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bacteria coco Gram positiva, catalasa 

positiva y se diferencia de Staphylococcus 

aureus por no producir la enzima coagulasa 

(Skovdal, Jørgensen, & Meyer, 2022). 

Esta bacteria forma parte de la 

microbiota normal de la piel, sin embargo, 

en situaciones en las que disminuyen las 

defensas inmunitarias del huésped y se 

rompen las barreras cutáneas, puede actuar 

como un patógeno oportunista, causando 

infecciones de la piel, infecciones oculares, 

sepsis, e infecciones asociadas a 

dispositivos médicos, como los implantes 

prostéticos y catéteres (Burke, Zeden, & 

O’Gara, 2024; Siciliano, Passerotto, 

Chiuchiarelli, Leanza, & Ojetti, 2023; 

Skovdal et al., 2022). 

Estudios revelan que S. epidermidis 

constituye la causa de hasta el 60% de 

infecciones de implantes 

ventriculoperitoneales y además, 

representa la causa más común de 

infecciones latentes de heridas quirúrgicas 

(Burke et al., 2024). Por otro lado, S. 

epidermidis ha sido reportado como uno de 

los principales patógenos aislados de 

infecciones de prótesis articulares (Becker 

& Rohde, 2020). 

El principal factor de virulencia de S. 

epidermidis es su capacidad de fuerte 

formación de biofilm. El biofilm consiste en 

una comunidad bacteriana embebida en 

una matriz extracelular compuesta por 

proteínas, ADN y polisacáridos, que permite 

que S. epidermidis no solo pueda adherirse 

y persistir exitosamente por tiempo 

prolongado en superficies bióticas como los 

tejidos del huésped o abióticas como los 

dispositivos médicos, sino que además 

confiere una mayor resistencia a los 

antibióticos, dificultando el tratamiento de 

estas infecciones y aumentando la 

probabilidad de un peor pronóstico, del 

desarrollo de infecciones persistentes y 

recidivas (Burke et al., 2024; Liu, Prentice, 

& Webber, 2024; Oliveira, Saraiva, & 

Carvalho, 2023). 

Ante este reto es esencial la 

comprensión de los mecanismos de 

formación de biofilm y la búsqueda de 

estrategias que eviten o minimicen su 

formación. Los compuestos terpénicos 

constituyen una alternativa novedosa, ya 

que son componentes principales de 

diversos aceites esenciales de origen 

vegetal y muchos tienen efectos 

antimicrobianos demostrados, además, 

algunos han presentado actividad inhibitoria 

sobre la formación de biofilm de S. aureus 

(Guimarães et al., 2019; Masyita et al., 

2022; Salinas, Florentín, Rodríguez, 

Alvarenga, & Guillén, 2022).  

Sumado a esto, es importante mencionar 

que los terpenos incluidos en este estudio, 

linalol, cis-verbenol y (-)-trans-cariofileno 

cuentan con aprobación para su uso como 

aditivos en la industria alimenticia y de 

cosméticos, lo que demuestra que son 

seguros para su aplicación en humanos 
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Resumen 

Conocer con precisión los flujos de tráfico en una red urbana, tanto en el presente como en el 

futuro cercano, es un desafío clave para los Sistemas de Transporte Inteligente (STI). Esta 

información es esencial para la planificación de rutas, gestión de la congestión y predicción 

del tráfico. Existen modelos de predicción que utilizan técnicas de aprendizaje automático; sin 

embargo, requieren de grandes volúmenes de datos, lo que limita su aplicación en lugares 

con acceso limitado a estos, como ciudades sin sensores de tráfico. 

Este trabajo propone una metodología de predicción de flujo vehicular en un punto y momento 

determinado de la red urbana empleando la red vial y la matriz Origen-Destino (OD) como 

entrada, evitando la dependencia de amplias bases de datos. El enfoque utiliza el modelo 

Graphical Lasso (GL) para determinar ubicaciones óptimas de medición y redes neuronales 

profundas (RNP) para la predicción. Como caso de estudio, se utiliza la ciudad de Mar del 

Plata. 

Los resultados muestran que el método propuesto puede resultar valioso en escenarios donde 

la disponibilidad de datos es limitada, ofreciendo una alternativa eficiente para el desarrollo 

de modelos de predicción de tráfico.  Además del valor predictivo, el modelo ofrece 

herramientas útiles para la planificación del tránsito, la ubicación estratégica de sensores y el 

análisis de estructuras urbanas. La propuesta constituye una aplicación práctica del 

aprendizaje automático a sistemas complejos, con potencial de extrapolación a otras redes, 

como sistemas de salud, distribución de servicios públicos o infraestructuras logísticas, 

siempre que se disponga de datos adecuados. 

 

Palabras claves: Redes neuronales artificiales, Selección de variables, Predicción de tráfico. 
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determinar la ubicación de los equipos de 

monitoreo necesarios. 

El presente trabajo aborda estas brechas y 

propone una metodología que predice el 

flujo de tráfico en un punto de una red 

urbana y determina simultáneamente las 

mejores ubicaciones para sensores de 

tráfico. La metodología consta de tres 

etapas: 

1. Simulación de flujos de viajes y 

recolección de medidas en distintas 

ubicaciones a partir de una matriz 

Origen-Destino (OD) y un simulador 

microscópico. 

2. Aplicación de GL como método de 

selección de características para 

identificar los puntos óptimos de 

medición. 

3. Estimación del flujo vehicular 

mediante una red neuronal 

profunda (RNP) de regresión, 

utilizando las mediciones 

seleccionadas. 

Como caso de estudio, se analiza la red 

vial del centro de Mar del Plata, una ciudad 

turística de alto tránsito que carece de 

sensores instalados. A partir de una matriz 

OD estimada, que describe los 

desplazamientos en un área determinada 

en la que sus filas representan los 

orígenes, sus columnas los destinos y cada 

celda indica la proporción de viajes entre 

un origen y un destino, se simulan flujos 

entre las 10:00 y las 11:00 hs en días 

consecutivos, agregados en intervalos de 

10 minutos. Estos datos se utilizan para 

evaluar el rendimiento del algoritmo 

propuesto, que busca ser una 

aproximación al desarrollo conjunto de 

ubicación de sensores y predicción de flujo 

de tráfico en ciudades de países de bajos 

ingresos, con problemas de congestión y 

recursos tecnológicos limitados. 

Objetivos 

Desarrollar un modelo de aprendizaje 

automático que permita predecir el flujo 

vehicular en un punto específico de la 

ciudad en un momento determinado, a 

partir de información recolectada en 

distintos puntos de la red vial urbana, y 

que, de manera simultánea, determine las 

ubicaciones óptimas para la instalación de 

sensores de tráfico, garantizando tanto una 

adecuada selección de variables como un 

buen desempeño predictivo. 

 

Materiales y Métodos 

El modelo propuesto permite predecir el 

flujo vehicular en un enlace específico 

dentro de una red de tráfico, utilizando dos 

técnicas de aprendizaje automático: GL 

para la selección de variables, y una RNP 

de regresión para la estimación del flujo. 

Para la implementación, se define como 

objetivo particular predecir el número de 

vehículos que circularán por la intersección 

de las avenidas Luro e Independencia, dos 

de las más importantes de la ciudad de Mar 
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del Plata, entre las 10:50 y 11:00 hs. La 

elección se debe a que en la encuesta de 

la Municipalidad de Mar del Plata-Batán 

(2013), el mayor pico de tránsito ocurre 

alrededor de las 11:00 hs. En la Figura 1, 

se presenta esquema de implementación 

del modelo.  

 
Figura 1. Diagrama del método propuesto. 

 

La base de datos se obtiene mediante el 

software SUMO (Simulation of Urban 

Mobility) (Álvarez López et al., 2018), 

simulando diferentes flujos de viajes a 

partir de la matriz OD.  En particular, se fija 

una demanda total de 60.000 viajes entre 

las 10:00 y 11:00 hs, y se seleccionan 49 

posibles ubicaciones de sensores, cada 

uno registrando el número de vehículos 

que circulan por su posición en intervalos 

de diez minutos dentro de esa hora. La 

simulación se repite 1.000 veces, variando 

la matriz OD mediante una distribución de 

Dirichlet (Koller & Friedman, 2009), lo que 

permite generar múltiples configuraciones 

de tráfico. 

 

Con estos datos, se obtienen 294 

variables, donde, cada una representa la 

cantidad de vehículos en un punto y franja 

horaria específica. La base de datos final 

es una tabla con 294 columnas y 1.000 

registros. La variable 294, corresponde al 

número de vehículos que se busca 

predecir. En la Figura 2 se observa con 

círculos la ubicación de los 48 sensores y 

con una estrella la ubicación objetivo. 

 
Figura 2. Ubicación de los 49 sensores en 

distintos puntos del plano de Mar del 

Plata. 

 

A partir de la base de datos generada en la 

etapa anterior, se aplica el método GL para 

identificar las variables más relevantes en 

la predicción del flujo vehicular en el punto 

objetivo de la red. El método GL permite 

una representación visual de las relaciones 
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negros. 

 
Figura 8. Clasificación de los sensores 

ubicados en el plano de Mar del Plata. Círculo 

rojo: ubicación relevante. Triángulo negro: 

ubicación no relevante. Estrella violeta: 

intersección de interés. 

 

La distribución de sensores seleccionados 

sugiere posibles patrones de movilidad 

entre sus ubicaciones y la intersección 

objetivo. Si un sensor no es elegido, es 

razonable inferir que no presenta un flujo 

significativo hacia el punto de interés. 

Además, dado que cada sensor registra el 

conteo de vehículos cada diez minutos, 

solo es necesario almacenar las 

mediciones seleccionadas, reduciendo el 

costo de almacenamiento y 

procesamiento. 

 

Si bien el modelo permite predecir el tráfico 

con un bajo margen de error, es 

fundamental recordar que este es un 

fenómeno dinámico, no estático. El número 

de viajes y los pares de origen-destino 

cambian de forma constante. En este caso, 

el modelo se entrena para una hora 

específica de un día laborable de 10:00 a 

11:00 hs, por lo que cualquier modificación 

de estos parámetros exige volver a 

entrenarlo con los valores actualizados. 

Además, con el tiempo, dichos parámetros 

pueden variar incluso dentro del intervalo 

analizado (por ejemplo, por el crecimiento 

de número de autos), lo que obliga a un 

reentrenamiento periódicamente. En tales 

circunstancias, tanto la ubicación de los 

medidores como la arquitectura óptima de 

la red neuronal podrían modificarse. 

