaccién.




J. Phys. Chem. A 1999, 103, 9307-9312 9307
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Molecular vibrations in ammonia (NHz) and hydrogen sulfide (F;S), and internal rotations in hydrogen peroxide
(HOOH), hydrogen thioperoxide (HSOH), hydrogen persulfide (HSSH), and ethylene (C>FHy) are studied using
ab initio SCF methods at the Hartree—Fock level using a standard Pople 6-311G** basis set. Polarizability
values are calculated vsing both Pople’s and Sadlej’s basis sets. Any noatotally symmetric distortion in bond
length or bond angle along the vibrational symmetry coordinates of a molecule around its equilibrivm geometry
decreases the equilibrium hardness value and increases the equilibrium polarizability value. During rotational
isomerization the minimum energy conformation corresponds to the maximum hardness and minimum
polarizability values and the maximum energy conformation corresponds to the minimum hardness and
maximum polarizability values. Density functional calculations confirm these observed trends. In general we
have found that the conditions of maximum hardness and minimum polarizability complement the minimum

energy criterion for molecular stability.

1. Introduction

Popular qualitative chemical concepts like electronega-
tivity!? (i) and hardness (3)>* are rigorously defined within
density functional theory (DFT).>¢ For an N-particle system with
total energy E and external potential »(7) they are defined as
follows:™8

., = _{OF
Xx=—u (aN)y(?) (1)
and
1 BZE)
== 2
n 2(8N2 . 2)

In eq 1 u is the electronic chemical potential which is the
Lagrange multiplier associated with the normalization constraint
of DFT.5¢

These quantities are better appreciated through the related
electronic structure principles. Sanderson’s electronegativity
equalization principle? states that “all the constituent atoms in
a molecule have the same electronegativity value given by the
geometric mean of the electronegativities of the pertinent
isolated atoms”. Pearson proposed two hardness-related prin-
ciples, viz., the hard—soft acids and bases (FISAB) principle?#9
and the maximum hardness principle (MHP).%1%}! While the
former states®48 that “hard likes hard and soft likes soft”, the
statement*1° of the latter is “there seems to be a mle of nature
that molecules arrange themselves so as to be as hard as
possible”.

t Indian Institute of Technology.
¥ Universidad de Chile.
§ Pontifica Universidad Catdlica de Chile.

Complete characterization of an N-particle wave function
needs only N and (7). The response of the system is measured
by ¥ and % when N is varied for a fixed (7). However, the
polarizability (o) of the system may be used in understanding
the behavior of the system for changing ©(#) at constant N. On
the basis of an inverse relationship!? between 7 and o, Chattaraj
and Sengupta!? have proposed a minimum polarizability prin-
ciple (MPP) which states that “the natural direction of evolution
of any system is toward a state of minirmum polarizability”, It
has also been shown' that “a system is harder and less
polarizable in its ground state than in any of its excited states”.

In the present paper we verify whether the MPP is valid when
a molecule undergoes vibration or internal rotation. For this
purpose we compute various reactivity parameters, viz., %, #,
and «, using ab initio SCF methods in the context of molecular
vibration and internal rotation. Symmetric and asymmetric
distorticns of ammonia and hydrogen sulfide along the directions
specified by vibrational symmetry coordinates are taken from
Pearson and Palke!® and Chattaraj et al.,! respectively. The
rotational isomerization of HOOH, HSOH, and HSSH is taken
as given by Toro-Labbé and coworkers.!” Along the torsional
angle these molecules present the interesting feature of having
a single well at the nonplanar gauche conformation with two
energy barriers at the planar cis and trans conformations. We
also test the validity of the MPP in the case of the rotation of
planar ethylene!® and in a few intermolecular double proton
transfer reactions.!?

2. Details of Computation

The chemical potential and the hardness are calculated as
the following approximate versions of eqs 1 and 2:

p=3e+ & ®3)

10.1021/jp9918656 CCC: $18.00 © 1999 American Chemical Society
Published on Web 11/03/1999
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Figure 1. Asymmetric distortions of ammonia: (a) profiles of energy and polarizability and (b) profiles of hardness and polarizability for distortion
in the N—H bond distance; {c) profiles of energy and polarizability and (d) profiles of hardness and polarizability for distortion in the HNH bond
angle. All values are in atomic units; the left axis bears the polarizability values (open circles).

and
7= e~ &) @

where ¢, and ey are the lowest unoccupied and highest occupied
molecular orbital energies, respectively. The energy, x, and %
were obtained through SCF ab initio calculations at the Hartree—
Fock (HF) level with the Pople 6-311G** basis set using the
Gaussian 94 package.?0 In addition to the calculations with the
Pople basis set, the polarizability was calculated using the more
adequate Sadlej basis set?! that is designed to reproduce
molecular electric properties, especially polarizabilities. These
calculations were complemented with the use of the B3LYP
model within the frame of DFT.22

3. Results and Discussion

Figures 1 and 2 depict the profiles of energy, hardness, and
polarizability associated with the asymmetric distortions of E

symmetry and the symmetric distortions of A, symmetry for
ammonia,’® respectively. In both figures parts a and b refer to
the distortions in bond length (AR) while parts c and d refer to
the distortions in bond angle (A8). Unless otherwise specified
all quantities are in atomic units. For the non totally symmetric
distortions z and electron—nuclear attraction potential ()
remain constant for small changes, in the Pearson—Palke sense.!’
However, neither of them remain constant for the totally
symmetric distortions. In Figure 1a,c we see that the polariz-
ability is minimum for the equilibrium configuration (energy
is minimum) for the asymmetric stretching and bending modes,
respectively. For these two modes the beautiful mirror-image
refationship between o and # profiles is clearly manifested in
Figure 1b,d demonstrating the simultaneous validity of the MHP
and the MPP in the context of molecular vibration since the
equilibrium configuration is associated with the largest 77 and
the smallest o values. As analyzed by Pearson and Palke,* the
hardness increases monotonically as the nuclei approach each
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Figure 2. Symmetric distottions of ammonia: () profiles of energy and polarizability and (b) profiles of hardness and pelarizability for distortion
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other during the totally symmetric oscillation. In the present
work (Figure 2a,c) it is shown that the polarizability also keeps
on decreasing for such a distortion as the nuclei come closer to
each other. An inverse relationship between o and # for the
symmetric stretching and bending modes is transparent in parts
b and d, respectively, of Figure 2. Calculation of polarizability
using Pople’s (Otpopte) and Sadlej’s (Gisadi;) basis sets shows the
same qualitative trends for the asymmetric stretching in am-
monia as i8 transparent in Figure 3a, which depicts the linear
relationship between two sets of ¢ values. In general the Csadiej
values are larger than the Opogle Values. Since the Gpope values
do not reproduce the expected trend (decrease with an increase
in ANH bond angle) for symmetric distortions of HNH bond
angle in ammonia, in Figure 2¢,d we present the Osaqej values.
On the other hand, we have performed DFT/B3LYP calculations
within the same scheme of Pople and Sadlej basis sets for
energy, hardness, and polarizability. The resuits reproduce the
same trends given in Figures 1 and 2. As an illustration of this

observation, we display in Figure 3b the linear correspondence
between the polarizability values for the asymmetric stretch of
the Hartree—Fock and density functional calculations. We note
that the DFT polarizability values are larger than the HF ones.
This situation is encountered in all remaining normal modes of
Ni;.

With the purpose of throwing more light on the applicability
of these principles, we have performed similar calculations (HF
and DFT) for the symmetric and asymmetric stretchings as well
as the bending mode of H,S. The results are quoted in Table 1.
As for ammonia we find that the asymmetric distortions display
opposite trends for o and # showing the simultaneous validity
of the MHP and the MPP in the context of molecular vibration.
In contrast to this for symmetric distortions neither o nor # is
an extremum at the equilibrium geometry and both attain their
extremum value when the atoms are closest.

Profiles of energy, hardness, and polarizability for the internal
rotation of H,O; are presented in Figure 4. It is clear (Figure
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TABLE 1: Total Energy (E), Hardness (1),
Calculations for H>S and Rotational Isome

Chattaraj et al.

and Polarizability (o) Values Obtained through Hartree—Fock (DFT/B3LYP)
rs of HSOH, HSSH, and C;H, (All Values in an)

molecule —E 7 of
H,8
asym siretch
=00 398.701 237 (399.421 642) 0.258 (0.142) 23.715 (25.138)
4 =:0.05 398.698 494 (399.419 017) 0.256 (0.136) 23.749 (25.161)
é6=40.1 398.680 108 (399.411 001) 0.252 (0.130} 23.850(25.233)
d=+02 398.654 109 (399.376 504) 0.243 (0.118) 24.257 (25.250)
sym stretch
d=-01 398.688 228 (399.405 988) 0.265 (0.151) 22,125 (23.544)
=—0.05 398.698 241 (399.417 162) 0.262 (0.147) 22.886 (24.315)
5=00 398.701 237 (399.421 642) (.258 (0.142) 23,715 (25.138)
3 =+40.05 398.698 752 (399.420 927} 0.254 (0.136} 24.616 (26.014)
d=+0.1 398.692 011 (399.416 226) 0.250(0.130) 25.594 (26.942)
HSH beading
84.21 398,698 100 (399.41% 734) 0259 (0.137) 23.636 (25.029)
89.21 398,700 460 (399.421 378) 0.259 (0.139) 23.664 (25.073)
94.21¢ 398.701 237 (399.421 642) 0.258 (0.142) 23.715 {25.138)
99.21 398.700 465 (399.420 562) 0.257 (0.140) 23.786 (25.222)
104.21 398.698 189 (399.418 181) 0.256 (0.137) 23.879 (25.327)
cis-HSOH 473.531 796 (474.614 636) 0.232 (0.093) 26.860 (29.027)
gauche-HSOH 473.542 668 (474.626 130) 0.243 (0.110) 26.672 (28.799)
trans-HSOH 473.535 313 (474.618 957) 0.229 {0.093) 27.036 (29.164)
cis-HSSH 796.217 610 (797.619 719} 0.206 (0.082) 43.848 (45.779)
gauche-HSSH 796,230 201 (797.631 886) 0.234 (0.108) 43.194 (45.291)
trans-HSSH 796,221 192 (797.623 560) 0.206 (0.081) 43.980 (45.876)
planar-C;H, 78.054 725 (78.613 656) 0.273(0.143) 27.276 (27.667)
90°-C,H, 77.882 949 (78.463 019) 0.150 (0.030) 35.111 (36.812)

¢ Calculated using the Sadlej basis set. ¢ denotes the amount of distortion in A, ¢ Equilibrium value.

4a) that the polarizability curve more or less mimicks the
corresponding energy curve as a function of the torsional angle
(w). The polarizability minimum is slightly shifted toward the
right. A similar behavior was observed!” for this molecule when
E and # profiles were compared. Figure 4 demonstrates that
the hardness and the polarizability (Otsae;) bear a mirror-image
relationship. The otpop. values keep on decreasing. It appears
that Sadlej’s basis set is more appropriate than Pople’s one for
the polarizability calculation whereas the latter works better for
the calculation of energy and hardness. A maximum (minimum)
in the hardness profile corresponds to a minimum (maximum)
in the polarizability profile, a clear vindication of the validity
of both the MHP and the MPP during molecular internal
rotation. We have obtained the same trends from density
functional calculations.

Further tests of the validity of the MHP and the MPP in the
context of internal rotation were camied out by performing
similar calculations or HSOH, HSSH, and ethylene. The energy,
hardness, and polarizability values for the relevant isomers of
these molecules are aiso quoted in Table 1. In all three cases
we observe the same trends already described for hydrogen
peroxide in that the stable conformations are associated with
minimum values of o and maximum values of 7. Moreover,
we note in comparing HF with DFT calculations that in the
present cases the validity of the MHP and the MPP is confirmed
independent of the method of calculation.

The implication of the MPP during chemical reactions is
being studied by us at present. However, it is worth to mention
that results on different double proton transfer reactions are
confirming the simultaneous validity of the MHP and the MPP.??
As illustrative examples, in Table 2 we display values of energy,
hardness, and polarizability for the fully optimized structures
of reactants (R), products (P), and transition states (TS) of four
double proton transfer reactions. The numbers were obtained
through ab initio calculations at the Hartree—Fock level and
using the standard 6-311G** basis set. Note that, in the first
three reactions, reactants and products are the same species, the

TABLE 2: Hartree—Fock 6-311G** Values of Energy,
Hardness, and Polarizability for the Stable Conformations
and Transition States (TS) of Double Proton Transfer
Reactions (All Values in au)

reaction ~E ] 0.

HCO—-OH+-HCO—~CH

R 377.664 112 0320 30.958

T8 377.635537 0311 32.047

P 377.664 112 0320 30.958
HCO-QH-*HCS—SH

R 1022.917 548 0.202 60.996

TS 1022.880619  0.1% 67.619

P 1022917548  0.202 60.996
HCS5-SH---HCS—-SH

R 1668.176971  0.197 88.614

TS 1668.117 387 0.184 106.245

P 1668.176971  0.197 88.614
HCS—SH---HC(=0)—-SH  1345.542487  0.200 72900

TS 1345496193 0177 84.834
HCS—SH+--HC(=S5)-OH 1345538872  0.197 75.085

reaction is isoenergetic, and the TS is a planar symmetric
structure. The fourth reaction is endoenergetic and the transition
state, although planar, is not symmetric. In all cases the results
show that the most favorable direction of evolution of these
reactions is toward the state where the polarizability and energy
are minima and the hardness is a maximum.

4. Concluding Remarks

Ab initio SCF studies on representative systems undergoing
molecular vibrations, internal rotations, and chemical reactions
have confirmed the validity of the maximum hardness and
minimum polarizability principles for these processes. ‘The
moelecule at the equilibrium geometry possesses the maximum
hardness and the minimum polarizability values when compared
with the corresponding values for any other geometry obtained
through a non totally symmetric distortion, In internal rotation
processes we have found that the most (least) stable isomer is
associated with the maximum (minimum) hardness value and
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Figure 3. Asymmetric streiching of ammonia: (a) comparison of the
Pople and Sadlej potarizabilities and (b) comparison of Hartree—Fock
and DFT results.

the minimum (maximum) polarizability value. The double
proton transfer reactions that we have reviewed in this paper
tend to go in the direction that produces the less polarizable
and hardest species.
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Theoretical Study of the Double Proton Transfer in the CHX—XH---CHX—XH (X = O, §)

A theoretical study of double-proton-transfer processes in bimolecular complexes formed by combinations of
molecules of the type CHX—XH (X = O, S) is reported. The reactions are rationalized in terms of the energy,
chemical potential, and hardness of hydrogen-bonded and isolated species. Sanderson’s rule to determine
molecular chemical potential and hardness from the values of the constituent fragments is used to characterize
the relaxation effects due to hydrogen bonding. In ten formation and seven double-proton transfer processes
studied here, the principles of maximum hardness and minimum polarizability are verified. The mechanism
for double proton transfer has been analyzed through the force acting on the system to bring reactants into
products and the corresponding energy barriers have been qualitatively classified according to its through
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bond or through space nature.
1. Introduction

Proton transfer (PT) is one of the simplest and fundamental
reactions in chemistry; because it is important in oxidation—
reduction reactions in many chemical and biological process, it
has been studied extensively.!~3 There is a growing interest in
the study of intrisic properties of both, the H-bonded complexes
and the dynamic of the transfer itself, the literatore accumulated
over the years includes studies based on different ab initio
methodologies such as Hartree—Fock (HF) and density func-
tional calculations.*~1! Most PT studies concerns transfer of a
single proton during the reaction, processes in which more than
one proton is transferred have been less studied. In this paper
we are concerned with the formation of ten cyclic bimolecular
complexes formed by combinations of CHX—XH (X =0, §)
species and the subsequent double proton transfer (2PT)
reactions.

The double proton transfer in formic acid dimer [(FEICOOH),]
has been extensively studied from both experimental and
theoretical viewpoints;1 =23 it is well-known that it forms strong
enough hydrogen bonds so that it is fairly easy to measure their
infrared and Raman frequencies.!3~151%18 (IICOOH); has been
used as a model to study key properties of many chemically
and biologically important multiproton-transfer systems. On the
basic units CHX—XH (X = O, S) that form the complexes in
which we are interested here, there are many theoretical and
spectroscopic studies of their molecular structure, electronic
properties, barriers to internal rotation around the C—X bond,
etc.26-28 The geometrical change of the monomeric units on
complexation and the associated energetic stabilization duc to
formation of hydrogen bonds have also received attention. 167>
Recently, many theoretical studies at various levels of theory
have been carried out to predict the structures of the formic
acid dimer and the potential energy surface (PES) for the 2PT
process. The minimun energy path (MEP) on PES involves a
complex set of nuclear displacements: the transfer is initiated
by the displacement of heavy atoms bringing the menomer units

t E-mail: atola@puc.cl.

closer to each other, near the barrier for transfer; at the vicinity
of the transition state (TS), the MEP becomes mostly due to
hydrogenic motion as the protons are transferred.!¥~2* Another
interesting feature encountered in PT processes is that electronic
charge flows in a direction which is opposite to that of the proton
motion, so monitoring the redistribution of electron charges
during the dynamical process may give insight about the reaction
mechanisms.

In this context, a chemical reaction can be seen as resulting
from redistribution of electron density among the atoms in a
molecule, Density functional theory (DFT)Y¥~3 ig quite well
suited to describe such electronic reorganization processes; it
has provided definitions for the chemical potential (¢), molecular
hardness () and softness (S = l/#). The chemical potential
characterizes the .escaping tendency of electrons from the
equilibrium systems while # and S can be seen as a resistance
and capacity to charge transfer, respectively. The study of the
profiles of # and # along a reaction coordinate has been shown
to be useful in rationalizing different aspects of the progress of
chemical reactions, in particular those related to the character-
ization of transition states.33739

On the other hand, a major focus of attention in the
application of DFT to chemical reactivity is the principle of
maximun hardness (PMH) that asserts that molecular systems
at equilibrium tend to states of highest hardness;¥2*~2 therefore,
the PMH can also be helpful in identifying transition states
where minimun values of 7 are expected.?” Rationalizing the
transition states through the PMH leads to establish a bridge
connecting electronic and energetic properties, ie., reaction
mechanisms and thermodynamics.? This is of considerable
theoretical interest since it complements the well-known rela-
tionships between kinetic and thermodynamics.** Along with
this, Chattaraj et al. have proposed a minimun polarizability
principle (MPP) which states that the natural direction of
evolution of any system is toward a state of minimum
polarizability.***3 In general the conditions of maximun hardness
and minimun polarizability complement the minimun energy

10.1021/jp9930160 CCC: $19.00 © 2000 American Chemical Society
Published on Web 01/19/2000
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criterion for molecular stability, and they are criteria that we
will use to characterize our systems,

In this paper we investigate the formation of 10 bimolecular
complexes from the combination of basic units of the type
CHX~XH (X = 0, 5). Then we focus our attention to the study
of synchronous 2PT processes occurring in cyclic complexes,
Formation and proton-transfer processes are discussed and
analyzed in terms of the change in energy, chemical potential,
hardness, and polarizability (o). 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 barrer
for the simmltaneous transfer of two protons.

2. Theory

General Definitions. Within the framework of DFT, the
chemical potential and hardness for an N-particle system with
total energy E and external potential 2(F) are defined as follows:

&

aE

#= (3—1\’)11(:') -Tx 1
and
1 BZE) 1 (_a&)
= —|— —_—— 2
772 (BN2 w2 \BNJ @

As pointed out in eq 1, g is the negative of the electronegativity
x and it is the Lagrange multiplier associated with the
normalization constraint of DFT.* In most numerical applica-
tions, 4 and 7 are calculated from the knowledge of ionization
potential (7) and electron affinities (4), the following ap-
proximate versions of eqs 1 and 2 based upon a three-points
finite difference approximation and the Koopmans theorem are
widely used:3?

1 1
,u%—E(I+A)=§(eL+EH) (3)
and

1]%

(I —A)=5(e. — €p) @

g
M

where eg and ¢ are the energies of the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO), respeciively. In this paper x and # are
calculated using the expressions involving the molecular orbital
energies.