 

Conclusiones 

Este trabajo presenta un algoritmo de 

predicción de flujo vehicular basado en un 

enfoque de ubicación óptima de sensores 

en redes de tráfico, combinando GL y RNP 

para abordar problemas de alta 

dimensionalidad. La metodología 

demuestra que es posible realizar 

predicciones precisas con un número 

reducido de sensores, proporcionando 

información valiosa sobre el impacto de 

variar su cantidad y permitiendo a las 

autoridades de gestión de tránsito evaluar 

el costo-beneficio de su implementación. 
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La aplicación a la red de Mar del Plata 

identifica puntos de mayor incidencia para 

la predicción en una intersección objetivo, 

ofreciendo insumos útiles para la 

planificación del tránsito y la identificación 

de patrones de movilidad. El modelo es 

adaptable a cambios en la red vial y 

transferible a otros sistemas de redes, 

como infraestructuras de salud, suministro 

de agua o gas, y redes eléctricas, siempre 

que se disponga de datos adecuados. 

Entre las limitaciones, se destaca la 

necesidad de contar con datos reales y 

actualizados de flujo vehicular, ya que su 

ausencia puede comprometer la validez de 

la base de datos simulada. Como posibles 

soluciones, se plantea el uso de matrices 

OD (estáticas o dinámicas) para estimar 

correlaciones entre enlaces. 

En futuras líneas de trabajo, se propone 

analizar la robustez del modelo frente a 

fallas o ruido en los sensores, extender su 

capacidad de predicción a múltiples 

intersecciones de manera simultánea y 

comparar la técnica de selección de 

características empleada (GL) con 

métodos alternativos para evaluar mejoras 

en el rendimiento. 
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�A�u�t�o�r�:� �M�a�c�e�d�o�,� �L�e�o�n�a�r�d�o� �H�e�n�r�i�q�u�e�;� �l�e�o�n�a�r�d�o�.�h�e�n�r�i�q�u�e�@�u�f�a�b�c�.�e�d�u�.�b�r

�O�r�i�e�n�t�a�d�o�r�/�a�:� �R�a�m�o�s�,� �L�u�i�z� �D�u�a�r�t�e�;� �l�u�i�z�.�d�@�u�f�a�b�c�.�e�d�u�.�b�r

�U�n�i�v�e�r�s�i�d�a�d�e� �F�e�d�e�r�a�l� �d�o� �A�B�C� �(�U�F�A�B�C�)

�R�e�s�u�m�e�n

�C�o�m�p�l�e�x�o�s� �d�e� �i�r�í�d�i�o�(�I�I�I�)� �s�ã�o� �u�s�a�d�o�s� �c�o�m�o� �d�o�p�a�n�t�e�s� �O�L�E�D�s�.� �E�s�t�e� �t�r�a�b�a�l�h�o� �c�o�m�p�l�e�m�e�n�t�o�u� �u�m

�e�s�t�u�d�o� �e�x�p�e�r�i�m�e�n�t�a�l� �p�r�é�v�i�o� �s�o�b�r�e� �q�u�a�t�r�o� �c�o�m�p�l�e�x�o�s� �b�i�s�-�c�i�c�l�o�m�e�t�a�l�a�d�o�s� �d�e� �i�r�í�d�i�o�(�I�I�I�)

�a�p�l�i�c�a�n�d�o� �a� �t�e�o�r�i�a� �d�o� �f�u�n�c�i�o�n�a�l� �d�a� �d�e�n�s�i�d�a�d�e� �d�e�p�e�n�d�e�n�t�e� �d�o� �t�e�m�p�o� �(�T�D�-�D�F�T�)�.� �A� �e�s�t�r�u�t�u�r�a

�g�e�r�a�l �d�e�s�s�e�s� �c�o�m�p�l�e�x�o�s� �f�o�i� �[�I�r�(�C�N�)�2�(�N�N�)�]�P�F�6�,� �c�o�m� �l�i�g�a�n�t�e�s� �C�N�:� �C�N�1�=�2�-�f�e�n�i�l�-�p�i�r�i�d�i�n�a� �(�p�p�y�)� �e

�C�N�2�=�2�-�(�2�,�4�-�d�i�f�l�u�o�r�)�f�e�n�i�l�p�i�r�i�d�i�n�a� �(�F�p�p�y�)�;� �e� �o�s� �l�i�g�a�n�t�e�s� �N�N�:� �N�N�1�=�5�-�a�m�i�n�o�-�1�,�1�0�-�f�e�n�a�n�t�r�o�l�i�n�a

�(�N�H�2�p�h�e�n�)� �e� �N�N�2�=�5�-�n�i�t�r�o�-�1�,�1�0�-�f�e�n�a�n�t�r�o�l�i�n�a� �(�N�O�2�p�h�e�n�)�.� �O�s� �c�á�l�c�u�l�o�s� �m�o�s�t�r�a�r�a�m� �c�o�m�o� �a�s

�a�l�t�e�r�a�ç�õ�e�s� �n�o�s� �s�u�b�s�t�i�t�u�i�n�t�e�s� �N�N� �e� �C�N� �a�f�e�t�a�r�a�m� �o�s� �n�í�v�e�i�s� �d�e� �e�n�e�r�g�i�a� �d�o�s� �o�r�b�i�t�a�i�s� �d�e� �f�r�o�n�t�e�i�r�a

�(�H�O�M�O� �e� �L�U�M�O�)�.� �O� �o�r�b�i�t�a�l� �H�O�M�O� �p�o�s�s�u�i� �l�o�c�a�l�i�z�a�ç�ã�o� �b�e�m� �d�e�f�i�n�i�d�a� �n�o� �e�s�p�a�ç�o�,� �c�o�m� �u�m�a

�f�o�r�t�e� �l�i�g�a�ç�ã�o� �c�o�v�a�l�e�n�t�e� �e� �i�n�t�e�r�a�ç�õ�e�s� �e�l�e�t�r�ô�n�i�c�a�s� �d�-�À�e�s�t�e�n�d�i�d�a�s� �e�n�t�r�e� �o�s� �á�t�o�m�o�s� �d�e� �I�r�(�I�I�I�)� �e� � �o

�c�a�r�b�o�n�o� �d�o� �C�N�.� �O� �o�r�b�i�t�a�l� �L�U�M�O� �p�o�s�s�u�i� �c�a�r�á�t�e�r� �p�r�e�d�o�m�i�n�a�n�t�e�m�e�n�t�e� �À�*
�N�N�.� �A� �a�d�i�ç�ã�o� �d�e

�á�t�o�m�o�s� �d�e� �f�l�ú�o�r� �a�o� �l�i�g�a�n�t�e� �C�N� �e�s�t�a�b�i�l�i�z�o�u� �a� �e�n�e�r�g�i�a� �d�o� �H�O�M�O�,� �e� �o� �s�u�b�s�t�i�t�u�i�n�t�e� �N�O�2

�e�s�t�a�b�i�l�i�z�o�u� �a� �e�n�e�r�g�i�a� �d�o� �L�U�M�O�.� �O�s� �e�s�p�e�c�t�r�o�s� �d�e� �a�b�s�o�r�ç�ã�o� �t�e�ó�r�i�c�o� �v�i�a� �T�D�-�D�F�T� �e

�e�x�p�e�r�i�m�e�n�t�a�l� �a�p�r�e�s�e�n�t�a�r�a�m� �c�o�n�c�o�r�d�â�n�c�i�a� �e�m� �r�e�l�a�ç�ã�o� �a� �i�n�t�e�n�s�i�d�a�d�e� �d�a�s� �t�r�a�n�s�i�ç�õ�e�s� �e� �a� �f�a�i�x�a

�d�e� �c�o�m�p�r�i�m�e�n�t�o� �o�n�d�a� �U�V�-�V�i�s�.� �A� �p�a�r�t�i�r� �d�a�s� �s�u�p�e�r�f�í�c�i�e�s� �d�o�s� �o�r�b�i�t�a�i�s� �m�o�l�e�c�u�l�a�r�e�s�,� �i�d�e�n�t�i�f�i�c�o�u�-�s�e

�e�n�t�r�e� �2�0�0�-�3�0�0� �n�m�,� �a�s� �t�r�a�n�s�i�ç�õ�e�s� �1�I�L�C�N� �e� �1�I�L�N�N�.� �E�n�t�r�e� �3�0�0�-�5�0�0� �n�m�,� �t�e�m�-�s�e� �a�s� �t�r�a�n�s�i�ç�õ�e�s� �1�I�L�N�N�,

�1�L�L�C�T�,� �1�M�L�C�T�N�N� �e� �1�M�L�C�T�C�N�.� �A�s� �b�a�n�d�a�s� �(�»� �>� �4�2�5� �n�m�)� �d�e� �m�e�n�o�r� �i�n�t�e�n�s�i�d�a�d�e� �f�o�r�a�m� �a�t�r�i�b�u�í�d�a�s

�a�s� �t�r�a�n�s�i�ç�õ�e�s� �1�L�L�C�T� �e� �1�M�L�C�T�.� �J�á� �o�s� �r�e�s�u�l�t�a�d�o�s� �d�e� �e�m�i�s�s�ã�o� �p�e�r�m�a�n�e�c�e�m� �c�o�m�o� �u�m� �d�e�s�a�f�i�o

�e�m� �c�o�n�c�i�l�i�a�r� �o�s� �d�a�d�o�s� �e�x�p�e�r�i�m�e�n�t�a�i�s� �c�o�m� �o�s� �t�é�o�r�i�c�o�s�,� �s�e�n�d�o� �u�m�a� �o�p�o�r�t�u�n�i�d�a�d�e� �p�a�r�a� �r�e�f�i�n�a�r

�m�é�t�o�d�o� �d�e� �s�i�m�u�l�a�ç�ã�o�.