Formation of the Hydrogen Bonded Complex. The forma-
tion energy of the hydrogen bonded (hb) species is given by

2
AEy, = Ey, — zEm (5)

where Eyy, is the energy of the fully optimized hydrogen bonded
complex and En is the energy of the corresponding fully
optimized monomeric species. Although the basis set superposi-
tion error (BSSE) may be important in the calculation of the
formation energies,* it is beyond the scope of this paper. Our
main goal here is to discuss the validity of Sanderson’s addition
scheme?* in the determination of molecular electronic properties
from the corresponding values associated with their nonbonded

Jague and Toro-Labbé

TABLE 1: Energy, Chemical Potential, Hardness and
Polarizability Values for the Fully Optimized Structures of
Monomeric Units®

molecule E 7] /] o
HC(=0)-OH —188.820525 —0.1554 03138 15.1733
HC(=8)-0OH  -511.445375 —0.1402 02206 28.2873
HC(=0)—-SH  —511.449325 -0.1391 02608 27.7830
HC(=5)-SH  —834.086649 —0.1532 01996 43.4183

4 All values are in au.

fragments and to investigate whether this approach can be used
to discuss recrdering of the electronic density due to the bonding
Process.

To relate the molecular chemical potential to those of the
constituent atoms, Sanderson proposed the electronegativity
equalization principle, which states that all the constituent atoms
(or fragments) in a molecule have the same electronegativity
value given by the geometric mean of the electronegativity of
the pertinent isolated atoms (or fragments).*’ In terms of the
chemical potential we have

ng
= — (] Tl ©®)

where n¢ is the number of nonbonded fragments vsed to form
the whole molecule and g is the chemical potential of
fragment x. In this paper #; = 2 and the nonbonded fragments
are the monomeric units that form the hydrogen-bonded
complex, so x° is expected to give an approximation to the
chemical potential of the complex that is in turn determined
using the supermolecule approach., We define the associated
hardness differentiating 22° with respect to the total number of
electrons N:

djuo .uo Ar ﬁ;’
17°=(— == @
dN/oy  ng 5 i3

with #; being the hardness of fragment x. This is in fact an
extension of the Sanderson’s principle to hardness.*® The
difference between these approximate values with respect to
the actual values should be attributed to relaxation of the electron
density after bonding, quantification of this difference may help
understand the reordering of the electron density as the reaction
takes place.

Characterization ol Transition States of 2PT Reactions.
We will rationalize a 2PT process as a chemical reaction of the
type R — (TS)* -— P where reactants (R) transition states (TS)
and products (P) are connected by an intrinsic internal reaction
coordinate (IRC), through this defining the profiles of energy,
chemical potential, hardness, and polarizability®®43 that allows
one to characterize the properties of the transition state. To
rationalize the energy of the TS we use the Marcus equation
that was originally proposed to characterize electron-transfer
processes and later on used for interpretation of different kinds
of chemical reactions.¢-3%50 Thus the energy barrier AF* for a
2PT process is assumed to be given by

(AE%Y
4K

AEf=lg 1 Iapo s ®
4 2

with K being a parameter that is an intrinsic property of the

reaction, AE® = [E(P) — E(R)] is the energy difference between

reactants and products; AE* = [E(TS) — E(R)] is the barrier

height measured from the reactants. From the knowledge of AE®
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Figure 1. Schematic reaction diagram for double-proton transfer.
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TABLE 2: Reference Energy (E) of the 10 Fully Optimized Bimolecular Complexes; Formation Energy (AE}), Chemical
Potential, and Hardness from the RHF Calculation {(,7%) and from Sanderson’s Rule (z°, 71°)°

complex E AEp Il Mn ] 7
HC(=0)—0OH--+-HC(=0)—0H (1) —377.664112 —0.0231 —0.1503 —0.1554 03204 03138
HC(=0)—OH--"HC(=0)—S8H (2) —1700.284742 —0.0149 —0.1402 —0.1470 0.2609 0.2863
HC(=0)—0OH---HC(=8)—0H (3) —700.283997 —0.0181 —0.1411 —0,1476 0.2251 0.2652
HC({==0)—0H---HC(=S)—SH (4) —1022.917548 —0.0104 —0.1601 —0.1543 0.2021 0.2563
HC(=0)—SH---HC(=0)—SH (5) —1022.907575 —0.0089 —0.1331 —0.1391 0.2607 02608
HC(=S8)—0H---HC{=S)—CH (6) —1022.902674 —0.0119 --0.1462 —0.1402 0.2169 0.2206
HC(=0)—8H+HC(=S)—CH (7) —1022.906750 —0.0121 —0.1320 —0.1397 0.2215 0.2408
HC(=8)—S8H-+*HC(=0)—5H (8) —1345.542487 —-0.0065 —0.1511 —0.1460 0.2000 0.2319
HC(=8)—SH-HC(=8)—OCH (9 —1345.538872 —0.0069 —0.1604 —0.1466 0.1966 0.2108
HC(=S)—SH---HC(=S)—SH (10) —1668.176971 -0.0037 —0.1576 —0.1532 0.1963 0.19%6

2 All values are in au.

and AE* we can obtain the parameter K that in turn we use to
determine the position of the TS along the IRC. Indeed the
position of the TS with respect to reactants and products is
obtained through the Brgnsted coefficient # that was originally
defined by Leffler as®!

_ (8B _ 5 _ 1 AE
ﬁ—(aAE") F=3" %k ®

where # takes values between zero and one, being one-half in
the case of isoenergetic reactions (AE° = 0). This equation is
in fact a guantitative statement of the Hammond Postulate®?
since if AE® > 0 (endothermic reaction) then § > 1/ and the
TS is closer to products, whereas if AE® < 0 (exothermic
reaction) then 8 < 1/, and the TS is closer to reactants. Note
that to characterize the position of the TSs we do not need an
explicit definition of the reaction coordinate, § being a relative
index representing the degree of resemblance of the transition
state with respect to the products.

Recently we have proposed the following expression for the
energy barrier in terms of the electronic properties g and #*°

agt=1o a4+ 2000 (10)

where Ap* = [u(TS) — u(R)] and Ag* = [(TS) — 7(R)] and
0,0, are parameters that have been related to the amount of
electronic charge transferred during the chemical reaction. These
patameters can be determined numerically as®

AE'— AE°
Q,= (—;—) (D
(A" — Apd)
and
AE' — AE®
Qu =£¢——.;)' a2
(Ay” — An°)

The validity of the principle of maximum hardness leads to
opposite curvature for the energy and hardness; this leads to a
negative (2,8 Tt is important to mention that eq 10 is valid
when AE° = 0 although it remains to a good approximation
valid for AE® = 0 provided that the parameters Qy and J, be

well defined. Equation 10 is in fact a particular case of

E(@) = 30,0(@) + 50,1(®) a3
that for a reaction coordinate @ is an unique expression
accounting for the ¢ and # dependence of E for isoenergetic
reactions. In cases where it is not possible to define indepen-
dently the parameters @y, and @, we will use the approximation
O, = —Q§ that results as a consequence of the PMH and from
the dimensional analysis of eq 10 in consistency with the Parr
and Pearson’s expression for the energy of an atom in a molecule
with constant external potential, 3

3. Results and Discussion

Computational Details, All calculations were performed at
the restricted Hartree—Fock (RHF) level of theory with the
standard 6-311G** basis set using the Gaussian 94 package.
The profiles of E, u, 7, and o for double proton transfer in two
reference systems, namely, formic acid and dithioformic acid
dimers, were obtained through single points calculations of the
fully optimized structures indicated by the IRC procedure. The
electronic chemical potential and molecular hardness have been
calculated by applying egs 3 and 4, respectively.

Formation Reactions. Among the various bimolecular
structures that are possible, we will review here only cyclic
complexes where double proton transfer is possible as indicated
in Figure 1. Pair combinations of monomeric units of formic
(HCO—0H), dithioformic (HCS—SH), thiol—formic (HCO—
SH), and thione—formic (HCS—OH) acids, leads to four dimers
among the ten cyclic bimolecular complexes that will be studied
here. In Table 1 we display reference values of energy, chemical
potential, and hardness together with the polarizability of the
different monomeric units. Formation of the complex from two
isolated units involves a change in the total energy of the system
together with the reordering of the electronic density favoring
the stabilizing hydrogen bonds interactions. The effect of the
bonding potential is apparent when comparing the change in
energy, chemical potential and hardness. Table 2 displays the
total energy for the hydrogen-bonded complexes together with
their formation energy and electronic properties ¢ and 7 obtained
from the ab initio calculations and from Sanderson’s rule (eqs
6 and 7).
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We first note that all AEy, values fall within the energy
interval defined by the dimerization energy of the reference
dimers 1 and 10, In all cases formation of the bimolecular
complex is a favorable process leading to complex species in
which the strength of the hydrogen bonds can be qualitatively
determined from the dimerization energies, the larger is the
absolute value of AFy, the stronger are the hydrogen bonds
stabilizing the complex. It appears that the bond strenghts are
ordered as O—H-++0 > Q—H¢+*+§ > §—H---0 > S—H~-S. This
observation will be discussed later in connection with the
barriers for proton transfer. On the other hand, the values of g°
and 7° are reasonably close to the corresponding calculated
values with quite small deviations Ax = (¢ — p#*)and Ay = (y
— %) as it is apparent in Figure 2. It is interesting to mention
here that numerical values of hardness calculated from eq 7
compares satisfactorily with values determined from others
treatments.”3% For instance, we have estimated the hardness
from the arithmetic average principle for sofiness [S° = (X,
Sing 7° = 1/5°15 and the geometric mean principle for the
hardness [#7° = ([Ly)"]55 obtaining resuits that are very
close to our #7° displayed in Table 2, the maximum deviation
detected was about 5%. Our results concerning this point
indicate that there is no a dramatic reordering of the electromnic
density on complexation and that Sandersons rule is adequate
for predicting both g and # of the composite system, Unfortu-
nately we have found no evidence of direct correlation between
AFEy,, which contains the relaxation energy when the dimer
species is formed, and Ay and A#, which must include at least
some extent of the effect of redistribution of the electronic
density.

TABLE 3: Reaction Properties for Double Proton Transfer?

Jagque and Tore-Labbé

2PT Reactions. From the monomeric units it is possible to
generate ten bimolecular hydrogen bonded structures, among
them there are seven nonredundant double proton-transfer
reactions:

HC(=0)—0H---HC(=0)—QH ==
HC(=0)—0H---HC(=0)—0H (R1)

HC(=0)—0H--HC(=0)—SH ~
HC(=0)—0H---HC(=S)—0H (R2)

HC(=0)—OH-+-HC(—=5)—SH —
HC(=0)—OH---HC(=S)—SH (R3)

HC(=0)—SHr+*HC(=S)—OH ==
HC(=S)—OH-+-HC(=0)—SH (R4)

HC(=S)—SH---HC(=0)—SH =~
HC(=8)~SH-+--HC(=S)—OH (RS5)

HC(=0)—SH-+-HC(=0)~SH =
HC(=8)—0H---HC(=S)—0OH (R6)

HC(=S)—SH---HC(=S)—SH =
HC(=S)~SH-+-HC(=S)—SH (R7)

In Table 3 we display various TS properties of the seven 2PT
reactions. We first note that most reactions are isoenergetic and
thus AE® = 0. There are only three endoenergetic reactions R2,
RS, and R6 as indicated in the table. The barrier for proton
transfer appear to be ordered increasingly from reaction R1 to
reaction R7; it is interesting to note that AE* exhibits a nice
proportionality with the total number of electrons of the
bimolecular complex (¥), as shown in Figure 3a. Note that since
there are three complexes with N = 64 in Figure 3a we display
the corresponding average value of AE®.

Using the optimized values of AE* and AE° in eq 8 we have
determined the K parameters that are quoted in Table 3 with
the result that they are ordered as the energy barriers. Now we
use eq 9 to determine the Brgnsted coefficient that, as already
mentioned, indicates the position of the TS along the reaction
coordinate relative to reactants and products. The results of g
= 0,50 or 8 > 0.50 show that the TS are either at midway
between R and P if the reaction is isoenergetic or closer to the
products if the reaction is of the endoenergetic type; this is in
agreement with the Hammond postulate™? and validates the use
of eq 8 in the characterization of transition states.

Also quoted in Table 3 are values of chemical potential,
hardness and polarizability. Note that all values are defined with
respect to the reactants, For endoenergetic reactions we find
that Au® < 0 indicating that electronic charge flows in the
direction R — P, apposite of the direction of the proton transfer.
On the other hand, relatively high values of Au* show that the
chemical potential is far from being constant, this fact is

reactions  AE° AFEF K B Au® At Ay° An* Ao Ao 0, O
R1 0.0 179311 717244 0.500 0.0 —1,7633 0.0 —6.1245 0.0 1.0890 -—10.1690 -—2.9278
R2 04675 199937 790370 0503 -0.5397 133471 -—22.4460 —16.5851 2.0937 4.0350 —2.0064 —4.0257
R3 0.0 23.1733 92,6932 0.500 0.0 154995 0.0 —4.1165 0.0 6.6230 14951 —5.6294
R4 0.0 25.6087 1024348 (.500 0.0 0.8848 0.0 —4.0725 (.0 %.1603 28.9429 —0.2882
R5 22685 29.0499 111.6165 0.510 -—5.8672 59613  —2.1586 —143700 2.1844 119334 —22288 —4.9677
Ré6 3.0754 304612 1156122 0(.513 -—8.2329 -—9.2056 =—27.5288 -—15.2422 42687 66884 ~1.719% —2.0582
R7 0.0 37.3895 149.5580 0.500 0.0 —1.9327 0.0 —7.7497 00 17,6313 —19.3457 —4.8246

¢ E, p, and 2 are in keal/mol; o is in au.
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Figure 3. Cormrelation between the barrier to proton transfer (in keal/
mol) with: (a) the total number of electrons of the complex and (b)
the formation energy (in keal/mol).

important when discussing the principle of maximum hardness.
In all cases with AE® > 0 we see that Az® < 0 showing that
reactants are harder than the products, the hardest species
corresponds to the most stable one, as expected from the PMH.
Also Ay* < 0 is indicating that the TS is the softest species
along the reaction coordinate. These results show that a
maximum in energy corresponds to a minimum value of
hardness, confirming the validity of the PMH in double-proton
transfer reactions. This is new evidence that the PMH holds
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Figure 4. Energy, chemical potential, hardness and polarizability
profiles along the IRC for the double-proton transfer of {(a) formic acid
dimer and (b) dithioformic acid dimer. E, g, and # are in kecal/mol.
The right axis bears the polarizability values in au.

even though the chemical potential is not constant along the
IRC, a condition originally imposed to prove this principle.3240-42

Within the frame of DFT, a complete characterization of an
N-particle wave function needs only N and the external potential
(7). The response of the system to any external perturbation is
measured by # and # when N is varied for a fixed (F} as
indicated by egs 1 and 2. Complementary io this, the polariz-
ability may be used in understanding the behavior of the system




1000 J. Phys. Chem. A, Vol. 104, No. 5, 2000

20

10+

Force
(-]

<10

i (@)

T
-1.5 -1.40 0.5 0.0 0.5 1.0 1.5

IRC

20 - (b)

10 -
g
S ¢
LL

10 4

-20 T T T T

-9 E] -3 0 3 8 ]

IRC

Figure 5. Profiles of the force along the IRC for (a) formic acid dimer
and (b) dithioformic acid dimer. The arrows indicate the position wyo
(see the text for details).

for changing ¢(f} at constant N. Our results for o show that in
all cases the transition state is more polarizable than the reactants
showing that the minimum polarizability principle (MPP) is also
satisfied in these reactions. Furthermore in all three endoener-
getic reactions Ac® > 0 confirming that the direction of
evolution of these systems is toward the state of minimum
energy and polarizability, as required by the MPP.%

We have defined the transition state in terms of its energy,
chemical potential, and hardness, all related by eq 10 through

Jaque and Toro-Labbé
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Figure 6. Profiles along the IRC of specific electronic populations of
(@) formic acid dimer and (b) dithioformic acid dimer. pp—u and pu--a
states the population associated with the hydrogen donor (D} and
acceptor (A) regions. The arrows indicate the position axy (see the text).

the parameters: Oy and Q) that are determined from egs 11 and
12 and displayed in Table 3. For the endoenergetic reactions
(reactions R2, RS, and R6) the use of egs 11 and 12 leads to
results that violate the condition that ¢, should be negative to
comply with the PMH. So in these three reactions we have
assumed that 0, = —Q; as suggested from the exact defini-
tions of & and 5 and the dimensional analysis of eq 10 in
consistency with the Parr and Pearson expression for the energy
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of an atom in a molecule.?® The resulting set of parameters that
connect the propetties of transition states are also included in
Table 3. It is important to mention that eq 10 has been used to
rationalize the activation energy of different kind of pro-
cesses; 836 for example, for internal rotation and inversion
reactions we have reported values of Q, going from —0.90 to
—0.30.3%5 In electrophilic aromatic substitutions processes,
Zhou and Parr 7 have found proportionality between AE* and
Ay, their proportionality parameter was equal to —2, a value
within the order of Qs quoted in Table 3.
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Relation Between Formation and 2PT Processes. We are
dealing here with two different processes that take place
sequentially; formation of the hydrogen-bonded cyclic complex
followed by double-proton transfer. Althongh these processes
seems to be independent to each other, we have found a fairly
good linear correlation between the values of AEF and AFyy, as
shown in Figure 3b. Large barriers to proton transfer are
associated with a small complexation energy, so the stronger is
the hydrogen bond, the lower is the barrier to proton transfer
indicating that enhanced binding may occur when the protons
gets dynamically delocalized. On the other hand, it is interesting
to mention that the constant factor of the approximate linear
equation relating AE* and AEy, is 37.072 kcal/mol which is
very close to the 2PT barrier of the dithioformic acid dimer
(37.390 kcal/mol). This result suggests that within an acceptable
error marge all barriers of this series of bimolecular complexes
can be writter in terms of this reference value.

2PT Reactior Mechanism. In the case of the dimers formed
by formic and dithioformic acids we have performed single-
point calculations along the reaction coordinate to obtain the
profiles of energy, chemical potential, hardness, and polariz-
ability displayed in Figure 4. We {irst note in both reactions y
presents intermediate values between E and 7. As can be seen,
the profiles of ¢ decreases to reach a quite flat region around
the TS, where three critical points can be perceived. The peculiar
behavior of # might be confirming the mechanism proposed in
which the proton transfer is initiated by the displacement of
the whole monomeric structures to favor the subsequent proton
transfer. The profiles of # and o indicate the simultaneous
validity of the principles of maximum hardness and minimum
polarizability. We see that the hardness profiles present opposite
behavior with respect to the energy whereas the polarizability
profiles show maximum values at the TS's. 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 MFPP.

The concept of reaction mechanism is related to the notion
of molecular structure 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 reactants
into products: this force depends only on the position along
the reaction coordinate and from eq 13; it is given by®

Foy=-%-_1 2o~ (14)

expression that will be used only for qualitative purposes. In
Figure 5 we display the force profiles determined by numeric
differentiation of the energy profiles given in Figure 4. Note
that F(w) is negative in the reactants region and it is positive
in the products region, allowing us to distinguish the different
processes taking place along the reaction coordinate. Within
the reactants region an activation process is taking place to attain
the TS whereas in the product region we have a relaxation
process from the TS. Now we use eq 14 for a qualitative
rationalization of this observation: it indicates that activation
processes are driven by the chemical potential term [F(w) < 0
= Qydufdew > |Q.|dy/dw], whereas the relaxation process is
driven by the hardness term [F(ew) > 0 = Quduefdew < [Quldn/
dw]»®

The profiles of the force present @ minimum and a maximum
around the TS, and this may be defining a region where the
specific interactions and intermolecular reordering is of different
nature than those encountered at the vicinity of reactants and
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products, as already suggested from the peculiar profiles of the
chemical potential {4 has at least three critical point at the
vicinity of the TS). The results for F and g suggest that the
first step of the reaction requires an amount of work (W)
necessary t0 bring the monomeric units closer to each other
that is larger that the work (W) required for the hydrogenic
motion. The associated works are qualitatively defined as W,
= [ F(w)dw and W, = fg, Few)dw, with wy the position of
the minimum of F(w}, as indicated by the arrows in Figure 5
where it is apparent that W) > W indicating that the overall
reaction is determined by the first step, i.e.. the motion of
monomeric units to get closer to each other in order to allow
the proton transfer.

Nature of 2PT Potential Barriers. To get more insight on
the reaction mechanisms and the nature of potential barriers, a
quantitative characterization of the electronic population in bond
regions and atomic (or fragments) centers along the reaction
coordinate is necessary. The Mulliken population in relevant
bond regions and atomic centers along the IRC are displayed
in Figure 6. The evolution of the electronic populations in bond
(px-n) and hydrogen bond {(px..qg) topological regions follow
opposite trends; when a proton is transferred, px-y decreases
whereas px...g increases, indicating that there is a charge transfer
in the opposite direction to the proton motion, It is interesting
to note that the most noticeable changes in these populations
occurs after the point ay (indicated by the arrows on the figures),
in the region where the process is mainly proton transfer. On
the ather hand, in formic acid dimer the proton charge increases
slightly even at the TS as shown in Figure 6a, whereas in the
dithioformic dimer this quantity is quite constant but from ey
it suddenly increases to attain a maximum at the TS (Figure

6b). The atomic population in proton donor (X—) and proton
acceptor (=X) atoms in formic acid dimer are quite close to
each other favoring delocalization of the protons among the
oxygens. In the case of (FICSSH); the situation is opposite, here
the difference of electronic population of donor and acceptor
atoms is much more marked indicating that electrostatic and
polarization interactions may be playing an important role in
stabilizing the complex.