�P�a�l�a�b�r�a�s� �c�l�a�v�e�:� �c�o�m�p�l�e�x�o�s� �d�e� �i�r�í�d�i�o�(�I�I�I�)�,� �d�i�s�p�o�s�i�t�i�v�o�s� �e�l�e�t�r�o�l�u�m�i�n�e�s�c�e�n�t�e�s�,� �s�i�m�u�l�a�ç�ã�o

�c�o�m�p�u�t�a�c�i�o�n�a�l
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�1�.� �I�n�t�r�o�d�u�ç�ã�o

�U�m�a� �d�a�s� �p�r�i�n�c�i�p�a�i�s� �a�p�l�i�c�a�ç�õ�e�s� �d�o�s

�c�o�m�p�l�e�x�o�s� �d�e� �i�r�í�d�i�o�(�I�I�I�)� �é� �o� �s�e�u� �u�s�o� �e�m

�d�i�s�p�o�s�i�t�i�v�o�s� �e�l�e�t�r�o�l�u�m�i�n�e�s�c�e�n�t�e�s� �O�L�E�D�,

�O�r�g�a�n�i�c� �L�i�g�h�t�-�E�m�i�t�t�i�n�g� �D�i�o�d�e�,� �a�t�u�a�n�d�o� �c�o�m�o

�d�o�p�a�n�t�e� �(�B�u�r�l�o�v� �e�t� �a�l�.�,� �2�0�2�3�;� �W�u� �e�t� �a�l�.�,� �2�0�1�9�;

�D�e�a�t�o�n� �&� �C�a�s�t�e�l�l�a�n�o�,� �2�0�1�7�)�.� �A� �a�p�l�i�c�a�ç�ã�o� �e�m

�O�L�E�D� �é� �f�o�c�a�d�a� �n�a� �i�l�u�m�i�n�a�ç�ã�o� �a�r�t�i�f�i�c�i�a�l� �d�e

�t�e�l�a�s� �r�í�g�i�d�a�s� �o�u� �f�l�e�x�í�v�e�i�s� �d�e� �s�m�a�r�t�p�h�o�n�e�s�,

�t�a�b�l�e�t�s�,� �T�V�,� �l�â�m�p�a�d�a�s�,� �e�n�t�r�e� �o�u�t�r�o�s�.� �P�o�r

�e�x�e�m�p�l�o�,� �a�s� �t�e�l�a�s� �d�e� �s�m�a�r�t�p�h�o�n�e�s�S�a�m�s�u�n�g

�G�a�l�a�x�y�,� �i�P�h�o�n�e� �A�p�p�l�e� �d�e� �ú�l�t�i�m�a� �g�e�r�a�ç�ã�o� �e

�T�V ��s� �d�a� �L�G�,� �d�e�p�e�n�d�e�m� �d�e� �c�o�m�p�l�e�x�o�s� �d�e

�i�r�í�d�i�o� �p�a�r�a� �g�e�r�a�r� �a�s� �c�o�r�e�s� �e� �l�u�z�e�s� �(�G�e�r�s�e�m�a�,

�2�0�1�9�)�.� �A� �i�l�u�m�i�n�a�ç�ã�o� �a�r�t�i�f�i�c�i�a�l� �c�o�n�s�o�m�e� �1�9�%

�d�a� �e�n�e�r�g�i�a� �e�l�é�t�r�i�c�a� �g�l�o�b�a�l�,� �c�o�m� �p�r�e�d�o�m�í�n�i�o

�d�o� �u�s�o� �e�m� �l�â�m�p�a�d�a�s� �i�n�c�a�n�d�e�s�c�e�n�t�e�s� �e

�f�l�u�o�r�e�s�c�e�n�t�e�s� �c�o�m�p�a�c�t�a�s� �d�e� �b�a�i�x�a� �e�f�i�c�i�ê�n�c�i�a�,

�5�%� �e� �2�0�%�,� �n�e�s�t�a� �o�r�d�e�m�.� �A� �b�a�i�x�a� �e�f�i�c�i�ê�n�c�i�a

�d�e�s�s�a�s� �f�o�n�t�e�s� �l�i�b�e�r�a� �c�a�l�o�r� �d�e� �f�o�r�m�a

�i�n�d�e�s�e�j�a�d�a�,� �i�n�t�e�n�s�i�f�i�c�a�n�d�o� �o�s� �p�r�o�b�l�e�m�a�s

�a�m�b�i�e�n�t�a�i�s� �d�a� �n�o�s�s�a� �s�o�c�i�e�d�a�d�e�.� �P�o�r� �i�s�s�o�,� �o

�d�e�s�e�n�v�o�l�v�i�m�e�n�t�o� �d�e� �t�e�c�n�o�l�o�g�i�a�s� �a�l�t�e�r�n�a�t�i�v�a�s

�e�f�i�c�i�e�n�t�e�s� �d�e� �i�l�u�m�i�n�a�ç�ã�o�,� �c�o�m�o� �o� �O�L�E�D�,

�t�o�r�n�a�r�a�m�-�s�e� �u�m�a� �o�p�ç�ã�o� �s�u�s�t�e�n�t�á�v�e�l� �(�B�u�r�l�o�v

�e�t� �a�l�.�,� �2�0�2�3�;� �W�u� �e�t� �a�l�.�,� �2�0�1�9�;� �D�e�a�t�o�n� �&

�C�a�s�t�e�l�l�a�n�o�,� �2�0�1�7�)�.

�N�e�s�t�e� �c�e�n�á�r�i�o�,� �a� �e�n�g�e�n�h�a�r�i�a� �d�e

�c�o�n�s�t�r�u�ç�ã�o� �d�o�s� �d�i�s�p�o�s�i�t�i�v�o�s� �O�L�E�D� �t�e�m� �u�m

�p�a�p�e�l� �e�s�s�e�n�c�i�a�l� �p�a�r�a� �a� �e�f�i�c�i�ê�n�c�i�a� �d�a

�i�l�u�m�i�n�a�ç�ã�o� �a�r�t�i�f�i�c�a�l�,� �p�o�i�s� �c�a�d�a� �c�a�m�a�d�a� �d�o

�d�i�s�p�o�s�i�t�i�v�o� �p�o�s�s�u�i� �u�m�a� �f�u�n�ç�ã�o� �e�s�p�e�c�í�f�i�c�a

�(�G�e�r�s�e�m�a�,� �2�0�1�9�)�.� �N�a� �f�i�g�u�r�a� �1� �é� �a�p�r�e�s�e�n�t�a�d�a

�a� �e�s�t�r�u�t�u�r�a� �m�u�l�t�i�c�a�m�a�d�a� �d�e� �u�m� �O�L�E�D�,� �o�n�d�e

�o�s� �e�l�e�t�r�o�d�o�s� �(�c�á�t�o�d�o� �e� �â�n�o�d�o�)� �a�t�u�a�m� �n�a

�i�n�j�e�ç�ã�o� �d�e� �c�a�r�g�a�s� �(�e�l�é�t�r�o�n�s� �e� �b�u�r�a�c�o�s�)� �n�a�s

�c�a�m�a�d�a�s� �a�d�j�a�c�e�n�t�e�s�.� �E�m� �s�e�g�u�i�d�a�,� �u�m�a

�c�a�m�a�d�a� �t�r�a�n�s�p�o�r�t�a�d�o�r�a� �d�e� �b�u�r�a�c�o�s� �(�H�T�L�,

�H�o�l�e� �T�r�a�n�s�p�o�r�t� �L�a�y�e�r�)�,� �u�m�a� �c�a�m�a�d�a

�e�m�i�s�s�i�v�a� �(�E�L�,� �E�m�i�s�s�i�o�n� �L�a�y�e�r�)� �e� �u�m�a

�c�a�m�a�d�a� �d�e� �t�r�a�n�s�p�o�r�t�e� �d�e� �e�l�é�t�r�o�n�s� �(�E�T�L�,

�E�l�e�c�t�r�o�n� �T�r�a�n�s�p�o�r�t� �L�a�y�e�r�)� �f�i�c�a�m

�s�o�b�r�e�p�o�s�t�a�s�.� �O�u�t�r�a�s� �c�a�m�a�d�a�s� �c�o�m� �f�u�n�ç�õ�e�s

�d�e� �b�l�o�q�u�e�a�r� �b�u�r�a�c�o�s� �e�/�o�u� �e�l�é�t�r�o�n�s� �p�o�d�e�m

�s�e�r� �a�d�i�c�i�o�n�a�d�a�s�.� �É� �n�a� �c�a�m�a�d�a� �E�L� �q�u�e� �o�s

�d�o�p�a�n�t�e�s� �d�e� �c�o�m�p�l�e�x�o�s� �c�i�c�l�o�m�e�t�a�l�a�d�o�s� �d�e

�I�r�(�I�I�I�)� �s�ã�o� �i�n�s�e�r�i�d�o�s� �(�G�e�r�s�e�m�a�,� �2�0�1�9�;� �M�u�l�l�e�r

�e�t� �a�l�.�,� �2�0�1�7�;� �D�r�a�g�o�n�e�t�t�i� �e�t� �a�l�.�,� �2�0�0�7�)�.

�F�i�g�u�r�a� �1�: �E�s�t�r�u�t�u�r�a� �b�á�s�i�c�a� �d�o�s� �d�i�s�p�o�s�i�t�i�v�o�s
�O�L�E�D�,� �e�m� �q�u�e� �o�s� �f�l�u�x�o�s� �d�e� �t�r�a�n�s�p�o�r�t�e� �e�l�e�t�r�ô�n�i�c�o
�e� �d�e� �b�u�r�a�c�o�s� �s�e� �r�e�c�o�m�b�i�n�a�m� �n�a� �c�a�m�a�d�a
�e�m�i�s�s�i�v�a�,� �o�n�d�e� �e�s�t�á� �l�o�c�a�l�i�z�a�d�o� �o� �d�o�p�a�n�t�e�.

�F�o�n�t�e�:� �A�u�t�o�r�i�a� �P�r�ó�p�r�i�a

�O� �m�e�c�a�n�i�s�m�o� �d�e� �e�m�i�s�s�ã�o� �d�e� �l�u�z� �e�m

�u�m� �O�L�E�D� �o�c�o�r�r�e� �v�i�a� �e�l�e�t�r�o�l�u�m�i�n�e�s�c�ê�n�c�i�a

�d�e�v�i�d�o� �a�o� �f�e�n�ô�m�e�n�o� �d�e� �r�e�c�o�m�b�i�n�a�ç�ã�o� �d�a�s

�c�a�r�g�a�s� �i�n�j�e�t�a�d�a�s� �n�a� �E�L�,� �f�o�r�m�a�n�d�o�-�s�e� �o

�é�x�c�i�t�o�n� �(�B�u�r�l�o�v� �e�t� �a�l�.�,� �2�0�2�3�)�.� �P�r�i�m�e�i�r�o�,� �o



�3

�c�á�t�o�d�o� �i�n�j�e�t�a� �u�m� �e�l�é�t�r�o�n� �n�o� �L�U�M�O� �(�L�o�w�e�s�t

�U�n�o�c�c�u�p�i�e�d� �M�o�l�e�c�u�l�a�r� �O�r�b�i�t�a�l�)� �e� �o� �â�n�o�d�o

�i�n�j�e�t�a� �u�m� �b�u�r�a�c�o� �n�o� �H�O�M�O� �(�H�i�g�h�e�s�t

�O�c�c�u�p�i�e�d� �M�o�l�e�c�u�l�a�r� �O�r�b�i�t�a�l�)� �d�o� �d�o�p�a�n�t�e� �s�o�b

�a� �a�p�l�i�c�a�ç�ã�o� �d�e� �u�m� �c�a�m�p�o� �e�l�é�t�r�i�c�o�.� �A

�r�e�c�o�m�b�i�n�a�ç�ã�o� �d�e� �c�a�r�g�a�s� �g�e�r�a� �o� �é�x�c�i�t�o�n� �n�a

�E�L� �q�u�e� �é� �r�e�s�p�o�n�s�á�v�e�l� �p�e�l�a� �f�o�r�m�a�ç�ã�o� �d�o

�e�s�t�a�d�o� �e�x�c�i�t�a�d�o�,� �s�e�g�u�i�d�o� �d�a� �e�m�i�s�s�ã�o� �d�e� �u�m

�f�ó�t�o�n� �p�e�l�o� �d�o�p�a�n�t�e� �(�B�u�r�l�o�v� �e�t� �a�l�.�,� �2�0�2�3�;� �W�u

�e�t� �a�l�.�,� �2�0�1�9�)�.

�A�l�g�u�n�s� �f�a�t�o�r�e�s� �a�d�i�c�i�o�n�a�i�s� �d�e�v�e�m� �s�e�r

�l�e�v�a�d�o�s� �e�m� �c�o�n�s�i�d�e�r�a�ç�ã�o� �p�a�r�a� �a� �c�o�n�s�t�r�u�ç�ã�o

�d�e� �d�i�s�p�o�s�i�t�i�v�o�s� �O�L�E�D� �c�o�m� �a�l�t�a� �e�f�i�c�i�ê�n�c�i�a�,

�a�l�é�m� �d�a� �r�e�c�o�m�b�i�n�a�ç�ã�o� �d�a�s� �c�a�r�g�a�s

�(�D�r�a�g�o�n�e�t�t�i� �e�t� �a�l�.�,� �2�0�0�7�;� �K�i�m� �e�t� �a�l�.�,� �2�0�1�8�)�.� �É

�n�e�c�e�s�s�á�r�i�o� �c�o�n�t�r�o�l�a�r� �a�l�g�u�n�s� �p�a�r�â�m�e�t�r�o�s

�f�í�s�i�c�o�-�q�u�í�m�i�c�o�s� �q�u�e� �p�o�d�e�m� �i�n�f�l�u�e�n�c�i�a�r� �o

�f�e�n�ô�m�e�n�o� �d�a� �e�l�e�t�r�o�l�u�m�i�n�e�s�c�ê�n�c�i�a�,� �t�a�i�s

�c�o�m�o�,� �d�i�m�e�n�s�ã�o� �d�a�s� �c�a�m�a�d�a�s�,� �a�d�e�s�ã�o

�i�n�t�e�r�f�a�c�i�a�l�,� �d�e�f�e�i�t�o�s�,� �h�o�m�o�g�e�n�e�i�d�a�d�e� �d�a�s

�f�a�s�e�s�,� �t�é�c�n�i�c�a�s� �d�e� �d�e�p�o�s�i�ç�ã�o� �d�e� �f�i�l�m�e�s� �f�i�n�o�s�,

�n�í�v�e�i�s� �d�e� �e�n�e�r�g�i�a� �d�o�s� �o�r�b�i�t�a�i�s� �H�O�M�O� �e

�L�U�M�O� �d�o� �c�o�m�p�l�e�x�o�,� �n�í�v�e�i�s� �d�e� �e�n�e�r�g�i�a� �d�a�s

�c�a�m�a�d�a�s� �E�T�L� �e� �H�T�L�,� �e�n�t�r�e� �o�u�t�r�o�s

�(�D�r�a�g�o�n�e�t�t�i� �e�t� �a�l�.�,� �2�0�0�7�;� �K�i�m� �e�t� �a�l�.�,� �2�0�1�8�)�.

�N�o� �e�s�t�a�d�o� �s�ó�l�i�d�o�,� �a� �e�n�e�r�g�i�a� �d�e

�b�a�n�d�g�a�p� �c�o�r�r�e�s�p�o�n�d�e� �a� �d�i�f�e�r�e�n�ç�a� �d�e

�e�n�e�r�g�i�a� �e�n�t�r�e� �a� �b�a�n�d�a� �d�e� �v�a�l�ê�n�c�i�a� �e� �a� �b�a�n�d�a

�d�e� �c�o�n�d�u�ç�ã�o�.� �O� �c�o�n�j�u�n�t�o� �d�e� �o�r�b�i�t�a�i�s� �H�O�M�O

�f�o�r�m�a� �a� �b�a�n�d�a� �d�e� �v�a�l�ê�n�c�i�a�,� �e�n�q�u�a�n�t�o� �o

�c�o�n�j�u�n�t�o� �d�o�s� �o�r�b�i�t�a�i�s� �L�U�M�O� �g�e�r�a� �a� �b�a�n�d�a

�d�e� �c�o�n�d�u�ç�ã�o� �(�G�e�r�s�e�m�a�,� �2�0�1�9�)�.� �D�e�s�t�a� �f�o�r�m�a�,

�m�o�d�u�l�a�r� �o�s� �n�í�v�e�i�s� �d�e� �e�n�e�r�g�i�a� �d�o�s� �o�r�b�i�t�a�i�s� �d�e

�f�r�o�n�t�e�i�r�a� �H�O�M�O�-�L�U�M�O� �d�e� �u�m� �c�o�m�p�l�e�x�o� �d�e

�I�r�(�I�I�I�)� �p�e�r�m�i�t�e� �a�l�t�e�r�a�r� �a� �e�n�e�r�g�i�a� �d�e� �b�a�n�d�g�a�p�,

�e� �c�o�n�s�e�q�u�e�n�t�e�m�e�n�t�e�,� �a� �c�o�r� �d�e� �e�m�i�s�s�ã�o� �(�W�u

�e�t� �a�l�.�,� �2�0�1�9�)�.� �E�x�i�s�t�e�m� �d�u�a�s� �v�i�a�s� �d�e

�m�o�d�u�l�a�ç�ã�o�:� �(�i�)� �e�l�e�v�a�r� �o�u� �d�i�m�i�n�u�i�r� �a� �e�n�e�r�g�i�a

�d�o� �L�U�M�O�,� �e� �(�i�i�)� �e�l�e�v�a�r� �o�u� �d�i�m�i�n�u�i�r� �a� �e�n�e�r�g�i�a

�d�o� �H�O�M�O�.

�A� �s�i�m�u�l�a�ç�ã�o� �c�o�m�p�u�t�a�c�i�o�n�a�l� �t�e�m� �s�e

�e�s�t�a�b�e�l�e�c�i�d�o� �c�o�m�o� �u�m�a� �f�e�r�r�a�m�e�n�t�a� �ú�t�i�l� �n�a�s

�á�r�e�a�s� �d�e� �e�n�g�e�n�h�a�r�i�a� �d�e� �m�a�t�e�r�i�a�i�s� �e� �q�u�í�m�i�c�a

�i�n�o�r�g�â�n�i�c�a�,� �e�s�p�e�c�i�a�l�m�e�n�t�e� �n�a� �c�o�n�c�e�p�ç�ã�o� �e

�d�e�s�e�n�v�o�l�v�i�m�e�n�t�o� �d�e� �d�i�s�p�o�s�i�t�i�v�o�s

�o�p�t�o�e�l�e�t�r�ô�n�i�c�o�s�,� �c�o�m�o� �o� �O�L�E�D�(�N�e�v�i�l�l�e� �e�t� �a�l�.�,

�2�0�1�6�;� �M�a�r�s�h�a�l�l� �e�t� �a�l�.�,� �2�0�1�5�;� �W�a�n�g� �e�t� �a�l�.�,

�2�0�1�8�)�.� �E�s�s�e� �a�v�a�n�ç�o� �é� �p�a�r�t�i�c�u�l�a�r�m�e�n�t�e

�s�i�g�n�i�f�i�c�a�t�i�v�o� �q�u�a�n�d�o� �s�e� �c�o�n�s�i�d�e�r�a� �a

�c�o�m�p�l�e�x�i�d�a�d�e� �d�o�s� �s�i�s�t�e�m�a�s� �m�o�l�e�c�u�l�a�r�e�s

�e�n�v�o�l�v�i�d�o�s�,� �c�o�m�o� �o�s� �c�o�m�p�l�e�x�o�s� �i�n�o�r�g�â�n�i�c�o�s

�c�i�c�l�o�m�e�t�a�l�a�d�o�s� �d�e� �I�r�í�d�i�o�(�I�I�I�)�,� �a�m�p�l�a�m�e�n�t�e

�u�t�i�l�i�z�a�d�o�s� �n�a� �t�e�c�n�o�l�o�g�i�a� �O�L�E�D� �d�e�v�i�d�o� �à�s

�s�u�a�s� �p�r�o�p�r�i�e�d�a�d�e�s� �l�u�m�i�n�i�s�c�e�n�t�e�s

�e�x�c�e�p�c�i�o�n�a�i�s� �(�B�r�i�d�g�e�s� �e�t� �a�l�.�,� �2�0�2�0�)�.