The above results suggest that the barrier for proton transfer
in the formic acid dimer is roughly of through bond nature
whereas that of dithioformic acid dimer is basically due
electrostatic interactions, a through space barrier. Qualitatively,
through bond interactions occur among partners that present
similar local electronic population whereas through space
interactions occurs among partners presenting quite different
local elecironic populations, and this is the reason this later
interaction is commonly associated to non-bonded interactions.
Recently we have shown that the analysis of the electronic
populations and dipole moments helps characterize the nature
of potential barriers.’ In the present case however this is not
possible because formic acid and dithioformic acid dimers have
inversion centers and therefore their dipole moments are equal
to zero all along the IRC, In the absence of permanent dipole
moments we can use the polarizability to perform the qualitative
analysis we require. The polarizability of a molecule is
proportional to its size or to its number of electrons; Table 3
indicates that this proportionality also holds for the difference
Ao (but not for Aa®). On the other hand, Figure 3a indicates
that AE* is proportional to N, so we expect it to be also
proportional to Ao, Figure 7a shows a good linear correlation
between AET and Ao* for the complexes identified by their total
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number of electrons (for N = 64 we have used the average
values of the properties of reactions R3, R4, and R6). We see
that high barriers are associated to high values of Aa® indicating
that they are mostly of through space nature whereas low
barriers are associated to low Ao values indicating that their
nature is mostly of the through bond type.

Through bond interactions can be explained by means of the
Iocal version of the well-known Pearson’s hard—soft acid—base
(HSAB) principle.®® The local HSAB principle, invoked to
explain soft—soft interactions, ! states that the interaction
between two species occurs through atoms having nearly equal
softness. The local HSAB principle provide an independent
criterium in terms of specific interactions proton acceptor to
characterize the nature of potential barriers. Gazquez and
Mendez*® have defined a quantity which provides the informa-
tion we need:

0= (Sf — S0’ + (She ~ 52 (15)

where 55 is the local softness of the atom X [hydrogen (H) or
the corresponding acceptor (A)] defined from the global softness
as 5% = px S/N. If the specific interactions can be explained in
terms of the local HSAB principle, then ¢ should be small
because the softness of the interacting partners are expected to
be close to each other (the soft likes soft part of the HSAB). So
large values of ¢ indicate that the interaction is more of the
through space type. In Figure 7b we display a nice comrelation
between the 2PT barrier and the o parameter. The result shows
that the barrier for formic acid dimer can be explained in terms
of the HSAB principle (small &} confirming its through bond
nature. Dithioformic acid dimer is the opposite, it present a
relatively large value of & confirming that its 2PT barrier is
mainly of through space nature. It should be possible to classify
the physical origin of the barriers for proton transfer of the five
remaining systems as weighted averages of these two extrema.
DFT Calcunlations. Finally, with the purpose to validate our
results we have performed DFI/B3LYP calculations using the
RHF optimized molecular structures to determine formation
energies. The results reproduce the same trends of the Hartree—
Fock calculations as illustrated in Figure 8 that shows a beautiful
linear correspondence between the DFT and RHF results.

Acknowledgment. This work was supported by Cétedra
Presidencial en Ciencias 1998 awarded to A.T.L. and by
FONDECYT through project No. 1990543, P.I. is grateful to
CONICYT for a graduate fellowship and to Departamento de
Postgrado y Postitulo, Universidad de Chile, Beca PG 13/99.

References and Notes

(1) Melander, L.; Saunders, W. H. J. Reaction Rates of Isotopic
Molecules; John Wiley & Sons: New York, 1980.
(2) leffrey, G. A.; Saenger, W. Hydrogen-Bonding in Biological
Structures; Springer-Verlag: Berlin, 1991,
(3) Scheiner, S. Hydrogen Bonding: A Theoretical Perspective; Oxford
University Press: New York, 1997.
(4) Scheiner, S. J. Mol. Struct. (Theochem) 1994, 307, 63,
(5) Pérez, P.; Contreras, R.; Vela, A.; Tapia, O. Chen. Phys. Lett. 1997,
269, 419,
(6) Pudzianowski, A. T. J. Chem. Phys. 1996, 100, 4781.
(7) Platts, J. A.; Laidig, E. J. Phys. Chem. 1996, 100, 13455.
(8) Latajka, Z.; Bouteiller, Y.; Scheiner, S. Chem. Phys. Lett. 1995,
234, 159,
(9) Wei, D.; Salahub, D. R, J. Chent. Phys. 1994, 101, 7633.
(10} Sim, F.; St-Amant, A.; Papai, I; Salahub, D. R. J. Am. Chent. Soc.
1992, 114, 4391.
(11) Kumar, G. A.; Pan, Y.; Smallwood, C. J.; McAllister, M. A. J.
Comput. Chem. 1998, 19, 1345,
{12) Loerting, T.; Lied, K. H. J. Am. Chem. Soc. 1998, 120, 12595,
(13) Bertie, I. E.; Michaelian, K. H.; Eysel, H. H.; Hager, D. J. Chem.
Phys. 1986, 83, 4779,

J. Phys. Chem. A, Vol. 104, No. 5, 2000 1003

(14) Bertie, J. E.; Michaelian, K. H. J. Chem. Phys, 1982, 76, 886.

(15) Wilson, C. C.; Shankland, N.; Florence, A. I, J. Chem. Soc.,
Faraday Trans. 1996, 92, 5051.

(16) Turi, L. J. Phys. Chem. 1996, 100, 11285,

(17) Qian, W.; Krimnm, 8, J. Phys. Chem. 1996, 100, 14602.

(18) Qian, W.; Krimm, 8. J. Phys. Chem. A 1998, 102, 659,

(19) Miurz, S.; Tuckerman, M. E.; Klein, M. L. J. Chem. Phys. 1998,
109, 5290,

(20) Meyet, R.; Ernst, R, R. J. Chem. Phys. 1987, 86, 784,

(21) Shida, N.; Barbara, P. F.; Almlof, J. J. Chen. Phys, 1991, 94, 3633.

{22) Kim, Y. J. Am. Chem. Soc. 1996, 118, 1522,

(23) Lim, J.-H.; Lee E. K.; Kim, Y. J. Phys. Chem. A 1997, 101, 2233.

(24) Chajnacki, H. Mol. Eng. 1997, 7, 161,

(25) Rabold, A.; Baver, R.; Zundel, G. J. Phys. Chem. 1995, 99, 1889.

(26} Toro-Labbé, A.; Cérdenas, C, Int. J. Quantum Chem. 1987, 32,
6835, Toro-Labbé, A, J. Mol. Struct. (Theochem) 1988, 180, 209,

(27) Smeyers, Y, G.; Villa, M.; Cérdenas-Jir6n, G. L; Toro-labbé, A. J.
Mol. Struct. (Theochem) 1998, 426, 155,

(28) Delaere, D; Raspoet, G.; Nguyen, M. T. J. Phys, Chem. A 1999,
103, 171.

(29) Parr, R. G.; Yang, W. Annu. Rev. Phys. Chem. 1995, 46, 701,

(30) Parr, R. G.; Pearson, R. G. J. Am. Chem. Soc. 1983, 105, 7512.

(31) Pearson, R. G. J. Am. Chem. Soc. 1985, 107, 6801.

(32) Pearson, R. G. J. Chem. Educ. 1987, 64, 561.

(33) Parr, R. G.; Yang, W. Dengsity Functional Theory of Atoms and
Molecules, Oxford University Press: New York, 1989.

(34) Dreizlrer, R. M.; Gross, E. K. V. Density Functional Theory;
Springer: Berlin, 1990.

(35) Chattaraj, P. K.; Nath, S.; Sannigrahi, A, B. J, Phys. Chem. 1994,
98, 9143,

~ (36) Cdrdenas-Jirén, G. L; Lahsen, J.; Toro-Labbé, A. J. Phys. Chem.
1995, 99, 5325.

(37) Cérdenas-Jirén, G, I.; Toro-Labbé, A. J. Phys. Chem. 1995, 99,
12730.

(38) Cérdenas-Jirén, G, I; Gutiérrez-Oliva, S.; Melin, J.; Toro-Labbé,
A, J. Phys. Chem. A 1997, 101, 4621.

(39) Toro-Labbé, A. J. Phys. Chem. A 1999, 103, 4398.

(40) Parr, R. G.; Chattaraj, P. K. J. Am. Chem. Soc. 1991, 113, 1854,
Chattaraj, P. K.; Lin, G. H.; Pam, R. G. Chem, Phys. Lert. 1995, 237, 171,
Chattaraj, P. K. Proc. Indian Natl. Sci, Acad, 1996, 62, 513.

(41) Pearson, R. G. Chemical Hardness; Wiley-VCH: Oxford, 1997,

(42) Datta, D, J. Phys. Chem. 1992, 96, 2409,

(43) Pross, A, Theoretical & Physical Principles of Organic Reactivity;
John-Wiley & Sons: New York, 1995,

(44) Chattaraj, P. K; Sengupta, S. J. Phys. Chem. 1996, 100, 16126,
Chattaraj, P. K.; Poddar, A. J. Phys. Chem. A 1998, 102, 9944, Chattaraj,
P. K.; Poddar, A. J. Phys. Chem. A 1999, 103, 1274.

(45) Chattaraj, P. K.; Fuentealba, P.; Jaque, P.; Toro-Labbé, A. J. Phys.
Chem. A. 1999, 103, 9307.

(46) Baum, J. O.; Finney, J, L, Mol. Phys. 1985, 53, 1097.

(47) Sanderson, R. T. Science 1955, 121, 207, Sanderson, R. T. Chemical
Bonds and Bond Energy, 2nd ed.; Academic Press: New Yozk, 1976,

(48) Cirdenas-Jirén, G. L; Toro-Labbé, A. J, Mol. Struct. (Theochem)
1997, 390, 79.

(49) Marcus, R, A, Annu. Rev. Phys. Chem, 1964, 15, 155.

(500 Dodd, J. A.; Brauman, I. L. J. Phys. Chem. 1996, 90, 3559.

(51) Leffler, J. E. Science 1953, 117, 340.

(52) Hammond, G. 8. J. Am. Chem. Soc. 1955, 77, 334.

(53) Frisch, M. 1.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W,;
Johnson, B, G.; Robb, M. A.; Cheeseman, J. R.; Keith, T. A.; Peterson, G.
A.; Montgomery, I, A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V, G.; Ortiz, I. V.; Foresman, J. B.; Ciolowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W;
Wong, M. W.; Andres, J. L.; Reploge, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, 1. §.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzdlez, C.; Pople, I. A, Gaussian 94; Gaussian, Inc,:
Pittsburgh, PA, 1995,

(54) Yang, W.; Lee, C.; Ghosh, 8. K. J. Phys, Chem. 1985, 89, 5412,

(55) Chattaraj, P. K.; Nandi, P. K.; Sannigrahi, A, B, Proc.—Indian Acad.
Sei., Chem. Sci. 1991, 103, 583,

s (56) Gutiérrez-Oliva, S.; Letelier, J. R.; Toro-Labbé, A, Mol. Phys. 1999,
94, 61.

(57) Zhou, Z.; Parr, R. G. J. Am. Chem. Soc. 1990, 112, 5720.

(58) Pearson, R. G.; Songstad, J. J. Am. Chem. Soc. 1967, 89, 1827.
Pearson, R. G. Inorg. Chem. 1984, 23, 4675; J. Chem. Educ. 1987, 64,
1987.

(59) Gézquez, J. L.; Méndez, F, J. Phys. Chem. 1994, 98, 459,

(60) Damoun, S.; Van de Woude, G., Méndez, F.; Geerlings, P. J. Phys.
Chem. A 1997, 101, 886,

(61) Sengupta, D.; Chandra, A. K.; Nguyen, M. T. J. Org. Chem. 1997,
62, 6404.

(62) Becke, A. D., J. Chem, Phys., 1992, 98, 1372, Lee, C.; Yang, W.;
Parr, R. G. Phys. Rev. B, 1988, 37, 785,







J. Phys. Chem. A 2000, 104, 89558064 8955

Using Sanderson’s Principle to Estimate Global Electronic Properties and Bond Energies of

Hydrogen-Bonded Complexes

Soledad Gutiérrez-Oliva, Pablo Jaque, and Alejandro Toro-Labbé*
Departamento de Quimica Fisica, Facultad de Quimica, Pontificia Universidad Catblica de Chile, Casilla 306,

Correo 22, Santiago, Chile

Received: February 29, 2000; In Final Form: July 11, 2000

In this paper, we use Sanderson’s geometric mean equalization principle for electronegativity (¥) to derive
expressions for molecular hardness (#7) and its derivative (y) 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 useful as a method for rationalizing chemical
reactions when both N and v change. We have found that the conditions of maximum hardness and minimum
polarizability complement the minimum energy criterion for stability of molecular aggregates. Finaily, we
propose a new scheme for obtaining molecular properties from the isolated fragments that produces results
that are 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 properiies 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 corresponding 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 considered 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 attractive 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 constituent 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),*~¢ a
complete characterization of an N-particle wave function
requires knowledge of only N and the external potential »(F).
The response of the system to any external perturbation is
measured by the electronic chemical potential (z) and the
hardness (77) when N is varied for a fixed (7). Complementary
to this, the polarizability (o) can be used in understanding the
behavior of the system for changing #(7) at constant N.7 In DFT,

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

10.1021/jp000777e CCC: $19.00

4 is the Lagrange multiplier associated with the normalization
constraint that the electron density integrates to NV; the associa-
tion with classical structural chemistry is achieved by the
identification of s as the negative of the electronegativity (¥).
Definitions of ¥ (or x) and % were given by Parr et al.® and
Parr and Pearson,” respectively. Chemical potential (electrone-
gativity) and hardness are 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.10-14

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 electronic properties of the new molecule or
aggregate are derived. It is well-known by now that molecular
electron densities exhibit local topological features that makes
it possible to recognize atomic or fragment shapes within the
molecule.}5~17 In this context, it is important to characterize
the effect of combination and redistribution of electron densities
on globai electronic properties that have been defined as the
respense 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.!=3 In recent papers, we
have extended this approach to estimate molecular hardness from
the corresponding property of the constituent atoms or frag-
ments.'51 In this paper, we go further by estimating for the
first time numerical values of y [y = (8/3N),] in molecules,
obtaining expressions for 57 and y from the geometric mean of
¥ {or ), and then investigating how these properties, together
with the polarizability ¢, 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
cyclic hydrogen-bonded bimolecnlar 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, §). 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 E and
external potential v(F)-are defined as follows:4—6

3B, _
B = (o= ¥ M
and
1 BZE) 1(@,5)
= 2
2(82N w  2\N) G @

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

pr= S+ A =26 + e 3)

and
m S = A) = 3le — &) @
7 2 _2 L H

where [ is the ionization potential, A is the electron 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 7 will be calculated
using the MO energies.

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

AE, =E—E} 5)

where E is the encrgy of the fuily optimized resulting molecule
or aggregate and E; = 3 E,, with E; the energy of the
fragment x duly optumzed Note that, in our applications, the
energy of the bimolecular complexes can be estimated from
the energy of two (E£3) and four (E3) fragments. It is important
to point out here that both basis set superposition 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
electronegativities of the isolated atoms (or fragmentsy—3

ug, = — ([ Jluay™ ©)

where 42 is the chemical potential of fragment x. Note that the
Targer the value of ng, the Iess accurate the result because of the
number of bonds and bonding potentials not being considered
in the calculations of .

Within this scheme, the hardness is obtained by differentiating
t,, With respect to 1319 thus obtaining
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3#3,) Hue 26 712
0= =—3- @
T (6‘N WA ng g‘,uf:

1 is the hardness of fragment x. The difference between the
approximate values (¢, and ;) and the actual values obtained
using eqs 3 and 4 from the ab 1nitio calculations (¢ and #) can
be attributed to relaxation of the electron density afier 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 & at constant
external potential was defined previously as the third-order
property ¥; it was numerically studied only in atoms and atomic
ions with the result that, in most cases, it is smaller than y and
77.20 Within the Sanderson scheme, we obtain from eq 7

2 o
(ngr) 'u::f o 1y 2 Py 21 y;
=X T ®
WP Ha, Ppox ey By ox fy
This provides an analytic expression to estimate ¥ from atomic
(or fragment) chemical potentials and hardnesses. Notice that

7],, and y; have been defined by dropping, from the original
defimuons, the numerical factors /> and Y3, respectively.

iy,

Vo, = aN

3. Computational Methods

Although restricted Hartree—Fock (RIIF) calculations are not
expected to give accurate hydrogen-bond energies, it has been
recently shown that they are highly consistent with DFI/B3LYP
results.!® Therefore, all calculations were performed at the RHF
Ievel of theory with the standard 6-311G** basis set using the

‘Gaussian 94 package.?! Radical fragments were calculated using

the UHF theory. The electronic chemical potential and molecular
hardness have been calculated by applying eqs 3 and 4,
respectively, with ey 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, S). Formation of molecules HCO—OH (ML),

HCS—0H (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 ,u,, and %, with respect
to the actual values of x and g5 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—OH), 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: (2) formation from two
neutral molecules (n; = 2) where the ab initio optimized values
of E, #, and 7 of each HCX—YH (X, Y = O, 5) species are
used to produce E3, 45, and 55 (note that these quantities do
not contain the hydrogen-bonds potentials); and (b) formation
from four isolated radical fragments (7 = 4). The latter approach
leads to EJ, ug, and #§ 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 E,‘,’f, together with the reaction energies AE; and AE;,
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TABLE 1: Energy, Chemical Potential, and Hardness for
the Fully Optimized Radical Structures Determined at the
Ab Initio UHF/6-311G** Level*

fragment E #® 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 All values are in atomic units.

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

4. Results and Discossion

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,‘:r
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
AE; values can be identitied with the energy of a single C—0
bond, the average value determined from Table 2 being (AEz)co
22 0.12 au. Note that the average value of the experimental C—O
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 attributed to formation of a single C—S bond,
for which the average experimental bond energy is 0.10 aw;?
our estimation is {AEz)cs = 0.08 au, Although the numerical
values may differ to some extent, our results show that the cC-0
bond is correctly estimated as being stronger than the C—S bond
by about 0.04 au, in qualitative agreement with the experimental
data, 22

When the complexes are formed from four isolated fragments
(ny = 4), the reaction energies can be related to the energies of
the bonds being formed. Table 2 shows that, in C1, C2, and
C3, the AE, values goes from —0.28 an (C1) up to —0.25 au
(C3); these values correspond to the approximate contribution
of the two C—0Q bonds being formed (AEs ~ 2(AE3)co). In
C4—C7, we find that the average value of AE; is 0.21 an, with
quite a small dispersion. This can be associated with the
energetic contribution due to formation of one C—O and one
C—S bond (AE4 = {(AEz)co + {AE3)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{AEy)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 AE; values follow the correct qualitative trend
and compare satisfactorily well with other theoretical estimates.?
Recent DFI/B3LYP calculations on the complexes we are
discussing here led to hydrogen-bond energies that are in very
good agreement with the IIF 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
AE; = —0.0231 au 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
(AEy2 = 0.0019 au), where the factor Y/, is introduced for
proper comparison as C10 contains two hydrogen bonds. This
Iatter 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.

4. Phys. Chem. A, Vol. 104, No. 39, 2000 8957

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 energy of the respective bonds:
i.e., E(H*+0) = AEy(C1y2 = —0.01155 au and E(H---S) =
AE;(C10)/2 = —0.00185 au. Using these values, we ap-
proximate the AE; values for the remaining eight complexes
as AEY = Yy F(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 AF; is rather crude, exhibiting
considerable errors that go up to 70% (C3). Thus, the rough
estimation of the H-bond energies from the reference systems
C1 and C10 is not accurate enough to get an adequate
description of the remaining AE; values.

A considerably better approach to AF; 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~I+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) = AE(C1)/2 =
=0.01155 au; E(OH+-"8) = AE,(C3)/2 = —0.00595 au; E(SH-
=) = AE(C8)2 = —0.00445 au; and E(SH---S) = AE;-
(C10)/2 = —0.00185 au. Note that the presence of a sulfur atom
adjacent to the H-bond makes the H-bond weaker than it would
be in the presence of oxygen. Now we define AE(;’) =
Fx v E(XH-+Y); the results are shown in Table 3 and compared
with AE; and AE, 1t can be seen that the deviations with
respect to the calculated AE» values are now very small; they
go up to 0.82 kcal/mol in C6 (the larger deviation of AE(;)
with respect to AE; 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 H---S bond energy to be 0.0039
= 0.0021 au, the H+++O bond being about twice as strong as
the H---S bond.