�O�s� �O�L�E�D�s� �s�ã�o� �d�i�s�p�o�s�i�t�i�v�o�s� �d�e

�i�l�u�m�i�n�a�ç�ã�o� �e� �e�x�i�b�i�ç�ã�o� �q�u�e� �o�f�e�r�e�c�e�m

�v�a�n�t�a�g�e�n�s� �n�o�t�á�v�e�i�s�,� �c�o�m�o� �a�l�t�a� �e�f�i�c�i�ê�n�c�i�a

�l�u�m�i�n�o�s�a�,� �f�l�e�x�i�b�i�l�i�d�a�d�e� �d�e� �d�e�s�i�g�n� �e� �u�m�a

�v�e�r�s�a�t�i�l�i�d�a�d�e� �d�e� �c�o�r�e�s� �n�o� �e�s�p�e�c�t�r�o� �v�i�s�í�v�e�l�.� �A

�p�e�r�f�o�r�m�a�n�c�e� �d�e�s�s�e�s� �d�i�s�p�o�s�i�t�i�v�o�s� �d�e�p�e�n�d�e

�f�o�r�t�e�m�e�n�t�e� �d�a�s� �p�r�o�p�r�i�e�d�a�d�e�s� �d�o�s� �c�o�m�p�l�e�x�o�s

�d�e� �I�r�(�I�I�I�)� �u�s�a�d�o�s� �c�o�m�o� �e�m�i�s�s�o�r�e�s� �(�N�e�v�i�l�l�e� �e�t

�a�l�.�,� �2�0�1�6�;� �M�a�r�s�h�a�l�l� �e�t� �a�l�.�,� �2�0�1�5�;� �W�a�n�g� �e�t� �a�l�.�,

�2�0�1�8�)�.� �E�s�t�e�s� �c�o�m�p�l�e�x�o�s� �p�o�s�s�u�e�m

�c�a�r�a�c�t�e�r�í�s�t�i�c�a�s� �ó�p�t�i�c�a�s� �e� �e�l�e�t�r�ô�n�i�c�a�s� �ú�n�i�c�a�s
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�q�u�e� �p�o�d�e�m� �s�e�r� �p�r�e�v�i�s�t�a�s� �p�e�l�a� �s�i�m�u�l�a�ç�ã�o

�c�o�m�p�u�t�a�c�i�o�n�a�l�,� �f�a�c�i�l�i�t�a�n�d�o� �a� �c�o�m�p�r�e�e�n�s�ã�o� �e

�o� �a�p�r�i�m�o�r�a�m�e�n�t�o� �d�o�s� �d�i�s�p�o�s�i�t�i�v�o�s� �(�B�r�i�d�g�e�s

�e�t� �a�l�.�,� �2�0�2�0�;� �O�l�i�v�e�i�r�a� �e�t� �a�l�.�,� �2�0�1�5�)�.

�Q�u�a�t�r�o� �c�o�m�p�l�e�x�o�s� �b�i�s�-�c�i�c�l�o�m�e�t�a�l�a�d�o�s

�d�e� �I�r�(�I�I�I�)� �f�o�r�a�m� �s�i�n�t�e�t�i�z�a�d�o�s� �p�e�l�o� �g�r�u�p�o� �d�e

�p�e�s�q�u�i�s�a� �d�a� �P�r�o�f�ª� �K�a�r�i�n�a� �F�r�i�n� �c�o�m� �e�s�t�r�u�t�u�r�a

�g�e�r�a�l� �[�I�r�(�C�N�)�2�(�N�N�)�]�P�F�6�,� �c�o�n�f�o�r�m�e� �f�i�g�u�r�a� �2�.

�O�s� �l�i�g�a�n�t�e�s� �C�N� �s�e�l�e�c�i�o�n�a�d�o�s� �f�o�r�a�m

�C�N�1� �=� �2�-�f�e�n�i�l�-�p�i�r�i�d�i�n�a� �(�p�p�y�)� �e� �C�N�2� �=

�2�-�(�2�,�4�-�d�i�f�l�u�o�r�)�f�e�n�i�l�p�i�r�i�d�i�n�a� �(�F�p�p�y�)�,� �e�n�q�u�a�n�t�o

�o�s� �l�i�g�a�n�t�e�s� �N�N� �e�s�c�o�l�h�i�d�o�s� �f�o�r�a�m� �N�N�1� �=

�5�-�a�m�i�n�o�-�1�,�1�0�-�f�e�n�a�n�t�r�o�l�i�n�a� �(�N�H�2�p�h�e�n�)� �e

�N�N�2� �=� �5�-�n�i�t�r�o�-�1�,�1�0�-�f�e�n�a�n�t�r�o�l�i�n�a� �(�N�O�2�p�h�e�n�)�,

�r�e�s�u�l�t�a�n�d�o� �n�o�s� �c�o�m�p�l�e�x�o�s� �I�r�1�,� �I�r�2�,� �I�r�3� �e� �I�r�4�.� �A

�i�n�c�o�r�p�o�r�a�ç�ã�o� �d�e� �u�m� �f�o�r�t�e� �g�r�u�p�o� �d�o�a�d�o�r�,

�a�m�i�n�o� �(�N�H�2�)�,� �e� �u�m� �f�o�r�t�e� �r�e�t�i�r�a�d�o�r� �d�e

�e�l�é�t�r�o�n�s�,� �n�i�t�r�o� �(�N�O�2�)�,� �n�a� �p�o�s�i�ç�ã�o� �5� �d�o� �l�i�g�a�n�t�e

�p�o�l�i�p�i�r�i�d�í�n�i�c�o� �N�N�,� �e� �a� �a�d�i�ç�ã�o� �d�e� �á�t�o�m�o�s� �d�e

�f�l�ú�o�r� �c�o�m�o� �r�e�t�i�r�a�d�o�r� �d�e� �e�l�é�t�r�o�n�s� �a�o� �l�i�g�a�n�t�e

�C�N� �p�e�r�m�i�t�i�u� �m�o�d�u�l�a�r� �a� �e�n�e�r�g�i�a� �d�o�s� �e�s�t�a�d�o�s

�e�x�c�i�t�a�d�o�s� �d�o�s� �c�o�m�p�l�e�x�o�s�.� �A�l�é�m� �d�a� �p�a�r�t�e

�e�x�p�e�r�i�m�e�n�t�a�l� �d�e�s�e�n�v�o�l�v�i�d�a�,� �o� �p�r�e�s�e�n�t�e

�p�r�o�j�e�t�o� �v�i�s�a� �c�o�m�p�l�e�m�e�n�t�a�r� �e� �i�n�t�e�r�p�r�e�t�a�r� �o�s

�e�s�p�e�c�t�r�o�s� �u�s�a�n�d�o� �a� �s�i�m�u�l�a�ç�ã�o

�c�o�m�p�u�t�a�c�i�o�n�a�l� �p�a�r�a� �o�s� �q�u�a�t�r�o� �c�o�m�p�l�e�x�o�s�.

�P�a�r�a� �o� �e�s�t�u�d�o� �d�o�s� �c�o�m�p�l�e�x�o�s� �(�I�r�1�,� �I�r�2�,

�I�r�3� �e� �I�r�4�)�,� �u�t�i�l�i�z�o�u�-�s�e� �a� �t�e�o�r�i�a� �d�o� �f�u�n�c�i�o�n�a�l� �d�a

�d�e�n�s�i�d�a�d�e� �d�e�p�e�n�d�e�n�t�e� �d�o� �t�e�m�p�o� �(�T�D�-�D�F�T�,

�T�i�m�e� �D�e�p�e�n�d�e�n�t� �D�e�n�s�i�t�y� �F�u�n�c�t�i�o�n�a�l� �T�h�e�o�r�y�)

�q�u�e� �é� �u�m�a� �f�e�r�r�a�m�e�n�t�a� �ú�t�i�l� �n�a� �s�i�m�u�l�a�ç�ã�o

�c�o�m�p�u�t�a�c�i�o�n�a�l� �a�p�l�i�c�a�d�a� �à� �e�s�p�e�c�t�r�o�s�c�o�p�i�a� �d�e

�c�o�m�p�l�e�x�o�s� �i�n�o�r�g�â�n�i�c�o�s� �(�O�l�i�v�e�i�r�a� �e�t� �a�l�.�,� �2�0�1�5�;

�S�o�u�s�a� �e�t� �a�l�.�,� �2�0�1�6�;� �B�e�r�t�o�l�a�m�i� �e�t� �a�l�.�,� �2�0�1�8�)�.� �A

�T�D�-�D�F�T� �p�e�r�m�i�t�e� �a� �m�o�d�e�l�a�g�e�m� �p�r�e�c�i�s�a� �d�e

�p�r�o�p�r�i�e�d�a�d�e�s� �e�l�e�t�r�ô�n�i�c�a�s� �e� �ó�p�t�i�c�a�s�,� �c�o�m�o

�e�s�p�e�c�t�r�o�s� �d�e� �a�b�s�o�r�ç�ã�o� �e� �e�m�i�s�s�ã�o�,� �a�o� �p�r�e�v�e�r

�c�o�m�o� �a�s� �t�r�a�n�s�i�ç�õ�e�s� �e�l�e�t�r�ô�n�i�c�a�s� �o�c�o�r�r�e�m� �e�m

�u�m�a� �m�o�l�é�c�u�l�a� �(�B�r�i�d�g�e�s� �e�t� �a�l�.�,� �2�0�2�0�;� �O�l�i�v�e�i�r�a

�e�t� �a�l�.�,� �2�0�1�5�)�.� �E�s�s�a� �a�b�o�r�d�a�g�e�m� �é� �ú�t�i�l� �p�a�r�a� �a

�a�n�á�l�i�s�e� �d�e� �c�o�m�p�l�e�x�o�s� �d�e� �i�r�í�d�i�o�(�I�I�I�)�,� �p�o�i�s

�f�o�r�n�e�c�e� �i�n�f�o�r�m�a�ç�õ�e�s� �d�e�t�a�l�h�a�d�a�s� �s�o�b�r�e� �a�s

�t�r�a�n�s�i�ç�õ�e�s� �e�n�t�r�e� �e�s�t�a�d�o�s� �e�l�e�t�r�ô�n�i�c�o�s� �q�u�e� �s�ã�o

�r�e�s�p�o�n�s�á�v�e�i�s� �p�e�l�a� �a�b�s�o�r�ç�ã�o� �e� �e�m�i�s�s�ã�o� �d�e

�l�u�z� �e� �o�s� �n�í�v�e�i�s� �d�e� �e�n�e�r�g�i�a� �H�O�M�O� �e� �L�U�M�O�.

�F�i�g�u�r�a� �2�:� �E�s�t�r�u�t�u�r�a� �q�u�í�m�i�c�a�s� �d�o�s� �c�o�m�p�l�e�x�o�s
�[�I�r�(�C�N�)�2�(�N�N�)�]�P�F�6� �e� �i�d�e�n�t�i�f�i�c�a�ç�ã�o� �d�o�s� �l�i�g�a�n�t�e�s�.