Force Constants and Hydrogen-Bond Energies. In bimo-
lecular systems when the energy is estimated using n; = 2, the
quantity AE; = E — Ej gives an estimate of the hydrogen-
bond energies, because the larger AFE; 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 AE; to be related
with the force constants k associated 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 AE; and k for the 10 complexes identified
by their total aumber 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
AF; 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
resuits: the stronger the hydrogen bond, the higher its |AE;|
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 (u, and #,) for the isolated
radicals x = CHO, OH, CHS, and SH that are quoted in Table




8958 J. Phys. Chem. A, Vol. 104, No. 39, 2000

TABLE 2: Total and Reaction Energies of Molecular Systems and Formation Processes?

Gutiérrez-Oliva et al,

system -E - E - E} —AE, —AE;
HCOOH (M1) 188.8205 188.6510 0.1295
HCSOH (M2) 511.4454 511.3260 0.1194
HCOSH (M3) 511.4493 511.3731 0.0762
HCSSH (M4 834.0867 834.0082 0.0785
HCOOQOH---HCOOH (C1) 377.6641 377.6410 377.3819 0.0231 0.2822
HCOOQH---HCSOH (C2) 700.2840 700.2659 7000170 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 02206
HCOOH---HCSSH (C5) 10229176 1022.9072 1022.6992 0.0104 0.2184
HCOSH:---HCSOH (C6) 1022.9068 1022.8947 1022.6992 0.0121 0.2076
HCSSH---HCSOH cn 1345.5389 1345.5320 13453342 0.0069- 0.2047
HCOSH:-"HCOSH (C8) 1022.9076 1022.8987 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
® All values are in atomic units.
TABLE 3: Double Hydrogen-Bond Energies of Bimolecular 0.000
Aggregates®
complex N ~AFE, —AE® —AEDY 0006
Cl 48 0.0231 0.0231 0.0231
2 56 0018 0.0134 0.0175 AE,
C3 64 0.0119 (.0037 0.0119 00104
Cc4 56 0.0145 0.0231 0.0160
Cs 64 0.0104 0.0134 0.0104
Co 64 0.0121 0.0134 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
C10 80 0.0037 0.0037 0.,0037 -0.020 -
“ All values are in atomic units. -
48
1. The effect of relaxation and redistribution of the electronic R § PR, A e o0
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 z° with reference to the calculated 0.000
chemical potential; numerical values are listed in Table 4. We (b)
note that the deviations of g7 with respect to the reference ab
initio values are reasonably small; in most cases, pg ap- -0.008-
proaches the reference value better than u$ 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 0.015-
i, the amount of flowing charge being proportional to the
difference in the chemical potentials of the fragments® A
qgualitative 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:%&10.12 o
48
-0.025 T T T
1 (e — py) ) 000 005 040 045 0.20
e -1
2, + ny) kmdyn A

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 AN. According to eq 9,
the amount of charge (3N,,} that is not relaxed in the formation
process from the rigid fragments must be proportional to Agy,
= (4 — p). Thus, we simply define N, = Au,, and quote its
values in Table 5. It is interesting 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) Corrclation 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
AF; and k in systems presenting the same number of electrons.

fragments, thereby implying that reordering of the electron
density becomes increasingly 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 #5 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 J H iy 7 75 74 ¥: 12
M1 —0.1554 —0.1590 03138 0.2783 0.0247

M2 —0.1402 —0.1686 0.2206 0.2441 0.0214

M3 —0.1391 —0.1591 0.2608 0.2246 0.0431

Md —0.1532 —0.1687 0.1996 0.1872 0.0062

C1 —0.1503 —0.1554 —0.1590 0.3204 0.3138 0.2783 0.0317 0.0247
cz —0.1411 —-0,1476 —0.1638 0.2251 0.2652 02619 0.0303 0.0269
C3 —0.1462 —0.1402 ~0,1686 0.2169 0.2206 0.2441 0.0153 0.0214
4 —~0.1402 ~0.1470 —0.1590 0.2609 0.2863 0.2515 0.0281 0.0380
Ccs ~0.1601 —0.1543 -0.1638 0.2021 0.2563 0.2342 0.0398 0.0326
C6 —0.1320 —0.1397 —0.1638 02215 0.2408 0.2342 0.0231 0.0326
c7 —0.1604 —0.1466 —(0.1687 0.1966 0.2108 0.2157 0.0148 0.0187
Ccs —0.1331 —0.1391 —0.1591 02607 0.2608 0.2246 0.0240 0.0431
9 —0.1511 —0.1460 —0.1638 0.2000 0.2319 0.2065 0.0288 0.0289
C10 —0.1576 —0.1532 —0.1687 0.1965 0.1996 0.1871 0.0084 0.0064

2 All values are in atomic units.

TABLE 5: Estimation of Charge Transfer (AN} in
Formation of Molecuiar Systems and Bimolecular
Complexes

system AN SN, N,
M1 0.0516 0.0036

M2 0.0414 0.0284

M3 0.0672 0.0200

M4 0.0558 0.0155

Cl1 0.0 0.0051 0.0087
C2 —0.0142 0.0065 00227
C3 0.0 —0.0060 0.0224
C4 —0.0142 0.0068 0.0188
Cs —0.0021 —0.0058 0.0037
C6 0.0011 0.0077 00318
Cc7 —0.0155 —0.0138 0.0083
C8 0.0 0.0060 0.0260
c9 —0.0153 —0.0051 0.0127
C10 0.0 —0.0044 0.0111

TABLE 6: Comparison of Hardness Determined throngh
Different Methods®

system 7® eq7° ref 26 ref 27
M1 03138 0.2783 0.2757 0.2779
M2 0.2206 0.2441 02333 0.2417
M3 0.2608 0.2246 0.2117 0.2137
M4 0.1996 0.1872 0,1858 0.1858
Ci 0.3204 0.3138 0.3138 0.3138
Cc2 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
Co6 0.2215 0.2408 (0.2350 0.2359
Cc7 0.1966 0.2108 0.2096 0.2098
Cc8 0.2607 0.2608 0.2608 0.2608
c9 (.2000 0.2319 0.2261 0.2282
C10 (.1965 0.1996 0.1996 0.1996

2 All values are in atomic units. ?  is the reference ab initio value.
¢ Equation 7 is used with n; = 2,

good approximations of the actual ab initio result. Qualitative
consistency between #5 or #5 indicates that eq 7 is a reliable
expression for estimating molecular hardness. There are a few
different ways to estimate # from fragment values: the
arithmetic average for softness? (S = 1/7) and the geometric
mean principle for hardness?” are 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), 28— 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 PMI prompted
us to investigate the relation between the formation energies
AE; and AE, of the bimolecular complexes and the correspond-
ing hardnesses 775 and #3, determined using eq 7. Panels a
and b of Figure 2 show good linear correlations between
AE, and 7, 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 2c,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
electronic properties to reaction energies.)#3132 Pearson3!
proposed an empirical method for ranking the order of Lewis
acids and bases in terms of their hardness at their reaction sites.
More recently, Gézquez®2 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 propesties of the isolated species, we have tested
the Gézquez 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, jt 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 linear relations connecting these properties. It can
be seen that the stronger the bond being formed, the harder
the complex. This result confirms the fact that there is direct
proportionality between hardness and force constants, as
correctly pointed ont recently by Arulmozhiraja and Kolan-
daivel

Polarizability of Hydrogen-Bonded Systems. Along with
the PMH, Chattaraj et al. have proposed a 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 (a) nr = 2 and (b) ne
= 4. (c) 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 (@3, the fourth
column of Table 7). Figure 4a shows the excellent quality of
this approach. Qur results suggest that the polarizability of a
composite system is given by the sum of the n¢ individual
polarizabilities

At
o = Yol (10)
X

where o stands for the polarizabilities of the monomeric units.
The above expression is not an aitempt to define an addition
scheme for polarizabilities; it simply comes from the empirical
observation of the present resulis.

Adding electrons to a system will increase its polarizability
because o is proportional to N; our results concerning 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 N; therefore,
one should expect AE; be related to the polarizability. However,
Figure 5a shows a very scattered plot of AE; against the reaction

polarizability Aa (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 Al = o —
(Z:0,)f2, which is given in Table 7. Figure 5b shows a quite
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
MPP 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
summary, the more stable the product species, the harder and
iess polarizable it was found to be.

We have mentioned that the polarizability can be used to
understand the behavior of the system when the external
potential is changed at constant N.? 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 Aoz Ads

M1 24 15.1733

M2 32 28,2873

M3 32 27,7830

M4 40 43.4183

C1 48 30.9583 30.3466 0.6117 15.7850
C2 56 45,7427 43.4606 22821 24.0124
C3 64 60.5700 56.5746 3.9954 32.2827
C4 56 43.6490 42.9563 0.6927 22,1709
Cs 64 60.9957 58.5916 2.4041 31.6999
C6 64 58.0750 56.0703 2.0047 30.0399
C7 72 75.0847 71.7056 33791 39.2319
Cs 64 56,3013 55.5660 0.7353 28.5183
C% 72 72.9003 71.2013 1.6990 37.2997
C10 80 88.6140 86.8366 17774 45.1957

4 All values are in atomic units.

potential 2(7) , so we can write ¢ = u[N,0(A]. To relate the
change of the external potential to the reaction polarizability,
we differentiate eq 6 with respect to »(7), thus defining the

quantity F::‘
Hne 2 Af
~—Ap Z(:ﬁ) (i1
N B * \Us,

Because the formal definition of F" is analogous to the Fukui
function used to quantify the reactmty of specific sites on a

F° =

iy

Oty
dv
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Figure 4. (a) 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 Az, we call
it the Reaction Fukui Function (RFF). It can be seen from eq
11 that F° is a global property that contains the fragment
reactivmes through the Fukui functions £ = (6pjd v)n. There-
fore, we expect F’ to be a property measuring the global
reactivity of the system

‘We have determined numerical values of RFF approaching .
Av by the electron—nuclei potential (V) obtained from the ab
initio calculations; in fact, we have used Ay = [V (product) —
2. Vue(reactants)], The fS values were approximated as NJ/N,
with N being the number of electrons of fragment x and N the
total number of electrons of the composite system such that
3.N: = N. In Figure 6a, we show that the RFF is linearly 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
RFF 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 nsefulness of determining accurate values
for this property. On the other hand, it is clear that the whole
procedure based upon Sanderson’s scheme is a powerful tool
for characterizing chemical reactions when both N and » change.

The Hardness Derivative. Hardness is now recognized as
an important property for characterizing chemical processes, so
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reaction polarizability defined as AG = o(product) — (X.«t.)/ng, 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 external potential. The quantity y measures
the change of 7 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 y? of the isolated
fragments; these were estimated from the following approximate
formula proposed by Fuentealba and Parr:?
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Figure 6. Characterization of the reaction Fukui function (RFF) with
(a) the reaction energy and (b) the reaction polarizability. All values
are in atomic units.
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Equation 8 shows a quite complex dependence of y with
respect to # 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 y using
eqs 7 and 8 to check their possible linear relation. Values of ¢3
and yj 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 ¢ and 7 could not
be obtained, as is apparent in Figure 7a,b. These results are in
agreement with expectations based on the very definition of
.20 When the atomic data of Fuentealba and Parr® are used to
build the properties of the bimolecular complexes, thus produc-
ing 75, and y{, from the 10 constituent atoms, we obtain
negative values of y and linear behavior with #, as shown in
Figure 7c. It should be noted that because there are systems
presenting the same atomic composition, their values of 53,
and 7y}, are the same. Thus, in Figure 7c, the systems have
been ordered in terms of their total number of electrons.

A New Additivity Scheme for z 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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’
Jun, x X)

Determination of the chemical potential of a composite systern
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

J. Phys. Chem. A, Vol. 104, No. 39, 2000 8963

&4
0.140 64 J's4
p'
’ 2
0,147 569472
72
80
*0.454-
a8y B4

T L) L)
“0.154 “0.147 “0.140
-]
P
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we compare both approaches for estimating the chemical
potential of the 10 bimolecular complexes using n; = 2.
Moreover, we have verified that, in all cases studied here, ,u,’,!
provides a better approach to the reference ab initio value than
does g, determined from eq 6; this was verified for ny = 2, 4,
and 10. These results show that eq 13 represents a valid
alternative to the original Sanderson’s formulation. It 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

Bﬂ;r , nt
= =@y
(7} x

N 2I'f;’ e — gl (14)

1
@)
where A7 is a measure of the fluctuation of the chemical
hardness due to a change in the external potential. Alternatively,

through the Maxwell relation, kg can be seen as the response of
the Fukui function to a change in the total number of electrons.

d 3
h;’ = (&o) = (._'f..’.‘. (1 5)
dv/y \aN/v
Recently, Parr et al.?® have defined the electrophilicity index

as W= p?/2y. In analogy with this definition, we can define a
nucleophilicity index from eq 14 as

’

ﬂn, LA |
e =2 e UFene—houd (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 #; and 577 show that,




8964 J. Phys. Chem. A, Vol. 104, No. 39, 2000

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.

Numerical 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 electronic properties
but also in rationalizing chemical reactions when both N and »
change. Finally, we have proposed a new scheme for obtaining
molecular properties from the isolated fragments with quite
encouraging results for chemical potentials. In this approach,
local and global properties play equivalent roles, which may
lead to methods for simultaneously characterizing the reactivity
and selectivity concepts in chemical processes.
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In this paper we point out that classical concepts of reactivity in connection with
DFT descriptors are adequate and powerful tools for characterizing chemical reac-
tions. 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 polarizability provide the necessary elements to
discuss the activation and relaxation processes in terms of the activation chitemical
potential and hardness. Ilustrative 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 Coneepts 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, etc.} 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, ie. 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 (T'S), 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
important. For the first purpose Density Functional Theory (DFT)%~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 (HP) ¢ 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 1° suggests a mechanistic
interpretation of the so-called Brgnsted coefficient () : it is a measure of
the location of the TS along the RC, this defines 8 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 produets; and (d) the Principle of Maximum Hard-
ness (PMH)'3-15 that asserts that molecular systems at equilibrium tend to
states of high hardness, therefore TS’s are expected to present a minimum
value of hardness 16—18. 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 Reactivity.

Within the conceptual frame of DEFT, 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(7). 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(F)]. The total differential of the energy is
given by 7:

dF = pdN + f p(F)dolF)eF, )

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%, 4 is a function of N and
a functional of ¥(F), (1 = p{N,v(7)]) and has the following total differential:

du=ndN + [ £F)do(rdr, (3)

where

1/ 8p S 8p(7)
=3 (), = o[l -(5), @
are the hardness %23 and the Fukui function %25 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 N and v(7). f(F) is a local property of the system
and it measures the reactivity of the different sites within the molecule. The
total differential of [NV, v(7)] is:

diy = 4dN -+ f R(F)dv(7)dF, (5)

where

(@), e 0-],-(50), o

v is a global property measuring the change in the hardness due to the
variation of the electron number 28, h(F) is a local property that measures
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 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 N is varied for a fixed v(¥) is measured by g and 5 while local
properties, such as the Fukui function, measure the response of the system
for changing the external potential at constant N. 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(7) 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) 2829 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 = 1/2#) are
among the most important global properties aimed at describing chemical
reactivity. In numerical applications, ¢ and 1 are calenlated through the fol-
lowing approximate equations based upon the finite difference approximation

and the Koopmans’ theorem 9:
1 1
pr—o(I+A) =g (er +en) (7)
and
1 1
17%5(1—44)’335(5[,_5}1), (8)

I is the ionization potential, A is the electron affinity, £y and 1 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) 3133, On the other hand, 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 3435, It is 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 af rationalizing bond breaking and transfer
reactions. Section 4 containg 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 fragments’ properties. In the light of the combination of classical
reactivity and DEFT concepts, in section b we briefly analyze few illustrative.ex-
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amples of rotational isomerization, intramolecular reerdering and intermolec-
ular proton transfer reactions. In section 6 we present the conclusions of the
present work and suggest few directions for future research.

2 Rotational Isomerization Processes.

In this section we are concerned with the study of the internal rotation process
from the perspective of the simultaneous evolution of the potential energy (V),
the electronic chemical potential (1) and the molecular hardness (77). Let us
consider a frans = cis conformational transformation oceurring through the
internal rotation with respect to a given bond in the molecule, in such a case
the RC is the torsional angle o that is measured from the trans (¢ = 0) to
the e¢is (@ = m) conformations. The model potential that we use to describe
internal rotations is 36:

Vie) = iKV(l — cos® &) + %AV"(I — cosa), (9)

where the irans conformation is taken as the origin of the energy; Ky is
the sum of the torsional force constants of the frans and cis conformations
(Kv = kt + kc) and AV® = (V(x} — V(0)) is the energy difference between
the reference isomers 3436

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 rofation
is defined as:

w(a) = % (1 —cosa}, (10)

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

Viw] = Ky flw] + wAV?, (11)

with flw] = w(l — w). Since the only requirement on f(w) is that it must 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 p and 5 are global properties of the systein, their evolution along w can
be expressed through the same analytic form used for Vw] 37:%:
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plw] = Kp flw] + wlp®, (12)

and

Nw] = Ky flw} +wiAg®. (13)

The parameters (Ap®, K} and (An°, K,)) have the same meaning that (AV?,
Ky) have for Vw]. To determine the numerical values of the parameters of
Eqns.(11)-(13) we use a prescription we gave in previous works -3, If is
important to point out that since V, p and % 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 3%,

[

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

dv AV® 1 AV®
—_— =0= cosap = — 2w ===+ . 14
( do ) g 0T gy e =gt (4

5 is the Bregnsted coefficient and following the Leffler 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

1, .. (AVe)?
Ky + 5AV® + S (15)

This is the Marcus equation 12, 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 Leffler 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.

8.1 Introduction.

The above analytic results 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 products: R — (TS)* — P 4, The stationary
states are connected by the intrinsic internal reaction coordinate (IRC) that
comes out from standard calculations, along the IRC it is possible to define the
profiles of energy, chemical potential, 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:

(AE°)?
4K
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 Brgnsted coefficient already defined:

AE?* = i—K-{- %AE" + (16)

1 AF°
P=5t3x an

It 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.

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

For isoenergetic reactions the ME reduces fo:

AE? =K (18)

1
4
and the TS is located halfway between reactants and products (3 = 1/2).
The quantity AEgé 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* = AET + %L\E° 4 (BEY) (19)

< 16AE]
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
properties p and 7. The following expression relating A.Ef)‘é as been proposed
40 .

1
AESG = %QnA## + EQ;&AW#: (20)
where Ap™ = [u(TS) — p(R)] and An* = [p(T9) — n(R)] are the activation
chemical potential and hardness, respectively. The parameters Qp, @, have
been related to the amount of electronic charge transferred during the chemical

reaction, they can be determined numerically through:

_ (AE* — AE°)
O = A A 21)
and
_ (AE? - AF°)

Qu= 22
“T (A - Are) 22)
Note that the validity of the PMH leads to opposite curvature for the energy
and hardness, this entails a negative value for the parameter ¢},.

8.8 Reaction Mechanisms.

The concept of reaction mechanism is related to the notion of molecular strue-
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 into products. Let assume the force acting on the system depends ounly
on the position along the reaction coordinate, it is then defined as:
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Pl = -2, (29)
assuming that E(w) can be expressed as 40
Bw) = Kw(l —w) + wAE°, (24)
then,
Fw) = — (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 reactants region an activation process is taking place with the following
associated activation work:

8
Waet = f F(w)dw = AE7, (26)
0

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

1
Wret = / F(w)dw = AE® — AE*, (27)
B

Isoenergetic 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.
Finally, an endoenergetic reaction is characterized through a § > 1/2 and an
activation work larger than the relaxation work.

It is important fo point out that the use of Equs. (19) and (20) together
with Eqns. (26) and (27), provides the necessary elements to discuss the
activation and relaxation works in ferms 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 Eqn.(20)
valid for all « and define the energy profile as:
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B(w) = 3Qaiiw) + 5Qun(w). (28)

Consequently, the force appears to be gplitted into two contributions that are
associated to chemical potential and hardness driving processes:

d 1_4d
@) =3 — 3Qu g (29)

Using straightforward definitions and considering that Q, < 0 to comply with
the PMH, F(w) can be splitted as:

Fw) = —Fu(w) + F(w)- (30)

This equation permits a qualitative analysis of F(w) in terms of the sign that
it takes when moving along w:

0<w<p): Flw) <0 = Fu(w) > Fy(w) (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): FB)=0 = Fu(B)=F(B) (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<w<1): Flw)>0 =  Fw>Fw (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 p
whereas relaxation processes are driven by n.
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4 Formation Reactions: Fragment Chemistry.

If it is possible to estimate safely the molecular electronic descriptors from
constituent fragments, then if 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 to 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 establishment 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 quality. To relate the molecular electronegativity to those of the
constituent atoms or fragments Sanderson proposed a geometric mean equal-
ization principle that defines the molecular electronegativity as the geometric
mean of the electronegativities of the ny constituent atoms or fragments 41:

nf /ng
My = - (Hlﬂzl) ; (34)

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

ny
ns — ‘u:‘! ﬂ_m
ny ng - thz t

(35)

7Nz is the hardness of fragment .

There are other methods for calculating ¢ and %, for example Ghosh et al
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 calculated as:
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Another aggregation scheme has been introduced by Chattaraj et al 4% which
expresses the hardness of the aggregate molecule as the geometric mean of
the respective hardness of the constituent fragments as follows:

nr 1/“!
i, = (H nm) (37)

More recently we have proposed expressions for determining x and 5 of a
composite system, these are 46:47: “

1 (S
me, zm: (ﬂm) ’ 38)

and

n?‘! = ('u?‘-.f)2 Z (M_ij'z- [fmﬂx - h'a:.u':n] 3 (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
electrons:

O Ofz
h — —_— == —_— . 40
¢ ( dv )N (BN v ( )
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 “®%°, 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,S) 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
performed 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 50 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 aund
its sulfur analogue HS-NS because they are quite simple systems that can
undergo rotational isomerization. Besides, compounds containing an S(0)-N
bond may serve as a prototype for the S(O)-N linkage in some oximes and
inorganic compounds 34355! 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

A Celebration of the Coniributions of Robert G. Parr 979




R P

Figure 2. Representation of the conformational equilibrium in the rotational isomerization
reaction of HXNX (X=0,S) 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 % in keal/mol; « is in atomic units,)

Properties HONO HSNS HNNH (HCOOH)., (ICSSH),

AE® -0.2396  -1.1207  3.3534 0.0 0.0
AE# 13.0050 15.3879  49.5864 17.9311 37.3895
Ap° -5.5221  -1.9453  -1.1860 0.0 0.0
Ap# -10.2284 -12.1109 922.6876 -1.7633 -1.9327
A 25100  1.1295  0.4706 0.0 0.0
An# -6.2123  -3.5768 -19.7258 -6.1245 -7.7497
Aa® -0.1030  -0.4130  0.4670 0.0 0.0
Ao 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 recently, keto—enol and imine-enamine
tautomerisation processes have studied in the light of the ideas despicted
in this chapter with very encouraging results 5253, 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 frans = c¢is 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 ordinary conditions,
its infrared spectrum suggest that isomerization may occurs through the
inversion mechanism 93,

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 PMH 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 dilmine.

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}),.

Proton transfer (PT) is one of the simplest and fundamental reactions in
chemistry, it is important in oxidation-reduction reactions oceurring 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)s and (HCSSH)s. There-
fore in this review we decided to focus our attention on the synchronous 2PT
processes occuring in (HCOOH), and (HCSSH)2, 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 2P reactions
allows cne 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 E, p, 7 and « for double profon
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 g presents intermediate values between £ and 5. As can be seen,
the profiles of u decreases to reach a quite flat region around the TS, where
three critical points can be perceived. The profiles of 5 and «a indicate the
simultaneous validity of the principles of maximum hardness and minirmim
polarizability. Transition state structures are therefore characterized through
a meaximum value of energy and polarizability and a minimum value of
hardness, as required by the PMH and PMP 43,

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 note 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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Figure 8. Profiles of # (—), g (---), n {- - -} and « (----) in 2PT reactions.

5.5 Formation Reactions.

To illustrate the validity of additivity schemes to determine p 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-0H}, thiol-formic (HCO-SH) and dithioformic (HCS-SH) acids, leads
to ten cyclic bimolecular complexes, C1 to C10. For the ten resulting
bimolecular complexes we have determined u and 7 using the different
additivity schemes discussed in section 4 with ny = 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 h;, we
first calculated 5 using hy, = 0 (fourth column); a rough estimation of
h; 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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Figure 7. Profiles of the force along the IRC in 2PT reactions.

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
HCSOH..-HCSCH  -0.1462 -0.1402  -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
HCSSH---HCSOH  -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, Equs. {38) and (39) gives a better ap-
proach to the reference ab initio value than do the other approaches. We con-
clude that our additivity scheme for 4 and 7, which incorporates the fragment
condensed fukui function (which is approximated by the electronic population
of the fragment), vields consistently better results compared to those obtained
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Table 3. Comparison of aggregate’s hardness determined from different addition schemes.
{All values are in atomic units.)

System 7 Eq.(35) Eq.{39) Ea.(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 (.2631
HCSOH---HCSOH 0.2169 0.2208 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 0.2398

HCSSH-.--HCSOH  0.1966 0.2108 0.2102 0.2067 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 introduced 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
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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 potential 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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In this paper we study nine neutral copper clusters through the theoretical characterization of their
molecular structures, binding energy, electronic properties, and reactivity descriptors. Geometry
optimization and vibrational analysis were performed using density functional theory calculations
with a hybrid functional combined with effective core potentials, It is shown that reactivity
descriptors combined with reactivity principles like the minimum polarizability and maximum
hardness are operative for characterizing and rationalizing the electronic properties of copper
clusters, © 2002 American Institute of Physics. [DOI: 10.1063/1,1493178]

l. INTRODUCTION

The interest in the study of small metal clusters has
grown considerably in the last years because new experimen-
tal and theoretical techniques have been developed allowing
detailed characterizations of this type of systems.! Much in-
formation is now available concerning clusters’ spectros-
copy, structure, and their chemical reactivity toward small
molecules. Transition metal clusters are particularly interest-
ing for their potential use in many processes like heteroge-
neous catalysis, in organometallic chemistry or new elec-
tronic materials.! =

Cluster properties are very sensitive to the number of
atoms, and they can sometimes change dramatically with the
addition or removal of one atom from the cluster. The re-
search in cluster chemistry has been guided to study the de-
pendence of different properties upon the size of the cluster,
and hopefully how these properties tend to the bulk values.
Properties such as ionization potentials, electron affinities,
chemical reactivity, investigations of ion abundances, and
dissociation energies of alkali-metal and transition-metal
clusters have been reported.*~® In particular, copper clusters
have been extensively studied both experimentally and
theoretically.!*2*

In this paper we provide a new viewpoint to understand
and if possible to predict properties of atomic aggregates. In
this context, the aim of this paper is to characterize neutral
copper clusters in terms reactivity descriptors that have al-
ready been used with success in rationalizing different kinds
of molecular structures and chemical reactions.*®! Density
functional theory {DFT) (Ref. 32) has provided the basis for
rigorous mathematical definitions of reactivity descriptors
like chemical potential (), electronegativity (x), chemical
hardness (), softness (S=1/7), etc. All of these are well
established global quantities in chemical reactivity studies
and are going to be used in this paper to characterize copper
clusters. Although local and nonlocal quantities such as the

electrophilicity®® have also been introduced in the theory to
characterize specific sites within 2 molecule, in the present
study we are going to focus our attention on the study of
global reactivity indexes.

The understanding of any molecular system and its reac-
tivity requires the knowledge of the energy hypersurface,
however, the computational cost involved in determining
such a surface is very high especially in metal cluster sys-
tems. In this context, great attention is paid to the computa-
tion of DFT-descriptors as indicators of reactivity and stabil-
ity. This procedure may avoid the detailed study of the
energy hypersurface.

The chemical potential (u) characterizes the escaping
tendency of electrons from equilibrium, and it is the
Lagrange multiplier associated with the normalization con-
straint in DFT that has been identified as the negative of the
electronegativity (u=—x).3° On the other hand the hard-
ness (7) can be seen as a resistance to charge transfer and
softness (S= 1/#) that has been qualitatively related to the
polarizability (@) of the system.30-36-38

Although the use of DFT-based reactivity concepts in the
field of solid state systems is quite meager, there are a few
interesting applications. The hardness concept has been used
by Del Pino et al® to study segregation of As and Ga in
germanium crystallites, and by Mendizabal et al.* to study
the charge capacity of TiS, intercalated with Li.

A major focus of attention and discussion in the applica-
tion of DFT to chemical reactivity is the principle of maxi-
mum hardness (PMH) proposed by Pearson.*® The PMH as-
serts that molecular systems at equilibrium present the
highest value of hardness. Parr and Chattaraj* provided a
rigorous proof for this principle based on a combination of
statistical mechanics and the fluctuation-dissipation theorem,
they concluded that the PMH holds under the constraints that
the chemical potential and the external potential (v (7)) must
remain constant upon distortion of molecular structures.

. . 32,33 32 .
condensed Fukui function, local  softness,”™ and  powever many studies show that the PMH may hold even
though x and v(r) vary during the chemical processes.*>*
AEfectronic mail: atola@puc.cl More recently, on the basis of an inverse relationship
0021-9606/2002/117(7)/3208/11/$19.00 3208 @ 2002 American Institute of Physics
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between hardness and polarizability, Chattaraj ef al. have
proposed a minimum polarizability principle (MPP) (Ref. 44,
45) which states that the natural direction of evolution of any
system is toward a state of minimum polarizability. There are
many studies confirming the validity of the MPP on different
kind of reactions and systems, We have verified the MPP in
internal rotations reactions, vibrational dyn.':lmics,45 and pro-
ton transfer reactions.*® More recently, Hohm* studied com-
plete fragmentation reactions for a large number of mol-
ecules containing atoms of the first and second periods as
well as Fe and Os, he found that the most stable isomer has
the lowest polarizability in agreements with the MPP.

In the context of the characterization of chemical reac-
tions and reactivity descriptors, the PMH and MPP are
widely accepted electronic structures principles, that comple-
ment the minimum energy criterion for molecular stablility.
With the aim of assessing the use of the aforementioned
DFT-concepts and principles in the characterization of solid
state systems, we perform in this paper a detailed study of
the energetic and electronic properties of Cu, (n=1-9),
with special attention on the performance of the different
descriptors to get information on the behavior of copper clus-
ters.

In the next section we present a summary of the theoret-
ical elements we use here; Sec. III contains the computa-
tional details; Sec. IV is devoted to the results and discus-
sion; and in Sec. V we draw our conclusions.

iI. THEORETICAL BACKGROUND

In DFT, the chemical potential and molecular hardness
for the N-electron systemn with total energy E and external
potential v(r) are defined as the following first and second

derivatives of the energy with respect to N' -32,35,36
JE B .
w=\am) X M

v(r)
and
1{&E 1{dp ,
T=3\aN%  T2\aN| .- (2)
v(r) v{r)

In numerical applications, x and 7 are calculated through the
following approximate versions of Egs. {1) and (2), based
upon the finite difference approximation and the Koopmans
theorem,*?

pe=— F(IP+EA)= (s +ep) (3)
and
7~ 3(IP—~EA)= (8, —&p). (4)

IP is the ionization potential, EA is the electron affinity, ey
and g; are the energies of the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMOY), respectively. The electrophilicity index is in turn
defined as**

u

m=ﬂ.

)

Copper clusters 3209
This quantity is a measure of the propensity of a system that
acquires electronic charge from the surroundings. Consider-
ing clusters or metallic surfaces as binding environments, ®
can be useful in analyzing the interaction with small mol-
ecules. It is possible to define a local version of w, by using
the additivity property of softness, ie., w=(u%2)S
= (422) 2,5, , where s, corresponds to the local softness of
the specific site x within the cluster, then w,={(u?/2) 5.

The response of the system is measvred by g and 7
when N is varied for a fixed v(r). In contrast to this, the
polarizability of the system may be used to understand the
behavior of the system for changing v(r) at constant N. The
mean polarizability is calculated from the polarizability ten-
SOT COmMponents as

{a)=3(axytayy+azz). ©

The static polarizability represents one of the most important
observables for the understanding of the electronic properties
of clusters, it is proportional to the number of electrons of
the systems, and it is very sensitive to the delocalization of
valence electrons as well as to the structure and shape of the
system.

Ill. COMPUTATIONAL METHODS

Electronic structure calculations for metals require the
treatment of electron correlation, in this context, density
functional methods provide a good alternative to post-
Hartree—Fock methods. The functionals that we use are the
Becke-3 for exchange and Perdew—Wang 91 for correlation
(B3PW91),"'7"48 and the basis set used for copper atoms is
LANL2DZ for effective core potentials.49 The geometry op-
timization of copper clusters were performed in redundant
internal coordinates as described by Schlegel and
co-workers.™® Vibrational analysis were performed in order
to be sure that the structures obtained corresponds to stable
clusters. All calculations have been carried out using the
GAUSSIAN 98 package.!

Chemical potential and hardness were obtained through
Egs. (3) and (4), respectively, using jonization potentials and
electron affinities, and the results were compared to g%
and %D obtained through the use of the HOMO and
LUMO orbital energies, Indeed, we have calculated the en-
ergy of cations and anions at the geometry of the neutral
systems to determine the vertical IP=[E(N—1}—E(N}]
and EA=[E(N)~—E(N+1)] values from the standard ASCF
procedure. These values are then used in Egs. (3} and (4) to
obtain what we called p®F and »EA, Note that in all
cases the ground state of neutral and ionic systems corre-
spond to their lowest multiplicity.

The polarizability tensor components were determined
analytically as the second derivative of the energy with re-
spect to the cartesian components of the electric field (a;;
= —(3°E/3F ;0F )F=0). For the calculation of the dipole po-
larizability, the use of pseudopotentials is well justified be-
cause this is primarily a property of the outer shells electrons
of the atoms and the core electrons contributions are ex-
pected to be negligible.
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TABLE I. Experimental and theoretical estimations of structural and electronic properties for Cu,. ro=equilibrium distance; »= vibrational frequency; BE
=binding energy; IP=vertical ionization potential; EA= vertical electron affinity. In brackets is reported the % error (expt.—calc.).

B3PWOL GGA
Property (this work) (this work) LSDA? LSDAY Experiment
rofA 2.25(—1.35) 2.27(—2.25) 2.18(1.80) 2.21(0.45) 2,22¢
vlem™! 260(1.89) 236(10.94) 292(—10.19) 269(—1.51) 265°
BE/eV 1.93(7.21) 2.21(—6.25) 2.72(~30.77) 2.22(—6.73) 2.08°
IPfeV 7.8016(1.30) 8.36(—5.77) 8.61(—8.93) 8.73(—10.45) 7.9042+0.0008°
EAleV 0.5880(29.67) 0.93(—11.24) 0.97(—16.03) 1.15(—37.56) 0.836=0.006"

0.96{— 14.83)

*Reference 25.
YReference 26.
“Reference 27.

IV, RESULTS AND DISCUSSION

A good estimation of ionization potentials and electron
affinities is crucial for a reliable estimation of chemical po-
tential and hardness. These properties are quite sensitive to
the exchange and correlation functional used in the DFT cal-
culations. In this context, De Proft et al.> have investigated
the performance of many DFT methods in the computation
of IP and EA for atomics and simple molecular systems with
the results that hybrid functionals gave good estimations for
these properties. In light of these data, Perdew—Wang 91 for
correlation and Becke-3 for exchange seems to be a reason-
able choice for the functionals used in this paper.

First we have tested the validity of the scheme of calcu-
lation used here by comparing our results of Cu, with previ-
ously and recently published theoretical data based on local
spin density approximation (LSDA) (Refs. 25, 26) and with
the available experimental data.'®2"-? We have also per-
formed all electron calculations on Cu, using the generalized
gradients approximation (GGA) with the exchange-
correlation functional Perdew-Burke—Ernzerhof>> and a
DZVP2 basis set implemented in the ALLCHEM program.>*
All these results are quoted in Table I,

We first note in Table I that our resuits of structure,
frequency, ionization potential, and binding energy are in
good agreement with the experimental and others theoretical
data. Only vertical electron affinity is unsatisfactorily esti-
mated. It is well know that electron affinities are consider-
ably more difficult to calculate accurately than ionization
energies, basically due to the fact that ionization is an endot-
hermic process while electron attachment can either be en-
dothermic or exothermic. Electron affinities are much
smaller in magnitude than ionization energies, and the addi-
tional electron tends to make the charge distribution in the
anion more diffuse than in neutral and cationic systems. To
account for the spatial extent of the outer orbitals, it would
be necessary to include more diffuse basis functions in the
atomic basis set used in the calculations,>>*®

In a recent paper Balbuena et al.’ have calculated the
adiabatic EA at the same level of theory used by us lowering
the error from 30% to 26%. Calaminici et al.*>*® have re-
ported all electron DFT calculations of EA’s of copper clus-
ters improving the agreement with experimental data. In
Table I, fifth column, are quoted two of their values for EA,
the second value was obtained through a scaling procedure

dReference 28.
“Reference 29.
fReference 18.

that lowered the error to 15%. On the other hand, the all
electrons GGA calculations that we have performed on the
Cu; led to a considerably better value of EA although our
original estimation of the other properties were not im-
proved. Taking into account that most properties reported in
Table I are in quite good agreement with the experimental
data and having reached a fair compromise between the qual-
ity of the result and the computational cost, we conclude that
the level of calculation chosen is good enough to account for
the structural, energetic, and electronic properties of Cu, (»
=1-9).

A. Structure and stability of copper clusters
1. The structure of Cu,, (n=2,9)

In Fig. 1 are displayed the optimized structures of the
ground state of neutral copper clusters from dimer to non-
amer. Note that Cuy is a 1D structure, Cuny to Cug are 2D
systems, while Cuy to Cuy are 3D systems; all these struc-
tures are energy minima. In Table II are quoted the values of
the average Cu—Cu bond length ({rgy_cy)) and the mean
coordination number (CN) with the size of the cluster, CN
was calculated as the arithmetic mean of the bond Iengths of
the first neighbors at each site. The variation of {rg,_¢,) with
n shows that structural transitions are occurring when going
from 1D to 2D and from 2D to 3D clusters, as illustrated in
Fig. 2. As expected, the three-dimentional clusters are those
that better approach the experimental distance in the bulk
metal (2.556 A).>7 On the other hand, we note that CN in-
creases linearly with z, and this behavior is indicative of an
increase of the electronic delocalization degree and of the
binding force.

2. Binding energy

In Table III are displayed the values of total energy for
the neutral copper clusters together with the binding energies
(BE), or total atomization energies, that have been calculated
as

BE=nEc,~Eq, . )]

Also included in Table III are the experimentals BE’s (Refs.
12, 13) that were determined from a thermodynamical cycle
using the results of collision induced dissociation (CID) ex-
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FIG. 1. Ground-state structures of neutral copper clusters, Cu, (n=2--9).

periments of anionic and cationic copper clusters together
with electron affinities or detachment energies and ionization
potentials of neutral clusters reported in  the
literature. /%1182 1t is interesting to stress the fact that our
BE values lie within the range imposed by the CID experi-
mental values being closer to the CID of anionic clusters. In
Fig. 3 we display theoretical and experimental binding ener-
gies as a function of the cluster size. We observe that our
results follow correctly the quantitative and.qualitative trends
of the experimental data.

Another property included in Table III is the binding
energy per atom (BE/n), that is expected to reach the metal

TABLE II. Average bond length {rey,_¢,) in A and mean coordination num-
ber (CN) of Cu, clusters.

Cluster {roe-cu CN
Cu
Cu, 2254 1.0
Cuy 2.447 2.0
Cu, 2418 2.5
Cus 2.429 2.8
Cu, 2431 3.0
Cu, 2.500 43
Cug 2.501 45
Cug 2.534 5.1
Bxpt® 2.556 12

*Reference 57.

Cus
112=2.615 |r;3=2.521
r3=2.521 |rs=2.650
Ti6 = 2.463 I57= 2479
117=2.555 |rss= 2.559
s =2.500 |1g7=2.650
136 =2.555 |rgs=2.463
ry7= 2.500 Tgg == 2.614
2.55
.
2.50 - - .
2.45 ] .
—_—
z .
"’g 2.40]
.,
2.354
2,30
2.25- .
[] ¥ ] 1 ¥ ] L]

¥
1 2 3 4 5 6 7 8 9 10
Number of Atoms

FIG. 2. Dependence of the average Cu—Cu bond length ({rc, .} with the
size of the cluster.
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TABLE HI. B3PW91/LANL2DZ energy (a.u.) of the fully optimized structures of copper clusters Cu, (n

=1-9) and binding energies BE and BE/n (in eV).