�F�o�n�t�e�:� �A�u�t�o�r�i�a� �p�r�ó�p�r�i�a

�N�o� �e�s�p�e�c�t�r�o� �u�l�t�r�a�v�i�o�l�e�t�a� �e� �v�i�s�í�v�e�l

�(�U�V�-�V�i�s�)�,� �a� �T�D�-�D�F�T� �p�o�d�e� �p�r�e�v�e�r� �a� �p�o�s�i�ç�ã�o� �e

�a� �i�n�t�e�n�s�i�d�a�d�e� �d�o�s� �p�i�c�o�s� �d�e� �a�b�s�o�r�ç�ã�o�,

�o�f�e�r�e�c�e�n�d�o� �i�n�f�o�r�m�a�ç�õ�e�s� �s�o�b�r�e� �a� �e�s�t�r�u�t�u�r�a

�d�o�s� �e�s�t�a�d�o�s� �e�x�c�i�t�a�d�o�s� �e� �a� �n�a�t�u�r�e�z�a� �d�a�s

�t�r�a�n�s�i�ç�õ�e�s� �e�l�e�t�r�ô�n�i�c�a�s�(�W�a�n�g� �e�t� �a�l�.�,� �2�0�1�8�;

�S�m�i�t�h� �e�t� �a�l�.�,� �2�0�1�8�;� �V�o�g�e�l� �e�t� �a�l�.�,� �2�0�2�0�;
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�B�r�i�d�g�e�s� �e�t� �a�l�.�,� �2�0�2�0�)�.� �P�a�r�a� �o�s� �c�o�m�p�l�e�x�o�s� �d�e

�i�r�í�d�i�o�(�I�I�I�)�,� �q�u�e� �f�r�e�q�u�e�n�t�e�m�e�n�t�e� �e�x�i�b�e�m

�b�a�n�d�a�s� �d�e� �a�b�s�o�r�ç�ã�o� �e� �e�m�i�s�s�ã�o� �a�s�s�o�c�i�a�d�a�s

�a� �t�r�a�n�s�i�ç�õ�e�s� �m�e�t�a�l�-�t�o�-�l�i�g�a�n�d� �c�h�a�r�g�e� �t�r�a�n�s�f�e�r

�(�M�L�C�T�)�,� �a� �T�D�-�D�F�T� �é� �p�a�r�t�i�c�u�l�a�r�m�e�n�t�e� �e�f�i�c�a�z

�n�a� �m�o�d�e�l�a�g�e�m� �d�e�s�s�a�s� �c�a�r�a�c�t�e�r�í�s�t�i�c�a�s

�(�S�m�i�t�h� �e�t� �a�l�.�,� �2�0�1�8�;� �V�o�g�e�l� �e�t� �a�l�.�,� �2�0�2�0�;

�B�r�i�d�g�e�s� �e�t� �a�l�.�,� �2�0�2�0�)�.� �O� �e�n�t�e�n�d�i�m�e�n�t�o

�d�e�s�s�a�s� �t�r�a�n�s�i�ç�õ�e�s� �é� �f�u�n�d�a�m�e�n�t�a�l� �p�a�r�a� �o

�d�e�s�e�n�v�o�l�v�i�m�e�n�t�o� �d�e� �m�a�t�e�r�i�a�i�s� �c�o�m� �a�s

�p�r�o�p�r�i�e�d�a�d�e�s� �l�u�m�i�n�e�s�c�e�n�t�e�s� �d�e�s�e�j�a�d�a�s�.

�A� �c�o�m�p�l�e�m�e�n�t�a�r�i�d�a�d�e� �e�n�t�r�e

�s�i�m�u�l�a�ç�õ�e�s� �t�e�ó�r�i�c�a�s� �e� �e�x�p�e�r�i�m�e�n�t�o�s� �é� �v�i�t�a�l

�p�a�r�a� �a� �v�a�l�i�d�a�ç�ã�o� �e� �a�p�r�i�m�o�r�a�m�e�n�t�o� �d�e

�m�o�d�e�l�o�s� �c�o�m�p�u�t�a�c�i�o�n�a�i�s�.� �E�n�q�u�a�n�t�o� �a

�s�i�m�u�l�a�ç�ã�o� �f�o�r�n�e�c�e� �p�r�e�v�i�s�õ�e�s� �e� �o�r�i�e�n�t�a�ç�õ�e�s

�s�o�b�r�e� �a�s� �p�r�o�p�r�i�e�d�a�d�e�s� �d�o�s� �m�a�t�e�r�i�a�i�s�,� �o�s

�d�a�d�o�s� �e�x�p�e�r�i�m�e�n�t�a�i�s� �c�o�n�f�i�r�m�a�m� �e�s�s�a�s

�p�r�e�v�i�s�õ�e�s� �e� �p�o�d�e�m� �r�e�v�e�l�a�r� �a�s�p�e�c�t�o�s� �n�ã�o

�p�r�e�v�i�s�t�o�s� �p�e�l�o�s� �m�o�d�e�l�o�s� �t�e�ó�r�i�c�o�s�.� �E�m

�p�a�r�t�i�c�u�l�a�r�,� �o�s� �e�x�p�e�r�i�m�e�n�t�o�s� �d�e

�e�s�p�e�c�t�r�o�s�c�o�p�i�a� �U�V�-�V�i�s� �p�o�d�e�m� �s�e�r� �u�t�i�l�i�z�a�d�o�s

�p�a�r�a� �v�a�l�i�d�a�r� �a�s� �p�r�e�v�i�s�õ�e�s� �f�e�i�t�a�s� �p�e�l�a� �T�D�-�D�F�T

�e� �a�j�u�s�t�a�r� �o�s� �p�a�r�â�m�e�t�r�o�s� �d�o� �m�o�d�e�l�o� �p�a�r�a

�m�e�l�h�o�r� �r�e�p�r�e�s�e�n�t�a�r� �o� �c�o�m�p�o�r�t�a�m�e�n�t�o� �r�e�a�l� �d�o

�m�a�t�e�r�i�a�l� �(�W�a�n�g� �e�t� �a�l�.�,� �2�0�1�8�;� �S�m�i�t�h� �e�t� �a�l�.�,

�2�0�1�8�;� �V�o�g�e�l� �e�t� �a�l�.�,� �2�0�2�0�;� �B�r�i�d�g�e�s� �e�t� �a�l�.�,

�2�0�2�0�)�.

�A� �c�o�m�b�i�n�a�ç�ã�o� �d�e� �p�r�e�v�i�s�õ�e�s� �t�e�ó�r�i�c�a�s

�c�o�m� �v�a�l�i�d�a�ç�õ�e�s� �e�x�p�e�r�i�m�e�n�t�a�i�s� �n�ã�o� �s�ó

�p�r�o�p�o�r�c�i�o�n�a� �u�m�a� �c�o�m�p�r�e�e�n�s�ã�o� �m�a�i�s

�p�r�o�f�u�n�d�a� �d�a�s� �p�r�o�p�r�i�e�d�a�d�e�s� �d�o�s� �m�a�t�e�r�i�a�i�s�,

�m�a�s� �t�a�m�b�é�m� �o�r�i�e�n�t�a� �o� �d�e�s�e�n�v�o�l�v�i�m�e�n�t�o� �d�e

�t�e�c�n�o�l�o�g�i�a�s� �m�a�i�s� �a�v�a�n�ç�a�d�a�s� �e� �e�f�i�c�a�z�e�s

�(�S�o�u�s�a� �e�t� �a�l�.�,� �2�0�1�6�;� �B�e�r�t�o�l�a�m�i� �e�t� �a�l�.�,� �2�0�1�8�)�.

�P�o�r� �e�x�e�m�p�l�o�,� �a� �s�i�m�u�l�a�ç�ã�o� �d�e� �e�s�p�e�c�t�r�o�s� �d�e

�a�b�s�o�r�ç�ã�o� �e� �e�m�i�s�s�ã�o� �p�o�d�e� �a�j�u�d�a�r� �a

�i�d�e�n�t�i�f�i�c�a�r� �q�u�a�i�s� �c�o�n�f�i�g�u�r�a�ç�õ�e�s� �e� �e�s�t�a�d�o�s

�e�x�c�i�t�a�d�o�s� �d�o�s� �c�o�m�p�l�e�x�o�s� �d�e� �i�r�í�d�i�o�(�I�I�I�)� �s�ã�o

�m�a�i�s� �p�r�o�m�i�s�s�o�r�e�s� �p�a�r�a� �a�p�l�i�c�a�ç�õ�e�s

�e�s�p�e�c�í�f�i�c�a�s� �e�m� �O�L�E�D�s� �(�W�a�n�g� �e�t� �a�l�.�,� �2�0�1�8�)�.

�2�.� �O�b�j�e�t�i�v�o�s

�O�s� �p�r�i�n�c�i�p�a�i�s� �o�b�j�e�t�i�v�o�s� �d�o� �p�r�e�s�e�n�t�e

�t�r�a�b�a�l�h�o� �e�n�v�o�l�v�e�m� �e�s�t�u�d�a�r� �v�i�a� �s�i�m�u�l�a�ç�ã�o

�T�D�/�D�F�T� �o�s� �c�o�m�p�l�e�x�o�s� �d�e� �i�r�í�d�i�o�(�I�I�I�)�,� �I�r�1�,� �I�r�2�,

�I�r�3� �e� �I�r�4�,� �b�u�s�c�a�n�d�o�:� �(�i�)� �o�t�i�m�i�z�a�r� �a� �g�e�o�m�e�t�r�i�a

�m�o�l�e�c�u�l�a�r� �d�o�s� �c�o�m�p�l�e�x�o�s� �p�a�r�a� �o� �m�í�n�i�m�o� �d�e

�e�n�e�r�g�i�a�;� �(�i�i�)� �s�i�m�u�l�a�r� �a�s� �t�r�a�s�i�ç�õ�e�s� �e�l�e�t�r�ô�n�i�c�a�s

�(�a�b�s�o�r�ç�ã�o� �e� �e�m�i�s�s�ã�o�)�;� �(�i�i�i�)� �i�d�e�n�t�i�f�i�c�c�a�r� �a

�n�a�t�u�r�e�z�a� �d�o�s� �e�s�t�a�d�o�s� �e�x�c�i�t�a�d�o�s� �e�n�v�o�l�v�i�d�o�s

�n�a�s� �t�r�a�n�s�i�ç�õ�e�s�,� �e� �(�i�v�)� �c�á�l�c�u�l�a�r� �p�r�o�p�r�i�e�d�a�d�e�s

�ó�p�t�i�c�a�s� �e�s�p�e�c�í�f�i�c�a�s�.� �A�l�é�m� �d�i�s�s�o�,� �v�e�r�i�f�i�c�a�r� �a

�c�o�n�c�o�r�d�â�n�c�i�a� �e�n�t�r�e� �a� �t�e�o�r�i�a� �e� �o�s� �d�a�d�o�s

�e�x�p�e�r�i�m�e�n�t�a�i�s� �e�s�p�e�c�t�r�o�s�c�ó�p�i�c�o�s� �e

�e�l�e�t�r�o�q�u�í�m�i�c�o�s� �d�i�s�p�o�n�í�v�e�i�s� �.