Cu, —E BE BE/n BE(expt)® BE(expt)®

Cu 196.15426

Cu, 392,37926 1.9250 0.9625 2.04£0.17 1.81+0.14
Cu, 588.57325 3.0061 1,0020 3.19+0.26 257+027
Cu, 784.80931 52320 13080 591033 4,60+0.81

Cug 981,03363 7.1384 1.4277 7.76=0.37 619+ 1.13
Cu; 1177.27957 96332 1.6055 10324049 7.99£1.37
Cu, 1373.51538 11.8523 1.6932 12.98+0.66 9,04£ 1,58
Cu, 1569.76050 143247 1.7906 1596075 11.20=1.77
Cug 1765.97437 15.9468 17719 1222+ 1.84

*CID experiments on the anionic clusters (Ref, 12).
"CID experiments on the cationic clusters (Ref. 13).

cohesive energy in the limit of an infinitely large cluster [the
experimental cohesive energy of copper is 3.50 eV (Ref.
57)]. It is clear that the clusters studied here are still too
small to produce a reasonable estimation of the cohesive en-
ergy of copper, however, it can be easily shown that our
BE/n values lie within the region defined by the CID experi-
mental data. The agreement observed with the experimental
data'®'3 and other theoretical results?2*20 js certainly vali-
dating the methodology used in this paper.

On the other hand, note that BE and BE/n increase with
the size of the cluster, and we observe 2 maximum value of
BE/n in Cug. It is well known that the magnitude of BE/n
gives information about the strength of chemical bonds in
clusters, thus it might help to determine the stability and
reactivity of the system. In metallic clusters the increase of
this property is due to a high electronic delocalization which

18

&  BE B3PWO1/LANL2DZ {this wark)

© BE from CID of anionle copper clusters
164 & BEfrom CID of callonic copper clusters »
14 ¢
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FIG. 3. Experimental CID and theoretical binding energies (BE) as func-
tions of the size of the cluster.

is originated by the high coordination of the atoms. From the
CN and BE/n values quoted in Tables IT and III, we obtain a
good linear relation between BE/r and CN: BE/n(CN)
=0.7413+0.2234-CN (r=0.94). Now, introducing the ex-
perimental cohesive energy of copper (BE/n=3.50 V) into
the above linear equation we estimate the average value of
€N to be quite close to CN=12, which corresponds to the
experimental coordination number in the bulk, This indicates
that the analytic form produced from our results is reliable
enough to help rationalize experimental data. We conclude
that the level of calculation used throughout this paper is
adequate for characterizing binding energies and may pro-
vide correct estimations of the DFI-descriptors we are inter-
ested in.

3. Relative stability

The stability of metal clusters is studied through the en-
ergy difference,

ARE(n)=E(n+1)+E(n—1)—2E(n), (8)

where n is the number of atoms in the cluster. This quantity
is known as the relative binding energy of a cluster with n
atoms respect to those with (n+1) and (n— 1) atoms. High
values of A,E(n) indicate that the cluster Cu, is more stable
than its neighbors Cu,,_; and Cu, ;. In Fig. 4 we show A,E

1.0
054 \ : /
oo /\ /\
: N
[}
i
=0.5-]
-1.0
«1.5 T T T T T T T
2 3 4 5 6 T 8
Number of Atoma

FIG. 4. Second energy difference (A5E) as function of size of the cluster,
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TABLE IV. B3PW9I/LANL2DZ energies (a.u.) and frontier orbital energies (eV) for the neutral and ionic

clusters Cu, (n=1-9).

Cu, —-E —E ation —Eion —gy —gy
Cu 196.15426 195,87159 196.17788 5.1824 2.7522
Cu, 392,37926 392.09256 392.40087 5.4962 2,1122
Cu, 588.57325 588.36121 588.60133 3.9756 2.5905
Cu, 784.80931 784.57161 784.85392 4.6823 26711
Cu, 981.03363 980.80719 081.09078 4.5384 2,9655
Cug 1177.27957 117702022 1177.31292 54246 2.0967
‘Cu, 137351538 1373.29607 1373.57336 44175 2.9802
Cug 1569.76050 1569.51666 1569.80145 5.0978 2.3753
Cuy 1765.97437 1765.77822 1766.00064 3.9304 2.6901

as a function of n, we observe an oscillating behavior and
identify clusters with even n as being more stable [A,E(n)
present local maxima] than the clusters with odd n. This is
so because clusters with an even n present closed-shell
states.

In Table IV are displayed the values of energy for the N,
(N—1), and (N+1) electron systems together with the
highest occupied (gz) and lowest unocccupied molecular or-
bital (g;) energies. We note that the frontier MO energies
present a similar oscillating behavior as observed for A,E.
Clusters with an even n have a large HOMO-LUMO energy
gap and therefore are expected to be less reactive than clus-
ters with an odd number of atoms. As already mentioned, the
stability exhibited by even clusters is due to their closed-
shell configurations that always comes along with an extra
stability. It is important to mention that this result is in agree-
ment with the electronic shell jellium model,”®* where
filled-shells cluster with 2, 8, 18, 20, 40, 58, 92, ... valence
electrons have increased stability, the mass spectra of cluster
distribution shows pronounced intensity in clusters with
these number of atoms, the so-called magic numbers,

B. Electronic properties

1. lonization potential

Table V displays our theoretical results together with the
available experimental values'®!1#% of vertical ionization
potentials and electron affinities of the nine copper clusters
studied in this work.

‘We first note the oscillating behavior of the IP which is
due to the change of spin multiplicity of the ground state of
this series, and clusters with n even are closed-shell systems,
whereas odd-numbered copper clusters are open-shell sys-
tems. Therefore even clusters present the higher values of the
IP with respect to their neighboring odd systems, because it
is more difficult to remove an electron from the doubly oc-
cupied HOMO of a closed-shell system than from a single
occupied HOMO of an open-shell system. This result is con-
sistent with the variation of HOMO energy along the series
(see Table IV).

Our computed ionization potentials show an overall very
good quantitative agreement with the experimental results, as
can be seen in Fig. 5(a), where a nice linear correlation of
experimental and theoretical results is obtained. At this point
it is interesting to check the validity of the Koopman’s theo-
rem for estimating ionization potentials from the energy of
the HOMO. Figure 5(b) shows a fairly good linear relation
between the experimental IPs and the HOMO energies.
However, the IP’s determined using the Koopman'’s theorem
applied to the Kohn—Sham HOMO orbital are systematically
underestimating the experimental value (see Tables IV and
V), in agreement with recent studies aimed at comparing
Hartree—Fock and Kohn—Sham orbitals.® It is well known
that in a Kohn—Sham calculation the approach of IP by the
HOMO energy is a measure of the quality of the functional
employed, and that only at the limit of the exact functional,
IP= —z. In this context the satisfactory agreement shown

TABLE V. Vertical ionization potentials and electron affinities for Cu, . All values are in eV.

Cu, P IP(expt) EA EA(expt)®
Cu 7.6919 7.724 0.6427 1.235+0.005
Cu, 7.8016 7.9042:+0.0008" 0.5880 0.836:+0.006
Cu, 5.7700 5.800.04° 0.7641 2374001
Cu, 6.4682 7.15+0.75% 12139 1.45+0.05
Cus 6.1618 6.3:0.1° 1.5551 1.94+0.05
Cus 7.0573 7.15+0.75¢ 0.9075 1.96+0.05
Cu, 59678 6.1%0.05° 1.5777 2.16+0.1
Cu, 6.6353 7.15%0.75¢ 1.1143 1.57+0.05
Cuy 53376 5.35£0.05° 07149 2.40::0.05

#Reference 18.
YReference 29.
“Reference 10.
YReference 11,
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FIG. 5. Comparison of experimental and theoretical ionization potentials
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(b) theoretical IPs from HOMO energies {r=0.93). All values are in eV.
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in Figs. 5 confirm the reliability of our results and the overall
adequateness of the employed methodology.

2. Chemical potential, molecular hardness,
and electrophilicity

After discussing the structure, the relative stability of the
differents clusters and the determination of ionization poten-
ttals and electron affinities, we can focus our attention on the
characterization and rationalization of copper clusters
through the use of DFT-descriptors and electronic structure
principles of chemical reactivity. We are interested in
whether one can safely introduce these concepts to rational-
ize the behavior of the clusters.

In Table VI we display experimental and computed val-
ues of y, 7, and w obtained from Egs. (3), (4), and (5) with
experimental and computed values of IP and EA, and using
the frontier orbital energies (¢ and ;). We have performed
the error analysis for the resulting properties obtained from
the experimental data (IP and EA) given in Table V.

Figure 6 shows the behavior of property P(=u,7n,®)
with n. Calculations using ionization potentials and electron
affinities given in Table V give rise to PUFEA); the use of
frontier orbitals energies given in Table IV led to PYL); ag
already mentioned, the experimental values [ P™] were
obtained from of the experimental TP and EA values given in
Table V. Table VI shows that Cuy, Cug, and Cug present the
larger error bars in the experimental data, this is due to the
10% error coming out from their experimental ionization po-
tentials.

The chemical potential is related to charge transfer from
a system of high wp to another system with a lower value of
the chemical potential. Therefore we expect the clusters with
odd n to present maximum values of p because they are
open shell systems and after the transfer of one electron these
systems will close their electronic shell, and the resulting
systems will be more stable than the original open-shell clus-
ters (see Table IV). In Fig. 6{(a) we note that the experimental
values of u follow the expected trend, an oscillating behav-
ior with local maxima in clusters with odd #. In particular
Cuz and Cuy present the highest values of 2P, and these
systems are able to transfer an electron to close their elec-
tronic shell leading to systems with 2 and 8 valence elec-
trons, respectively. This again is in agreement with the magic
number prediction for stability in the jellium model.

Chemical hardness has been established as an electronic
quantity that in many cases may be used to characterize the

TABLE VI. Chemical potential, chemical hardness, and electrophilicity index of Cu,, (n=1-9). All values are in &V.

Ca, 2 TEA) LD et (TEA) 7HD 0 w(PER) oD R

Cu —4.1673 —3.9673 —4,4795+.0,0050 3.5246 1.2151 3.2445+0.0050 24636 6.4765 3.0923%0.0068
Cuy —4.1948 —3,8042 —4,370120.0061 3.6068 1.6920 3.5341£0.0061 2.4393 4.2765 2,7019%0.0071
Cuy —3.2671 —3.2831 —4,0850:£0.0412 2.5030 0.6925 1.7150::0.0412 21322 7.7820 4.8651+0.135%
Cuy —3.8411 —3.6767 —4,3000%0,7517 2.6272 1.0056 2.8500+0.7517 2.8079 6.7214 3.2439+1,1727
Cus —3.8585 ~3.7519 —~4,1200£0.1118 2.3034 0.7864 2,1800+0.1118 3.2318 8.9501 3.89321.0.2494
Cu, —3.9824 —3.7606 —4,5550£0.7517 3.0749 1.6640 2,5950+0.7517 2.5789 4.2496 3.9977+1.4871
Cuy —3.7728 —3.6989 —4.1300£0.1118 2.1951 0.7187 1.9700%0.1118 3.2422 9.518% 4.3292£0.2964
Cuy —3.8748 —3.7353 —4.3600=0.7517 2.7605 1.3625 2.7900£0.7517 2,7195 5.1203 3.4067+1.2379
Cuy —3.0263 —3.3103 —3.8750x0.0707 23114 0.6202 1.4750=0.0707 1.9812 8.8349 5.0900%=0.2771
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relative stability of molecules and aggregates through the
PMH. -4 Assuming that the PMH holds in these systems,
we expect the hardness to present an oscillanting behavior

3215

Copper clusters

with local maxima at the clusters with even n, as found for
the relative energy in Fig. 4. Figure 6(b) shows that closed-
shell even clusters present higher values of hardness than
their odd open-shell neighboring clusters. We observe the
even—odd oscillating feature similar to that already stressed
in Fig. 4. Stable clusters (n even) are harder than their neigh-
bors systems (n odd). These results confirm the statement
that the stability of even clusters is determined by the closed
electronic shell structure as a manifestation of the PMH. 5162
Our resulis are also in agreement with those recently re-

ported by Mineva et al.,%* where the same even—odd alterna-

tion rule for hardness was found in sodium clusters.

Finally, it is important to mention that hardness shows
quite a stable behavior and qualitative trends of 7™ are
quite the same as »'%D), thus validating the use of the two
forms Eq. (4). On the other hand we note that in most cases
7EA and 7L define the limits where the experimental
data lies, and this suggests specific computation strategies to
predict upper and lower boundaries for experimental hard-
ness,

The EA’s values determined in our calculation under-
mine the corresponding electrophilicity value, so in the gen-
eral discussion of this property we discard the o!™EA data.
The computed electrophilicity indexes w¥X) present a gen-
eral behavior that is quite close to the one featured by the
experimental data as is shown in Fig. 6(c). Along the series
we observe an even—odd oscillatory trend, and the maximum
electrophilic power is found at the odd clusters because of
their already mentioned capacity to close the electronic shell
by receiving an electron. Copper clusters with odd r are
more willing to accept electronic charge from the environ-
ment than do even clusters.

3. Polarizability

‘We have mentioned that the polarizability can be used to
understand the behavior of the system when the external po-
tential is changed at constant N. This property is considered
one of the most important observables for understading the
¢lectronic properties of clusters. In this context, Moullet
et al.** have reported LDA calculations of the electric dipole
polarizability tensor for several isomers of sodium clusters.
They have shown how the comparison of the calculated po-
larizability with the experimental data can be used to identify
the specific isomer actually observed in the experiments.

In Table VII we show the average B3PWOI/LANL2DZ
polarizability calculated using Eq. (6) and the mean polariz-
ability per atom ({a}/n). Unfortunately, there is no measure-
ment of static electric polarizabilities for these systems to
compare with our results. However, polarizability calcula-
tions on copper clusters have been carried out by many
authors. 29588 Polarizability is very sensitive to the quality of
the basis set”’ and it is sometimes recommended to use dif-
fuse functions to describe the distortions of the electron den-
sity due to the external electric field. However, sometimes
the errors inherent to the theoretical method are in an oppo-
site direction with respect to the errors produced by the basis
set. Hence a careful calibration of the basis set can achieve a
compensation of errors producing a final result hopefully
better than expected.
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TABLE VII. Static mean polarizablity {«) and mean polarizability per atom
({@)/n) of copper clusters. All values are in a.n.

Cu, {a) {a)n
Cu 52.610 52.610
Cu, 71.574 38.787
Cuy 137.148 45716
Cuy 153.948 38.487
Cug 196.506 39.301
Cug 221212 36.869
Cu, 242.873 34.696
Cug 267.640 33.455
Cug 312.970 34.774

First of all let us briefly review the previous calculations.
Pou-Amérigo et al.% have investigated the polarizability of
the copper atom using the modified coupled pair functional
(MCPF) method and a finite field approach with an external
field of 0.01 awn. They used five differents contracted
basis sets  (5sdp3d2 flg,6s5p4d3f2g,7s6p5d4f3g,
8sTp6d5fdg,21s15p10d6f4g) which yield to the follow-
ing polarizabilities of atomic copper: 30.48 a.u,, 40.72 a.u.,
50.0 a.u., 52.96 a.u., and 53.44 a.u., respectively. It is clear
that our calculated value at the B3PW91/LANL2DZ level of
theory (52.61 a.u.) is fairly close to the best values of Pou-
Amérigo ef al. Also Sadlej et al.% have calculated the polar-
izability of few metals using high-level-correlated-relativistic
calculations. The reported value for the copper atom was
46.50 a.u., again in very good agreement with our present
result. More recently Calaminici et al.”> have presented a
GGA all electrons study of static polarizabilities and polar-
izability anisotropy calculations of copper clusters with a
triple zeta plus valence polarization basis set (TZVP) aug-
mented with seven field-induced polarization (FIP) func-
tions. They obtained {@)=47.02 a.u. for Cu quite close to
Sadlej, Pou-Amérigo, and our own calculations. This satis-
factory agreement of our results with all electrons results
indicates that the core contributions to {«) are quite negli-
gible and reliable polarizability values at a reasonable com-
putational cost can be obtained using DFT combined with
pseudopotentials and a double zeta basis set. On the other
hand we have check the stability of the polarizability values
with respect to the grid quality by performing calculations on
Cu and Cu, using three differents grids (coarse, fine, and
ultrafine in GAUSSIAN 98 program). The results show that the
polarizability values are independent of the choice of the
grid.

In Fig. 7 we display (o) and {a)/n with the cluster size.
In Fig. 7(a) we note that when going from Cu to Cuy the
polarizability of the copper clusters increases monotonically
showing the expected proportionality with » {or the total
electrons number). We note in Table VII that {a)/n oscillates
when going from Cu to Cus, and afterwards it looks like it
starts to converge to a value of about 34 a.u. We have fitted
these results to an exponential decay of first order, ie.,
{@)in=A+Be ", and the results are displayed in Fig.
7(b). From this fitting we can predict a value of 31.14 a.u. for
{a)/n in the copper’s bulk.

P. Jague and A. Toro-Labbé
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FIG. 7. (a) Calculated polarfzability (r=0.99) and (b) polarizability per
atom (r=0.96} as function of the size of the cluster.

C. Chemical reactivity: The PMH and MPP

We have already mentioned that Cug presents the highest
value of cohesive energy and the lowest value of polarizabil-
ity per atom in agreement with the minimum polarizability
principle.

To show that consistency between energetic and elec-
tronic descriptors has been reached, in Fig. 8 we show a
good linear relation between BE/n and {a)}/n indicating that
systems with strong bonds (or high electronic delocalization
degree) present minimum values of polarizability per atom,
in agreement with the MPP. On the other hand, Cug also
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presents a maximum value of % with respect to its neighbors,
in agreement with the PMH.

V. CONCLUSIONS

We have studied small neutral copper clusters at the
B3PW91 level of theory combined with pseudopotentials.
Our results of geometry, binding energy, and ionization po-
tential showed good agreement with experimental and others
theoretical data. The general trend that we have found is that
clusters with an even number of copper atoms are more
stable (or less reactive) than clusters with an odd number of
atoms,

The reactivity descriptors presented in this paper are use-
ful tools in the rationalization of theoretical and experimental
data, and this allows us to get new insights on more complex
gystems involved in heterogeneous catalysis and in cluster’s
fragmentation reactions. We have found that the more stable
is the cluster the less polarizable and the harder it is, in
agreement with MPP and PMH, respectively. This shows that
the minimum polarizability and maximum hardness prin-
ciples are operative in the characterization of these kinds of
systems.
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vibrations and chemical reactions through the profiles of reactivity
and selectivity indices: an ab initio SCF and DFT study
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Ab initie SCF and DFT(B3LYP) calculations are performed with 6-311G** basis sets for
obtaining insights into molecular internal rotations in HXNX (X =0,8), different vibrational
modes in water and double proton transfer reaction in (HHONO),. While chemical reactivity is
analyzed in terms of the profile of the global reactivity parameters, such as energy, chemical
potential, hardness, polarizability, molecular valency and electrophilicity indices, the site
selectivity is understood through the variations in local descriptors, such as the Fukui function
and atomic valency. Principles of maximum hardness 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 Hammeond’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. Intreduction

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 () [5, 6]. Pauling [3] introduced
the concept of electronegativity 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) [5, 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

hard as possible’. Polarizability (&) 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 « and #», a minimum polarizability principle
(MPP) [13, 14] has been proposed which states that [13]
‘the natural direction of evolution of any system is
toward a state of minimum polarizability’. It 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 valency [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 (fki),
local softness (si), electrophilicity index (wy) and
atomic valency (¥3), are necessary for explaining
site selectivity in a molecule and identify specific
interactions which characterize the reaction mechanisms
[2, 8, 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 DFT. Profiles of reactivity indices,
such as g, n, ¢ and V, and the relevant selectivity
indices, such as f& and Vj 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 (5) have been
defined respectively as the following first-order and
second-order derivatives for an N-electron system with
total energy E,

aE
== M
X (BN) w(r)

and

1/8*E
"=5(W)um’ @

where u(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 (o)

_u '
o=t )

which measures the energy stabilization upoen 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(r)) and local softness (s(r)) are necessary for explain-
ing site selectivity in a molecule. The Fukui function is

defined as [18]

_ (A _ (%
f= (514(1‘)) N ( oN )v(r)’ @

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

.
70=(2) ~ o~ ow @l ),

)
_ 8o\~
fl(r)=(—) ~ Lo (®) — oy ] ~ pua(@),
aN o N Pn—1(L pulr
o0 =31 O+ 0) ®

at point r, f*(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 pu(r) and pL(r), the frontier
orbitals (HOMO and LUMOQO) 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,

i = [1ons1®) = on(oldr =1 + D= as (M)
i = [1wE) — o1 (91ds = [g6(a) — (¥ — D)
£ =513 A 1= + D) — ¥ — DL ©

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]:

fE= j; pLr)de= pf,
fi = [ e =,
1
52 =5t +A) =5 ok + ), 0

where pl 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]

s(®)=£@)-S, )]
where the global softness (S) is given by [26]
1

Different variants of local softness and their condensed-
to-atom variants can be obtained by substituting f(r)
or fi from equations (5) and (6), respectively. A local
version of the HSAB principle is also known [27, 281,
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 mature and hence ‘frontier-
conirolled’. 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, @, 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 = ¥ s):

2
w:‘;—:ﬂz-szuz'zs,k:zwk7 (10)
Ui k k

with @y =pu?-s, being the local electrophilicity power
associated with centre k. !