�3�.� �M�a�t�e�r�i�a�i�s� �e� �M�é�t�o�d�o�s

�N�e�s�t�e� �t�r�a�b�a�l�h�o�,� �o� �s�o�f�t�w�a�r�e� �O�R�C�A

�v�e�r�s�ã�o� �5�.�0�.�3� �f�o�i� �e�m�p�r�e�g�a�d�o� �d�e�v�i�d�o� �à� �s�u�a

�e�f�i�c�i�ê�n�c�i�a� �e� �c�a�p�a�c�i�d�a�d�e� �d�e� �l�i�d�a�r� �c�o�m

�s�i�s�t�e�m�a�s� �c�o�m�p�l�e�x�o�s� �c�o�m� �p�r�e�c�i�s�ã�o�.� �O�R�C�A� �é

�a�m�p�l�a�m�e�n�t�e� �u�t�i�l�i�z�a�d�o� �p�a�r�a� �c�á�l�c�u�l�o�s� �d�e

�q�u�í�m�i�c�a� �q�u�â�n�t�i�c�a� �e� �é� �c�o�n�h�e�c�i�d�o� �p�o�r� �s�u�a
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�f�l�e�x�i�b�i�l�i�d�a�d�e� �e� �i�n�t�e�g�r�a�ç�ã�o� �c�o�m� �d�i�f�e�r�e�n�t�e�s

�f�u�n�c�i�o�n�a�i�s� �e� �c�o�n�j�u�n�t�o�s� �d�e� �b�a�s�e�s�.� �A�l�é�m

�d�i�s�s�o�,� �o� �c�l�u�s�t�e�r� �T�i�t�â�n�i�o�,� �s�u�p�e�r�c�o�m�p�u�t�a�d�o�r� �d�a

�U�n�i�v�e�r�s�i�d�a�d�e� �F�e�d�e�r�a�l� �d�o� �A�B�C�,� �f�o�i� �u�t�i�l�i�z�a�d�o

�p�a�r�a� �o� �p�r�o�c�e�s�s�a�m�e�n�t�o� �d�o�s� �c�á�l�c�u�l�o�s�.� �O

�p�r�o�c�e�s�s�o� �d�e� �s�i�m�u�l�a�ç�ã�o� �d�a�s� �p�r�o�p�r�i�e�d�a�d�e�s

�f�o�t�o�f�í�s�i�c�a�s� �e� �o�b�t�e�n�ç�ã�o� �d�o�s� �e�s�p�e�c�t�r�o�s� �d�e

�a�b�s�o�r�ç�ã�o� �e� �e�m�i�s�s�ã�o� �u�s�a�n�d�o� �T�D�-�D�F�T� �p�a�r�a

�o�s� �c�o�m�p�l�e�x�o�s� �(�I�r�1�,� �I�r�2� �,� �I�r�3 �e� �I�r�4�)� �f�o�i� �d�e�s�c�r�i�t�o� �a

�s�e�g�u�i�r �(�A�m�a�r�a�l� �e�t� �a�l�.�,� �2�0�2�0�;� �N�e�v�i�l�l�e� �e�t� �a�l�.�,

�2�0�1�6�;� �M�a�r�s�h�a�l�l� �e�t� �a�l�.�,� �2�0�1�5�)�.

�3�.�1� � �B�a�s�e�s� �e� �f�u�n�c�i�o�n�a�i�s

�F�o�i� �u�t�i�l�i�z�a�d�o� �o� �f�u�n�c�i�o�n�a�l� �h�í�b�r�i�d�o

�B�3�L�Y�P� �(�B�e�c�k�e�,� �3�-�p�a�r�a�m�e�t�e�r�,� �L�e�e�-�Y�a�n�g�-�P�a�r�r�)

�e� �c�o�n�j�u�n�t�o� �d�e� �b�a�s�e� �L�A�N�L�2�D�Z

�(�L�o�s� �A�l�a�m�o�s� �N�a�t�i�o�n�a�l� �L�a�b�o�r�a�t�o�r�y� �2� �d�o�u�b�l�e� �z

�e�t�a�)�.� �O� �f�u�n�c�i�o�n�a�l� �B�3�L�Y�P� �é� �u�m�a� �c�o�m�b�i�n�a�ç�ã�o

�h�í�b�r�i�d�a� �q�u�e� �i�n�c�o�r�p�o�r�a� �t�r�o�c�a� �(�e�x�c�h�a�n�g�e�)� �e

�c�o�r�r�e�l�a�ç�ã�o� �(�c�o�r�r�e�l�a�t�i�o�n�)� �d�e� �d�i�f�e�r�e�n�t�e�s� �t�e�o�r�i�a�s

�(�S�o�u�s�a� �e�t� �a�l�.�,� �2�0�1�6�;� �B�e�r�t�o�l�a�m�i� �e�t� �a�l�.�,� �2�0�1�8�)�.

�E�l�e� �c�o�m�b�i�n�a� �a� �t�r�o�c�a� �d�e� �B�e�c�k�e� �c�o�m� �o

�f�u�n�c�i�o�n�a�l� �d�e� �c�o�r�r�e�l�a�ç�ã�o� �d�e� �L�e�e�,� �Y�a�n�g� �e� �P�a�r�r�.

�É� �a�m�p�l�a�m�e�n�t�e� �u�t�i�l�i�z�a�d�o� �d�e�v�i�d�o� �à� �s�u�a� �b�o�a

�p�e�r�f�o�r�m�a�n�c�e� �n�a� �d�e�s�c�r�i�ç�ã�o� �d�e� �p�r�o�p�r�i�e�d�a�d�e�s

�e�l�e�t�r�ô�n�i�c�a�s� �e� �g�e�o�m�é�t�r�i�c�a�s� �e�m� �m�o�l�é�c�u�l�a�s

�o�r�g�â�n�i�c�a�s� �e� �i�n�o�r�g�â�n�i�c�a�s�.� �N�o� �c�o�n�t�e�x�t�o� �d�o�s

�c�o�m�p�l�e�x�o�s� �d�e� �i�r�í�d�i�o�(�I�I�I�)�,� �o� �B�3�L�Y�P� �é� �e�f�i�c�a�z� �n�a

�m�o�d�e�l�a�g�e�m� �d�a�s� �i�n�t�e�r�a�ç�õ�e�s� �e�l�e�t�r�ô�n�i�c�a�s� �e� �n�a

�p�r�e�v�i�s�ã�o� �d�e� �c�a�r�a�c�t�e�r�í�s�t�i�c�a�s

�e�s�p�e�c�t�r�o�s�c�ó�p�i�c�a�s� �d�e�v�i�d�o� �a�o� �s�e�u� �e�q�u�i�l�í�b�r�i�o

�e�n�t�r�e� �p�r�e�c�i�s�ã�o� �e� �e�f�i�c�i�ê�n�c�i�a� �c�o�m�p�u�t�a�c�i�o�n�a�l

�(�S�o�u�s�a� �e�t� �a�l�.�,� �2�0�1�6�;� �B�e�r�t�o�l�a�m�i� �e�t� �a�l�.�,� �2�0�1�8�)�.

�O� �f�u�n�c�i�o�n�a�l� �L�A�N�L�2�D�Z� �é� �u�m� �t�i�p�o� �d�e

�c�o�n�j�u�n�t�o� �d�e� �b�a�s�e�s� �q�u�e� �u�t�i�l�i�z�a

�p�s�e�u�d�o�p�o�t�e�n�c�i�a�i�s� �p�a�r�a� �t�r�a�t�a�r� �á�t�o�m�o�s

�p�e�s�a�d�o�s�,� �c�o�m�o� �o� �i�r�í�d�i�o� �(�S�o�u�s�a� �e�t� �a�l�.�,� �2�0�1�6�;

�B�e�r�t�o�l�a�m�i� �e�t� �a�l�.�,� �2�0�1�8�)�.� �E�l�e� �é� �p�a�r�t�i�c�u�l�a�r�m�e�n�t�e

�ú�t�i�l� �p�a�r�a� �s�i�s�t�e�m�a�s� �c�o�n�t�e�n�d�o� �m�e�t�a�i�s� �d�e

�t�r�a�n�s�i�ç�ã�o�,� �p�o�i�s� �s�i�m�p�l�i�f�i�c�a� �o� �t�r�a�t�a�m�e�n�t�o� �d�o�s

�o�r�b�i�t�a�i�s� �i�n�t�e�r�n�o�s� �e�n�q�u�a�n�t�o� �f�o�r�n�e�c�e� �u�m�a

�d�e�s�c�r�i�ç�ã�o� �p�r�e�c�i�s�a� �d�o�s� �o�r�b�i�t�a�i�s� �e�x�t�e�r�n�o�s�.� �I�s�s�o

�p�e�r�m�i�t�e� �u�m�a� �m�o�d�e�l�a�g�e�m� �m�a�i�s� �e�f�i�c�i�e�n�t�e� �e

�p�r�e�c�i�s�a� �d�a�s� �p�r�o�p�r�i�e�d�a�d�e�s� �e�l�e�t�r�ô�n�i�c�a�s� �d�o�s

�c�o�m�p�l�e�x�o�s� �m�e�t�á�l�i�c�o�s� �(�S�o�u�s�a� �e�t� �a�l�.�,� �2�0�1�6�;

�B�e�r�t�o�l�a�m�i� �e�t� �a�l�.�,� �2�0�1�8�)�.� �J�u�n�t�o�s�,� �T�D�-�D�F�T�,

�B�3�L�Y�P� �e� �L�A�N�L�2�D�Z� �f�o�r�n�e�c�e�m� �u�m�a

�a�b�o�r�d�a�g�e�m� �r�o�b�u�s�t�a� �p�a�r�a� �a� �m�o�d�e�l�a�g�e�m� �d�a�s

�p�r�o�p�r�i�e�d�a�d�e�s� �e�l�e�t�r�ô�n�i�c�a�s� �e� �ó�p�t�i�c�a�s� �d�e

�c�o�m�p�l�e�x�o�s� �c�i�c�l�o�m�e�t�a�l�a�d�o�s�,� �p�e�r�m�i�t�i�n�d�o� �a

�s�i�m�u�l�a�ç�ã�o� �d�e�t�a�l�h�a�d�a� �d�e� �e�s�p�e�c�t�r�o�s� �e� �a

�c�o�m�p�r�e�e�n�s�ã�o� �d�a�s� �t�r�a�n�s�i�ç�õ�e�s� �e�l�e�t�r�ô�n�i�c�a�s

�e�n�v�o�l�v�i�d�a�s� �(�S�o�u�s�a� �e�t� �a�l�.�,� �2�0�1�6�;� �B�e�r�t�o�l�a�m�i� �e�t

�a�l�.�,� �2�0�1�8�)�.