Chemical processes produce chianges 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 clectron density at the bond regions associated
with an atom; it is calculated by adding the off-diagonal
¢lements of the first-order density matrix as [16]:

Vi = Z[Z ZDabDba], (11)

L2k |_aek bet

T
thus giving a measure of the covalent bonds borne by
atom k& within the molecule, The ¥ 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 ionic character of the bond formed by
atoms of different electronegativities [16, 17]. Following
Klopman’s observation about specific local interactions

[29], a reactive centre in local soft—soft interactions is
expécted to be associated with a minimum value of ¥ (a
maximum deviation from the classical valency) whereas
for hard-hard interactions a maximum value of V3 (a
minimum deviation from the classical valency) should
be in order.

The molecular valency (V} is obtained as

1
v =Ezk: Vi (12)

and is a measure of the covalent bonds within the
molecnle; a molecule described by covalent or slightly
polar covalent bonds in its minimum energy conforma-
tion is expected to present a maximum valie of V [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]:

I (AE°)
AE" = AE] +3AE +—16AE;, (13)
where AESE 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 AESE [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 Bronsted coefficient which, following the
Leffler postulate {33], is defined as the derivative of the
activation energy with respect to the reaction energy [31]:

dAE*\ 1 AE°
= (dAE") =37 SanE 14

In symmetric reactions (AE° =0), the TS is located
exactly midway between reactants and products (f=
0.50) whereas for exothermic reactions (AE°< ()
B < 0.50 indicating that the TS is closer to reactants
and §>0.50 for endothermic reactions (AE° >0)
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 equations (1) and (2) gives [2, 8]

u:—%(I+A) (15)

and

n:%(I—A), (16)

where 7 and A are the ionization potential and electron
affinity, respectively. Further use of Koopman’s
theorem provides [34]:

p=zten) (a9

and

n=ses—eu), 1®)

where £ and eg are the lowest unoccupied and highest
occupied molecular orbital energies, respectively. The p
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-atomm Fukui functions are ocbtained
using the corresponding electronic population in equa-
tions (6) and (7); atomic valencies (V) 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,O 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 DFT
calculations are performed with B3LYP exchange-
correlation functionals [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
Sadlej’s [38] basis set. The profiles for the chemical
reactions of different global reactivity indices E, p, 1, o,
¥ and o are obtained through single point calcuiations
of the fully optimized structures previously determined
during the intrinsic reaction coordinate (IRC) procedure
[39, 401

4, Results and discussion

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

Figure 1 (a) illustrates the trans < cis isomerization of
HXNX, X=0,8. Table 1 presents various global
reactivity parameters, namely, E, g (calculated using
equations (15) and (17)), i (calculated using equations
(16) and (18)), V, {«), its out-of-plane 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 consideread here, the trans < cis
rotational isomerization of HONO and HSNS are
thermodynamically favourable, in both cases the cis
conformer being slightly more stable than the frans
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 (¢} 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 imternal 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 ., 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
o, component refers to the out-of-plane (perpeadicular)
component for the reactant, the transition state and the
product. In all cases (o) using the Pople and Sadlej’s
basis sets provide identical trends, trans -HONO is more
polar than cis -HONO but cis -HSNS is more polar than
trans -HHSNS.

Torsional potential energy and electronic properties
were evaluated in 10° increments along the torsional
angle # within the interval 0° <@ < 180°. Figure 2
depicts the resulting qualitative profiles at the Hartree—-
Fock level of E, i (equation (17)),  (equation (18)), ¥,
{(¢z)saarej @and @ for the internal rotations in HONO
(figure 2 (&) and HSNS (figure 2 (5)). The B3LYP/
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Table 1.

vibration of the water molecule and (¢) the double proton transfer reaction in (HONO),.
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Tllustration of the processes studied: (@) the trans & cis rotational isomerization of HXNX, X=10,8; (?) molecular

Global properties at the stationary points for the isomerization reaction of HONO and HSNS. First entry corresponds to

the HF results whereas the second entry displays the DFT results. (E, {¢) and «., are in au; ¢ and 5 in eV; DM is in Debye.)

© 7 n n
E (equation 15) (equation 17} (equation 16) (equation 18) {c) Oz V DM

HONO

trans =204.700158 —4.3542 —4.4627 6.1825 7.7635 13.448 7.488  3.7597 2.5469
©e=10 —203.761769 ~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 9477 3.6886 1.8656
TS8(6=92.5) —205.741044 —5.9158 —5.5675 5.6491 2.4109 15.334 10.516 3.8779 1.6155
cis —204.701446 —4.6280 —4,7811 6.2477 7.9104 13.268 7402  3.7497 1.5730
(¢ = 180) —205.762150 —5.4478 —5.3634 6.2392 2.7892 15,110 7.703  3.9815 1.5151
HSNS

trans —850.021798 —5.0664 —4.4736 4.2301 4.8546 40.576 19.690 37540 1.9299
=0 —851.727234 —5.1876 —4.8872 3.9436 1.3062 43,653 20,249 39734 2.1297
TS =93.8) —850.001284 —4,7842 —4,7539 3.5933 4,7403 37.645 25386 3.6253 1.7356
TS(E =927 -851.702711 —6.0386 —5.4124 4.1972 1.1511 42,099 27.068 3.8109 1.6378
cis —850.022786 —5.1513 —4.5764 4.2442 4.,8850 40.189 19.316 3.7627 2.2822
(@ =180) —851.729019 -6.5005 —4,9716 52023 1.3551 43.380 19.836 3.9993 2.3820
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Figure 2. HF/6-311G** qualitative profiles along the torsional coordinate of global reactivity properties of {(g) HONO and
(6) 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 kealmol™.

AE® AE# Ap® Ap# ArP 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 —13.5767 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, a,; and @
are maxima and pu, n and ¥V are minima for all cases,
validating PMH, MPP and MMVP. Within this frame,
extremization of w can be analyzed in terms of the same
for g and o extremals (maximum or minimum) for g
and 5 correspond to an extremal in . Specifically the
point at which both g and 5 are maxima (minima), @
would be a minimum (maximum). The exact location of
the extrema in o would also be governed by the
corresponding extremal locations in g and 7.

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

and An?), these latter quantities being calculated using
equations (17) and (18). Also included in the table is the
Bronsted coefficient # (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 B < 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
Ievels, the torsional barriers of HONO and HSNS are
quite close to each other, in both calculations HSNS
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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 (f;) 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 Vg, in HONO and Vg, 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 6.

It is interesting to note that the ¥y profiles are
inverse to those of fy;. This fact may be explained as
follows: since all Vs are positive and the maximum
value of ¥ implies stability, a larger }7% 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(b). HF/6-311G**
qualitative profiles of different global reactivity indices
associated with the symmetric (A,) 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 5, V, & and w 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
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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 p,
V and n 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; (b) asymmetric bending and
(c) asymmetric stretching.

MPP and MMVP. Since both p and 5 are maxima for
AR=0, w attains its minimum value at the equilibrium
configuration.

Figure 5 displays plots of agaqij Versus apople and g
and 5 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 bebaviour 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(¢) and (&) that most local
properties remain constant as the vibrational coordinate
changes. In the asymmetric stretching (figure 6 (¢)) again
most local properties remain constant during the
vibrational motion and we observe that fa" and Vo
show opposite behaviour as the bond length varies, as
expected from the chemical intuition. Note that the {f};,
fﬁ"z} and {Vin,Vm:} 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 fi}, and f£i,
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 ail 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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set are also reported. In both calculations the reactant

T 8524 (a) (product) has no imaginary f{requencies whereas

o the transition state has one imaginary frequency, as
expected.

8,46 Figure 7 presents the HF/6-311G** qualitative

profiles of AE, Apu, Ap, (@) poples (azz)Pople’ Vand o
along the intrinsic reaction coordinate (IRC) of the
8,40 double proton transfer reaction in (HONOQ),. All the
profiles are symmetric owing to the symmetry of
reactant and product, which happens to be the same
8,34+ dimer. At the TS (IRC =0), all propertics attain
extremum values and it can be confirmed that the
PMH, MPP and MMVP are valid for this reaction. It is

8,28+ interesting to note that g is quite constant along the
5,&0 548 552 5,58 IRC and its profile attains a local maximum with two
s - minima symmetrically positioned around the IRC=0.

Note that the position of these critical points coincides
with the position of critical or inflection points of n, w,
o, o, and V. The critical points in g, although hardly
perceptible, may help characterize the mechanism of the
-3,50- 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
=3,55- 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, 31].
Similarly a local minimum at the TS bracketed by
two local maxima is observed for the ¥ profile. The
-3,65+ maximum value of 7 at the reactants (products)
together with the minimum at the TS confirms the
490 4,65 -4,'80 475 MMVP. The profile of w is governed by those of u
p(HL) (mainly) and #; o presents a local maximum at the
7,50 TS with wrs 3 @reactant(Product). All the above-discus-
sed trends were also obtained at the B3LYP/6-311G**
() level.
7,44 Table 4 provides relative values at HF/6-311G** and
= B3LYP/6-311G** levels of the activation properties
such as energy (AE#) chemical potential (Ap#) and
7,38- hardness (An™); 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
7,324 same relation obtained for the activation hardness. The
ZPE correction does not considerably change the barrier
heights reported in table 4.

g -3,45+4 (b)

1

-3,60-

{IA)

7,264
4.3.2. Site selectivity
T T r r The profiles along the intrinsic reaction coordinate of
8,79 882 885 7 3&81?) local selectivity properties are displayed in figure 8. For
the double proton transfer reaction the condensed Fukui
Figure 5. Characterization of the asymmetric stretching functions at the oxygen sites show reciprocal trends

mode of water: correlation between (g) polarizabilities
determined using different basis sets (Sadiej and Pople);
(5) chemical potential determined using equations (15)

along the IRC when compared with those of the
corresponding atomic valencies, a fact which is also

and (17); () molecular hardness determined using observed in the cases of molecular internal rotations and
equations (16) and (18). vibrations. Any site with larger f; signals high reactivity
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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, (o ) and «,. are given in au whereas p, n are in eV, The first entry corresponds to HF results and the

second entry to B3LYP results.

I3 I3 n 1
E {equation 15) (equation 17} (equation 16) (equation 18) {a) . v
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 7.9659
TS —409.363061 —5.1093 —5.1159 6.4796 7.0991 27.681 14.895 7.3706
—411.509790 —5.7351 —5.6641 49591 2.2801 30.928 15.503 7.9545
254 ¥,
v
2.0+ o1
g P
S Vo

-9 -6 -3 0 3

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 /i* for
the single-bonded and double-bonded oxygen atoms.
Both the single-bonded and double-bonded O centres
(O1 and 02, respectively) are always more reactive
towards electrophiles than nucleophiles (o, > f, and
o1 > f&,) although they (f* and f~) exhibit similar
profiles along the IRC for both Ol and O2.

=
=
-
£
=
=
S
=
=
9
Figure 8. HF/6-311G** profiles of local selectivity properties

along the internal reaction coordinate (IRC) of the double
proton transfer reaction in (HONQ),.

Similar profiles are exhibited by f3; they start from a
smaller value, increase suddenly near the TS and then
level off. The profiles of /3, and f;3; intersect at the TS as
is the case with f; 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 ¥V exhibits a
broad minimum along the IRC, the nucleophilic Fukui
function fi; shows a local maximum around the TS
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Table 4. Activation properties associated with the double proton transfer in (HONQ),. All values are in kealmol™ but
the polarizability is given in aw.
Ap# An?
Method AF# (equation 17) (equation 18) Aw? AcF Aot
RHF 30.1474 —0.9339 —13.9123 3.9479 1.038 0.180
B3LYP 15.4807 —(.2952 —7.1902 20.1594 0.327 0.139

indicating an increasing propensity towards an electro-
philic attack.

5. Concluding remarks

Molecular internal rotations in HONOQO, HSNS,
various symmetric and asymmetric stretching and
bending vibrations in H,O and the double 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 g, n and V
confirming the validity of the principles of maximum
hardness and molecular valency and the minimum
polarizability principle. The extremal point in o can be
located by knowing the same for g and 5. Maxima
(minima) in both g and 5 correspond to the mini-
mum (maximum) in w. 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 equilibrinm
configuration is characterized by minimum F and «
values and maximum g,  and ¥ values as would
have been expected from PMH, MPP and MMVP,
Since both u and » 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 V. It implies that if a
centre becomes more favourable toward an electro-
philic attack for a given vibrational mode it would
simultaneously become less favourable towards a
nucleophilic attack.

The E, {o) and «,, profiles pass through maxima and
the 5 profile passes through a minimum in the transition
state of the double proton transfer reaction in (HONQ),
acting as signatures of MPP and PMH. The F 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 g value 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 ¥V, and f; 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 becomes
more prone towards electrophilic attack at the transition
state.
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projects Nos 1020534, 2000050 and 2010139. PKC is
grateful to the Third World Academy of Science, Italy,
for financial assistance. We thank Mr B, Maiti for help
in typing,
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Abstract

In this paper we study and rationalize the formation of neutral copper clus-
ters from dimer to nonamer using the available experimental data of binding
energies and electronic properties. A complete and consistent picture of the
formation of copper clusters in term of the changes in chemical potential and
hardness emerges indicating that the one-atom growth reactions are mainly
driven by changes in hardness. An analytic expression for the binding energy
as a function of the cluster size is proposed and used to predict the growth

pattern of copper clusters.
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1. Imtroduction.

The interest in the study of small mefal clusters has grown considerably in
the last years because new experimental and theoretical techniques have been
developed allowing detailed characterizations of this type of systems [1, 2].
Much information is now available concerning clusters’ spectroscopy, struc-
ture and their chemical reactivity toward small molecules. Transition metals
clusters are particularly interesting for their potential use in many processes
like heterogeneous catalysis, in organometallic chemistry or new electronic

materials [1, 3].

An interesting topic in clusters science is the study of the evolution of clus-
ters’ properties when increasing the number of constituent atoms. Neu-
tral copper clusters even—numbered are closed—shell systems whereas odd-
numbered copper clusters are open—shell systems [4-10]. In investigations on
ion abundances [11-13], ionization potentials {14-18], electron affinities [19]
and binding energies of neutral and charged copper clusters (Cuy) [20,21],
a typical behavior known as even—odd alternation has been found. In this
paper our main goal is to provide a new viewpoint to understand the forma-
tion reaction Cu,—y + Cu — Cu, (n = 2 —9), in doing so the observed
even—odd alternation of binding energies will be analyzed in defail. Our a-
pproach consists in the rationalization of the available experimental data of
binding energies through the use of reactivity descriptors calculated from ex-
perimental data of ionization potentials and electron affinities [14-21]. As a
result of this approach, correlations between energetic and electronic proper-
ties can emerge, such correlations are expected to be useful in understanding

the formation reaction of copper clusters and may provides new elements to
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rationalize growth reactions of metal clusters.

In a recent paper [10] we have characterized neutral copper clusters (Cu,=
1-9) in terms of calculated chemical reactivity descriptors defined within the
frame of Density Functional Theory (DFT) and usually used to study the
reactivity pattern of molecules and molecular aggregates [10,22,23]. The set
of reactivity descriptors, electronic chemical potential (1), chemical hardness
(n) and electrophilicity index (w), together with chemical reactivity princi-
ples such as the principle of maximum hardness, define q}lite powerful tools
to analyze and rationalize different processes experienced by complex sys-
tems [10, 23-26].

A formation reaction can be seen as resulting from the combination and re-
distribution of atom’s and fragment’s electron densities, giving rise to a new
electronic distribution from which the electronic descriptors of the new aggre-
gate are derived. DFT [27] is quite well suited to describe such electronic
reorganization processes as it provides the basis for rigorous mathematical
definitions of reactivity descriptors such as chemical potential, electronega-
tivity [28], chemical hardness [29], softness (S = 1/7), etc., all these are well
established global quantities in chemical reactivity studies and are going to
be used in this paper to study the formation process of copper clusters Cu,,

(n=2-9) in one atom growth reactions.

The chemical potential characterizes the escaping tendency of electrons from
equilibrium, it is the Lagrange multiplier associated with the normalization
constraint in DF'T, on the other hand, it is the negative of the electronega-

tivity (x = —u) [28]. Hardness represents the resistance to charge transfer




while softness is a measure of the propensity of the system to change its
electronic distribution, it has been qualitatively related to the polarizability
« [27,29-31]. On the other hand, the electrophilicity index measures the
stabilization of a system when it acquires electronic charge from the sur-

roundings [32].

A major focus of attention and discussion in the application of DF'T to che-
mical reactivity is the principle of maximum hardness (PMH) proposed by
Pearson [30], the PMH asserts that molecular systems at equilibrium present
the highest value of hardness, the PMH is a widely accepted electronic struc-
ture principle, that in most cases complement the minimum energy criterion
for molecular stability. The PMH provides an independent criterion to ra-

tionalize the behavior of chemical reactions.

In the next Section we present a summary of the theoretical element we use

here, Section 3 contains the resulis and discussion and in Section 4 we draw

our conclusions.

2. Theoretical Background.

In DFT, the chemical potential and molecular hardness for an N-electron
system with total energy F and external potential v(F) are defined as the
following first and second derivatives of the energy with respect to N [27-29]:
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In numerical applications, ¢ and n are calculated through the following a-
pproximate versions of Eqns. (1) and (2), based upon the finite difference

approximation, where these derivatives are calculated numerically as energy
differences between systems with (N-1), N and (N+-1) electrons [27):
1 1
#w—E(IP—I—EA)=§[E(N+1)—E(N—1)] (3)

and

nz%(IP—EA)=

N =

[E(N +1)+ E(N —1) — 2EB(N)], (4)

IP = [E(N—1)—E(N)] is the ionization potential and FA = [E(N)—E(N+
1)] is the electron affinity. The electrophilicity index is in turn defined as [32]:

w=—. (5)

Cousidering clusters or metallic surfaces as a binding environments, w can
be especially suited to analyze the interaction with small molecules in het-

erogeneous catalysis processes.

Let us consider the following process, referred to as one-atom growth reac-

tion:

Cup_1+ Cu — Cup, (n =2,9),




the overall energy change that corresponds to the binding energy is given
by AE = E(P) — [E(Rl) + FE(R2)], with P=Cu, is the product of the
reaction and R1=Cwu,_, and R2=C'y are the reactants. When dealing with an
electronic property, say 2, we define: AQ = Q(P)—S{Q(R)}, (¥ = p,7n) and
S{Q(R)} = Qg(R) is the Sanderson’s average of the property associated to
the reactants R1 and R2. The Sanderson’s average of the chemical potential
of reactants is given by the geometric mean of the chemical potentials of R1
and R [23,25,33-35]:

S{p}=—lvm HR2]1/2 = pg. (6)

The Sanderson’s average for the hardness of reactants is obtained by diffe-

rentiating S{p} with respect to N thus obtaining [23, 25, 35, 36]

- @), 1[0 Q) o

The difference between the averaged values (S{u} and S{n}) with respect
to the actual values obtained using Eqns. (3) and (4) might be attributed
to relaxation of the electron density after bonding, the quantification of this
difference may help understand the reordering of the electron density as the

reaction takes place.

3. Results and Discussion.

A. Binding Energy, Ionization Potential and Electron Affinity.

Table I shows the experimental values of binding energies of the neutral co-
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pper clusters (Cu,) recently reported by Spasov et al. [20] and Ingélfsson et
al. [21]. These authors have performed collision-induced dissociation (CID)
experiments to study stability and fragmentation pathways for anionic and
cationic copper clusters, respectively. Experimental data of bond energy for
Cu—Cup_1 systems are therefore obtained from a thermodynamic cycle us-
ing dissociation energy of one atom loss from charged copper clusters and
electron affinities [19], in the case of anionic clusters [20], or ionization po-
tentials [14-18], for cationic clusters [21]. In our analysis we have considered

the average values (AE) which are also given in Table I.

AFE present an oscillatory behavior, even—numbered clusters present highest
values of binding energy than odd-numbered clusters 7.e. chemical bonds in
clusters with even n are stronger than in clusters with odd n. Therefore in
one-atom fragmentation reactions, clusters with even number of atoms are
more stable than clusters with odd number of atoms. This is because clusters
with even n present closed—shell electronic configurations that comes along
with an extra stability whereas clusters with odd number of atoms present
open-shell configurations [4-6,9,10] that makes them more reactive, this is in
agreement to recent studies where it has been observed that odd-numbered
clusters exhibit a high reactivity in front of NO [37] and O [38]. On the
other hand, in the limit of very large clusters the binding energy can be ap-
proached to the negative of the vaporization energy of the bulk solid, the
experimental value for this property is 3.50 eV [39] and it will be used as a

reference value in the forthcoming discussion.

The experimental values of ionization potentials [14-18] and electron affini-

ties [19] reported in the literature for the copper clusters considered in this




work are quoted in Table II. It should be noticed that both properties fol-
low an even—odd oscillatory pattern which is again attributed to the change
of spin multiplicity of the ground state of neutral copper clusters, even—
numbered clusters present higher and lower values of IP and EA, respec-
tively, with respect to their neighboring odd-numbered systems. Therefore
in the ionization process it is more difficult to remove an electron from the
doubly occupied highest occupied molecular orbital (HOMO) than from a
single occupied molecular orbital (SOMO) of an open-shell configuration
cluster. In contrast to this, the electron attachment process will be more
favorable in clusters with odd n because the electron will occupy a halffilled

orbital (SOMO), as is expected from the high values of E'A of these systems.

Size Dependence of IP and EA. Metal clusters are aggregates that have
different properties than a single atom or the bulk metal, in fact these are the
extreme that can be seen as infinitely small and infinitely large clusters. We
have analyzed the evolution of I P and FA with the size of the clusters, both
properties are expected to converge to the work function (®) in the limit as
n —s 00, i.e. to the value of the polycrystalline copper: &= 4.65 eV [40].
In this context, it has been shown that the evolution of a property P, such
as IP and FA, as a function of the number of atoms n can be described

through the following analytic form [41]:
P(n) = P(co) + A-n~Y3, (8)

where P(00) corresponds to the property value in the limit of the bulk metal
and A is a fitting parameter. Figure 1 displays the IP and FA values of the

clusters, the straight lines are two—points references lines defined from the
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following boundary conditions:

0=n— 00, bulk limit — EA=IP=®=4.65 eV
=3 —

l=n=1, atomic limit = EA=124 eV;IP =772 eV

from the above conditions, the two-points reference lines of IP and F A are

given by:

IP(n) = IP(c0) + Azp - n~ /3 (9)

and

EA(n) = EA(00) + Aga - n™ V3 (10)

where 1P(00) = EA(co) = @; the values of the slopes are: A;p = 3.07 and
Aga = -3.41. These results will be used in turn to define reference lines for

p and 7.

It should be noticed that all clusters, excepting C'uz present lower values of
E A than what is expected from the reference FA line. On the other hand,
the I P values of even and odd—numbered clusters present different behavior
with respect to the reference I P line, even clusters present higher values than
what is expected from the reference line whereas odd clusters present lower
values with respect to the reference IPs. This observation prompt us to
conclude that the characteristic odd—even oscillatory behavior of electronic

properties that depend on IP and FA should be mainly determined by the




ionization potential rather than the electron affinity.

B. Electronic Global Properties.

Using the values of TP and EA given in Table II in Eqns. (3) and (4), nu-
merical values of chemical potential and molecular hardness are obtained,
with these data the electrophilicity index for clusters from Cu to Cug are es-
timated through Eqn. (5), the resulting numerical values are quoted in Table
III. Also included in this Table are the Sanderson’s average of the electronic
properties of reactants (15 and 7g) obtained using Eqns. (6) and (7) from the
corresponding values of Cu,,—; and Cu. The use of Sanderson’s average prop-
erties in Eqn. (5) produces wg. It can be noticed that all DFT-descriptors
present the characterisiic even—odd pattern already observed in other prop-
erties this is also true for 4 when excepting the reference Cu atom. This
results is again attributed to the change in the spin multiplicity of ground

state along the series.

Chemical Potential and Charge Transfer. When two systems are brou-
ght together, charge transfer occurs from a system with high p to the system
with a lower value of . From Table III it can be noticed that clusters
with odd n (open—shell clusters) present high value of p this indicates that
open—shell systems have a more marked tendency to charge transfer than
closed—shell configurations (even n). The tendency to close their electronic
shell by losing one electron, as indicated in Figure 1, explain the relatively
high reactivity presented by odd-numbered clusters, this is in agreement with

some recent experimental studies [37, 38].

In the context of formation reaction of molecules and aggregates, when two

10
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components (in this case Cu and Cu,,_1) come into interaction, their x’s tend
to equalize and thus determining the direction of charge transfer, in all cases
the transfer direction is from Cu, 1 to Cu, the only exception to this rule
occurs in the formation of Cuz. An estimation of the charge transfer (AN)
involved in the formation process of a two—fragment recaction can be obtained

through the following expression [27, 28, 30]:

_ (1 — p2)
AN = T ) )

The values of AN as well as its two contributions are quoted in Table 1V.
It is interesting to note that in general AN is quite small although in the
formation of even clusters it becomes large mainly due to the small value of
the hardness term, indeed the difference of chemical potentials (|uy — p2|) is
almost constant along the series, the average value being 0.37 eV for even
clusters (Cug is not included in this analysis) and 0.12 eV for odd clusters,
thus showing a dispersion of few tenth of eV'. The factor 2(s; +1.) present a
clear difference in the formation of clusters with odd and even n, the average
values of 2(m 1) is 11.04 eV for even clusters and 12.37 eV for odd clusters.
This indicates that the formation of strong bonds in even—numbered clusters
is characterized by a high electronic charge transfer between the reactants

(Cu and Cuy,_;) until that their p’s are equalized.
Figure 2(a) displays the values of 4 and # together with their references lines

obtained from /P(n) and FA(n), Eqns. (9) and (10), respectively. The

two-points reference line for 4 is given by:

ju(n) = —é[IP(n) +BA(m)] = -3 +017 n~ P8,  (12)

11




that shows a very weak dependence of p upon n, result that is confirmed
by the experimental data points that appear scaitered around the reference
line. Constancy of u along n~'/3 indicates that 7 must be the property that

drives the formation reactions of copper clusters.

The fact that the average of the experimental u values is very close to the
negative of the work function ® indicates that chemical bonds in Cu clusters
are expected to be similar to those in the bulk metal, this observation is
in agreement with recent works on the topology of the electron density for
face—centered cubic (fee) copper [42] and copper clusters. These results add
evidence to validate the use of metallic clusters in heterogenous catalysis as
adequate models. It is interesting to note in Figure 2(a) that Cuz and Cug
present the highest values of x4 along the series, this can be explained in term
of ability of these two clusters to lose an electron to close their electronic
shell thus leading to systems with 2 and 8 valence electrons, respectively, in
agreement with the magic numbers into the jellium model, such a capacity
to lose an electron is reflected in low values of the ionization potentials of
Cug and Cug (see Table IT). On the other hand, these clusters present the
highest values for electron affinity thus showing their capacity to gain one
electron, however this process do not lead to products that complains with
the requirement for extra stability associated to closed shell systems in jel-

lHlum model.

Chemical Hardness. The chemical hardness has been established as an
electronic quantity that in many cases may be used to characterize the rela-
tive stability of molecules and aggregates through the PMH [30]. From Table

III it should be noted that clusters with even n are harder than their neigh-

12
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bors systems following an opposite trend to the binding energy (AE), this

results is in agreement with the PMH.

Figure 2(a) also shows the experimental hardness data-points together with

the two-points reference line determined from Eqns. (9) and (10):

1(n) = 5[IP(n) ~ BA(m)] = now -n ™. (13)

It should be noticed that n presents a quite strong dependence upon the
size of the cluster with a slope that can be approached to the hardness of
atomic copper. A close view of Figure 2(a) indicates that the 7 reference line
fits correctly the values for odd clusters whereas those of even clusters are
systematically above the line. This indicates that the extra stability of even
clusters due to the closing shell effect, is accompanied by an increase of the
hardness value. in this context, since the average 1 value of even clusters is
above that of odd clusters by more than 0.8 eV, it is apparent that a simple
model, such as that of Eqn. (13), is not able to reproduce the hardness vari-

~1/3 of both even and odd clusters, in a unified way.

ation upon n
When the 5 values of odd and even clusters are fitted separately against
n~/3 under the condition that 5(co) = 0, the reference straight lines dis-
played in Figure 2(b) are obtained, correlation coefficients are r= 0.97 and
0.98, respectively. The slope of even clusters (4.70 eV) is larger than that of
odd clusters (3.17 eV'), which in turn is quite close to 7o, = 3.25€V of the 5

reference line that can describe correctly the growth pattern of odd clusters

only. In summary, even clusters appears to be harder than odd clusters, this

is evidence that the PMH holds for these systems.




Electrophilicity. Once discussed the behavior of ;1 and 7, a comment on the
trend observed in the electrophilicity index is in order (see Table III). In Cu,
the behavior presented by w is mainly due to the term 27 since, as already
pointed out, p remains quite constant along the series, clusters with odd =
are considerably softer than those with even n, this leads to high values of w.
The quantification of the maximum electronic charge that can be acquired
by the systems until it reaches a stabilization energy, AE = —w, is given by
ANper = —(p/n) [32], these values are quoted in Table IV. Note that clus-
ters with odd » will acquire more charge until saturation than clusters with
even 1 which are more stable because they are already saturated. Therefore
the maximum electrophilic power presented by odd clusters is due basically
to low values of 7, this results is in agreement with the expected capacity
of odd clusters to reach a closed-shell electronic configuration by accepting

electronic charge from their surroundings.

Relaxation Effects. The difference between the electronic property calcu-
lated using the Sanderson’s average (Eqns. (6) and (7)) with respect to the
actual value determined from the IPs and FAs (Eqns. (3) and (4)) allows
one to quantify the effect of relaxation and redistribution of the electronic
density due to the new bonding interactions between Cu,_; and Cu. In the
context of one-atom growth reactions, note that ug values are quite close to
the actual values obtained using Eqn. (4}, this is due to the fact that u(Cuy,)
results from combination of u(Cu,..1) and p(Cu) that are quite close to each
other. In contrast to this, comparison of ¢ and n indicate that the formation
of odd clusters is accompanied by stronger reordering than in even-numbered
clusters which can be attributed to structural and spin density polarization

effects. These results confirm the statement that the stability of even cluster
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is determined by closed shell electronic structure as a manifestation of the
PMH [43,44].

Table IIT shows that the chemical potential and hardness values using the
Sanderson’s formulae leads to the opposite trend with respect to the exper-
imental one, this does not means that the Sanderson’s method is not right
to estimate electronic properties of copper clusters from isolated fragments,
but is suggest that the expected trend might be obtained through combi-
nation of other fragments. There are many possible reactions that leads
to Cu, from combination of different size clusters, in this paper we chose
Cu + Cup—y — Cu, and from the numerical viewpoint, these fragments
lead to quite correct results for formation of even numbered clusters whereas
that for odd clusters ps ¥y n¢ do not match the reference values. On the
other hand, using the values of p y n given in Table III it can be checked
out that when different fragments are used to produce Cu, thus leading to
different formation reactions, for example Cus + Cu,_9 — Cu,, then the
correct trend of the even—odd oscillation is obtained. Although not shown
here, the experimental trend of i and 7 is reproduced when the combinations
Cu + Cug.1 and Cug + Cuy,_p are used. Different formation and fragmenta-
tion pathways in neutral copper clusters can be discussed in the light of the

above considerations, this will be treated in a forthcoming study.

C. Rationalization of Growing Reactions. The {4,7n, F} Represen-
tation. The connections between energy and electronic descriptors is of
considerable theoretical interest since the change in electronic properties is
related to the reaction mechanism, therefore the relation between energy and

electronic properties allows one to connect the energetic and mechanistic as-
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pects of a formation process, there are few inferesting and useful attempts
to relate electronic descriptors to reaction energies [24, 36,45]. In this con-
text, Gdzquez et al. [45] have established a relationship between energy and
hardness differences whereas that in more recent papers [24, 36], we have
shown that different aspects of a chemical event are well described in a rep-
resentation where the chemical potential and molecular hardness are taken
as independent variables. In this context we write: E = Eju,n|, with total

differential:

dE = Qudpt + Qud (14)

where

The parameters @, and @, are related to the charge redistributed among the
atoms in the molecule during the chemical reaction. Therefore within this
model and in the context of one-atom growth reactions it is possible to write
the binding energy (AFE) in term of two contribution, namely: AE, and
AE,, where the index is indicating that either the hardness or the chemical

potential has been held constant during the stepwise process:

AE = AE, + AE,, (16)

cach contribution can be written as:

AE, = AE + Q,Au (17)
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and

AE, = AES + QuAn. (18)

Where AEy, AE;, Qy and @, are parameters that are determined through
linear regressions; Ay and An are defined using the Sanderson’s average as
AQ = Q(P)-S{Q(R)} (2 = p,n, see section 2). It is interesting to note that
within this framework one can write the energy change through Eqns. (17)
or (18) that depend only on two parameters each, when the chemical process
is mainly driven by p or 7, respectively. Combination of Eqns. (17) and
(18) is adequate when both electronic properties are driven the reaction [24].
On the other hand, note that a necessary condition for the principle of max-
imum hardness to be satisfied is that (), must be negative. A decreasing

AE,, (higher stability) should be accompanied by increasing values of An.

It has been already pointed out that since p remains quite constant when
going from one clusters to another, hardness drives the formation processes
and Eqn. (18) should help rationalize them. In Figure 3 we display AE vs
An, it can be noticed that there is an inverse relation between these prop-
erties, in agreement with the PMH. Values of ¢}, =-0.514 and AFE;=-1.881
eV were determined through linear regression. Note that the linear regres-
sion procedure has been performed considering the experimental error of the

binding energies.

In order to test the consistency of our model, we have recalculated the bind-
ing energies of Cu, from Cu,_; and Cu putting An, calculated from data
given in Table III, into the Eqn. (18) and using the fitting parameters of

17




Figure 3, this gives the values displayed in Figure 4 that are compared with
the experimental data of binding energies. It is inferesting to note that the
binding energies obtained through our approach reproduce the right tendency
showing a fairly good agreement with the experimental values. Therefore, it
is possible to estimate reasonably good binding energies of clusters only from
their /P and FA values through the use of the two-parameter model, Eqn.
(18). We conclude that hardness is the key property that drives the reactions.

D. A Model for the Binding Energy. The above results open the way
to characterize the binding energy as a function of the size of the cluster by
introducing the size dependence through the already established equations
relating 1 with n. Figure 2(b) indicate that Neyen = 4.70 - n~/3 and 7,qq =
3.20 - n~1/3, therefore An = :I:% - n~Y/3 where the plus sign applies when an
even numbered cluster is being formed and the minus sign is appropriate
for formation of odd numbered clusters. Now putting Ag = £2 . n~1/3 in
Eqn. (18) and using the fact that the value of AEj; ~ -1.88 eV (see Figure
3) is approximately equal to the half of the negative of the experimental
vaporization energy of bulk copper (AEg,;, = 3.50 eV') that is to say AE; =
—2AEg ., then:

o DB

AE(n) 5

= 2Qum P, (19)

In Figure 5 is displayed the evolution of binding energy with n as obtained
through Eqn. (19), note the expected oscillatory behavior that allows one to
extrapolate to large systems. If is remarkable that a simple two—parameters
equation determined from data in the small clusters region be able to produce

the right trends and be semiquantitative in the region of large clusters and
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bulk limit. When n — co AE(n) — -‘-&-%E‘& (-1.88 V') which should be com-
pared with experimental vaporization energy of bulk copper (-3.50 V'), te
observed difference can be attributed to the simplicity of the model used here
and to structural relaxation effects that are not considered in our approach.
However, the values of binding energies produced for the reference clusters
(Cuy,, n=2-9) are quite close to the experimental values given in Table I thus
validating the qualitative extrapolation displayed in Figure 5. It is worth to
point out that rationalization of the experimental binding energies achieved
here through Eqns. (18) and (19) open a new way to estimate the energy
involved in the formation processes when only the electronic properties are

available.

4. Concluding Remarks.

In this work reactivity descriptors have been used to characterize and ratio-
nalize the growth of neutral copper clusters. Available experimental data of
binding energies, ionization potentials and electron affinities have been used
to rationalize the formation reactions, it has been shown that the characte-
ristic even—odd oscillatory behavior of electronic properties that depend on

IP and EA is mainly due to fluctuations of the ionization potential.

The one—atom growing reaction of copper clusters is mainly driven by changes
in hardness, whereas that chemical potential is found to be quite independent
of the clusters size thus indicating that chemical bonds do not change their
nature when going from discrete systems to the bulk material. This adds

evidence to validate the use of metallic clusters in heterogeneous catalysis as
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adequate prototype models.

Analytic relationships between energy and electronic properties were shown
to be useful to get insight on the reaction mechanism, it makes possible to es-
timate binding energies of clusters only from their monoelectronic properties
like 7P and EA. The relations established in this work allows to estimate
trends of binding energy in terms of electronic properties and/or cluster size.
Although the model is not quantitative to predict the binding energy of bulk
copper, it works very well in the regime of small or medium sizes where bind-
ing energy varies strongly. On the other hand, the theoretical tools presented
here can be very useful to predict growing and trends for electronic proper-
ties in the study of complex systems such as those found in heterogeneous

catalysis and cluster’s fragmentation reactions.
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Table I. Experimental values of binding energies for Cu, (n=2-9). All values are

in eV.

Cu, -AE® -AFE? -AE

Cug 2.0440.17 1.8140.14 1.93+£0.11
Cuz 1.1540.20 0.76+0.23 0.96+0.15
Cug 2.72£0.20 2.03+0.76 2.38+0.39
Cus 1.85+0.17 1.89+0.78 1.72+0.40
Cue 2.56+0.32 1.80+£0.77 2.18+0.42
Cuz 2.66::0.44 1.054+0.79 1.86+0.45
Cug 2.98+0.35 2.16+0.79 2.571+0.43
Cuyg 1.024:0.50 1.02£0.50

@ from CID experiments on the anionic clusters [20].

b from CID experiments on the cationic clusters [21].




Table II. Experimental values of ionization potentials and electron affinities for

Cuy, (n=1-9). All values are in eV.

¢ Reference [19]
b Reference [14]
¢ Reference [15]
¢ Reference [16]
¢ Reference [18]

Ctiny IP EA®
Cu 7.724%  1.235 £ 0.005
Cug  7.9042 £ 0.0008° 0.836 + 0.006
Cus 5.80 £ 0.04¢  2.37 £ 0.01
Clug 7.15 £ 0.75¢  1.45 & 0.05
Cus 6.3+ 0.1%  1.94 £ 0.05
Clug 7.15 + 0.75°  1.96 & 0.05
Cur 6.1 4 0.05¢ 2,16 £ 0.1
Cug 715 £ 0.75¢ 157 + 0.05
Cug 5.35 £ 0.05¢  2.40 £ 0.05
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Table IV. Estimation of charge transfer (AN) associated to the formation of
neutral copper cluster and their contribution in terms of (1 ~ o) and 2(m1 +12).

Maximum electronic charge (ANmes;) that can be acquired by copper clusters.

Cuy (Pll - }’-52) 2("71 + 7]2) AN ANpgy = —(P/W)

Cu 1.3806
Cuy  0.0000 12.9780  0.0000 1.2366
Cuz  0.1094 13.5572  0.0081 2.3819
Cug  0.3945 9.9190 0.0398 1.5088
Cus  0.1795 12,1890  0.0147 1.8899
Cug  0.3595 10.8490  0.0331 1.7553
Cuz  -0.0755 11.6790  -0.0065 2.0965
Cug  (.3495 10.4290  0.0335 1.5627
Cug  0.1195 12.0690  0.0099 2.6271
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Caption of the Figures.

Figure 1. FExperimental values of IP and EA for copper clusters as a func-

tion of cluster size.

Figure 2. (a) Experimental values of 4 and n and (b) dependence of 7 as &

funetion of cluster size.

Figure 3. Relation between binding energies and chemical hardness in the

growth reaction of Cu,.

Figure 4. Comparison of the binding energies (AE,) obtained through Eqn.
(14) with the experimental data (AE).

Figure 5. Binding energy as a function of cluster size predicted by Eqn.
(15). The insert compares the predicted data with the available experimen-

tal data of Table 1.
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