�3�.�2� �O�t�i�m�i�z�a�ç�ã�o� �d�a� �e�s�t�r�u�t�u�r�a

�A� �e�s�t�r�u�t�u�r�a� �q�u�í�m�i�c�a� �d�o�s� �q�u�a�t�r�o

�c�o�m�p�l�e�x�o�s� �f�o�r�a�m� �d�e�s�e�n�h�a�d�a�s� �n�o� �s�o�f�t�w�a�r�e

�C�h�e�m�c�r�a�f�t�.� �E�m� �s�e�g�u�i�d�a�,� �a�s� �e�s�t�r�u�t�u�r�a�s� �d�o�s

�c�o�m�p�l�e�x�o�s� �f�o�r�a�m� �o�t�i�m�i�z�a�d�a�s� �e�m� �s�o�l�v�e�n�t�e� �d�e

�a�c�e�t�o�n�i�t�r�i�l�a� �u�s�a�n�d�o� �o� �f�u�n�c�i�o�n�a�l� �B�3�L�Y�P� �e� �a

�b�a�s�e� �L�A�N�L�2�D�Z� �n�o� �s�o�f�t�w�a�r�e� �d�o� �O�r�c�a� �(�S�o�u�s�a

�e�t� �a�l�.�,� �2�0�1�6�;� �B�e�r�t�o�l�a�m�i� �e�t� �a�l�.�,� �2�0�1�8�)�.� �A�p�ó�s� �o
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�r�e�s�u�l�t�a�d�o�,� �v�e�r�i�f�i�c�o�u�-�s�e� �a� �e�x�i�s�t�ê�n�c�i�a� �d�e

�f�r�e�q�u�ê�n�c�i�a�s� �i�m�a�g�i�n�á�r�i�a�s� �n�o� �e�s�p�e�c�t�r�o

�v�i�b�r�a�c�i�o�n�a�l�,� �c�a�s�o� �h�o�u�v�e�s�s�e� �o�s� �c�á�l�c�u�l�o�s� �e�r�a�m

�r�e�i�n�i�c�i�a�d�o�s� �c�o�m� �a�j�u�s�t�e� �d�o� �s�c�r�i�p�t�.� �A�p�ó�s� �a

�a�u�s�ê�n�c�i�a� �d�a�s� �f�r�e�q�u�ê�n�c�i�a�s� �n�e�g�a�t�i�v�a�s�,� �o�b�t�e�v�e�-

�s�e� �a� �e�s�t�r�u�t�u�r�a� �o�t�i�m�i�z�a�d�a� �d�e� �m�e�n�o�r� �e�n�e�r�g�i�a

�d�o� �e�s�t�a�d�o� �f�u�n�d�a�m�e�n�t�a�l� �(�S�0�)�.� �O�s� �e�s�p�e�c�t�r�o�s

�d�e� �i�n�f�r�a�v�e�r�m�e�l�h�o� �e�m� �S�o� �f�o�r�a�m� �c�o�n�s�t�r�u�í�d�o�s� �a

�p�a�r�t�i�r� �d�a�s� �t�r�a�n�s�i�ç�õ�e�s� �v�e�r�t�i�c�a�i�s� �m�a�i�s� �i�n�t�e�n�s�a�s�,

�a�p�l�i�c�a�n�d�o�-�s�e� �o� �a�l�a�r�g�a�m�e�n�t�o� �d�e� �L�o�r�e�n�t�z�.

�T�a�m�b�é�m� �f�o�r�a�m� �r�e�a�l�i�z�a�d�a�s� �a�s� �o�t�i�m�i�z�a�ç�õ�e�s� �d�a

�e�s�t�r�u�t�u�r�a� �d�o� �e�s�t�a�d�o� �e�x�c�i�t�a�d�o� �t�r�i�p�l�e�t�e� �(�T�1�)� �e

�s�i�n�g�l�e�t�e� �(�S�1�)� �p�a�r�a� �i�n�v�e�s�t�i�g�a�r� �o

�c�o�m�p�o�r�t�a�m�e�n�t�o� �d�e� �e�m�i�s�s�ã�o� �d�o�s� �c�o�m�p�l�e�x�o�s�.

�T�o�d�o�s� �o�s� �g�r�á�f�i�c�o�s� �f�o�r�a�m� �g�e�r�a�d�o�s� �v�i�a

�s�o�f�t�w�a�r�e� �O�r�i�g�i�n� �v�e�r�s�ã�o� �2�0�2�4�b�.

�3�.�3� �O�b�t�e�n�ç�ã�o� �d�o�s� �e�s�p�e�c�t�r�o�s� �e�l�e�t�r�ô�n�i�c�o�s

�d�e� �a�b�s�o�r�ç�ã�o� �n�a� �r�e�g�i�ã�o� �d�o� �U�V�-�V�i�s

�A�p�ó�s� �a� �o�t�i�m�i�z�a�ç�ã�o� �d�a� �e�s�t�r�u�t�u�r�a� �d�o�s

�c�o�m�p�l�e�x�o�s�,� �o�s� �e�s�p�e�c�t�r�o�s� �d�e� �a�b�s�o�r�ç�ã�o� �f�o�r�a�m

�o�b�t�i�d�o�s� �e�m�p�r�e�g�a�n�d�o� �a� �t�e�o�r�i�a� �T�D�-�D�F�T

�a�p�l�i�c�a�n�d�o� �a� �m�u�l�t�i�p�l�i�c�i�d�a�d�e� �s�i�n�g�l�e�t�e� �o�u� �t�r�i�p�l�e�t�e

�(�A�m�a�r�a�l� �e�t� �a�l�.�,� �2�0�2�0�;� �N�e�v�i�l�l�e� �e�t� �a�l�.�,� �2�0�1�6�;

�M�a�r�s�h�a�l�l� �e�t� �a�l�.�,� �2�0�1�5�)�.� �O�s� �c�á�l�c�u�l�o�s� �f�o�r�a�m

�r�e�a�l�i�z�a�d�o�s�,� �s�i�m�u�l�a�n�d�o� �o� �m�e�i�o� �d�e� �s�o�l�v�e�n�t�e

�a�c�e�t�o�n�i�t�r�i�l�a� �(�S�o�u�s�a� �e�t� �a�l�.�,� �2�0�1�6�;� �B�e�r�t�o�l�a�m�i� �e�t

�a�l�.�,� �2�0�1�8�)�.� �A� �p�a�r�t�i�r� �d�o� �c�á�l�c�u�l�o� �d�a�s� �t�r�a�n�s�i�ç�õ�e�s

�v�e�r�t�i�c�a�i�s� �e� �s�u�a�s� �r�e�s�p�e�c�t�i�v�a�s� �e�n�e�r�g�i�a�s� �e

�i�n�t�e�n�s�i�d�a�d�e�s� �a�s�s�o�c�i�a�d�a�s�,� �u�t�i�l�i�z�o�u�-�s�e� �o

�c�o�n�t�o�r�n�o� �d�a�s� �l�i�n�h�a�s� �e�s�p�e�c�t�r�a�i�s� �v�i�a

�a�l�a�r�g�a�m�e�n�t�o� �d�e� �L�o�r�e�n�t�z� �p�a�r�a� �o�b�t�e�n�ç�ã�o� �d�o�s

�e�s�p�e�c�t�r�o�s� �t�é�o�r�i�c�o�s�,� �o�s� �q�u�a�i�s� �f�o�r�a�m

�c�o�m�p�a�r�a�d�o�s� �c�o�m� �o�s� �r�e�s�u�l�t�a�d�o�s

�e�x�p�e�r�i�m�e�n�t�a�i�s� �n�o� �m�e�s�m�o� �s�o�l�v�e�n�t�e�.

�3�.�4� �O�b�t�e�n�ç�ã�o� �d�a�s� �s�u�p�e�r�f�í�c�i�e�s� �d�e� �o�r�b�i�t�a�i�s

�m�o�l�e�c�u�l�a�r�e�s

�P�a�r�a� �c�a�d�a� �t�r�a�n�s�i�ç�ã�o� �c�a�l�c�u�l�a�d�a�,� �u�m

�c�o�n�j�u�n�t�o� �d�e� �o�r�b�i�t�a�i�s� �f�o�r�a�m� �a�s�s�o�c�i�a�d�o�s

�(�A�m�a�r�a�l� �e�t� �a�l�.�,� �2�0�2�0�;� �N�e�v�i�l�l�e� �e�t� �a�l�.�,� �2�0�1�6�;

�O�l�i�v�e�i�r�a� �e�t� �a�l�.�,� �2�0�1�5�)�.� �A�s� �f�i�g�u�r�a�s� �d�o�s� �o�r�b�i�t�a�i�s

�m�o�l�e�c�u�l�a�r�e�s� �p�a�r�a� �c�a�d�a� �t�r�a�n�s�i�ç�ã�o� �e�l�e�t�r�ô�n�i�c�a

�f�o�r�a�m� �g�e�r�a�d�a�s� �a� �p�a�r�t�i�r� �d�o� �a�r�q�u�i�v�o� � �c�o�m

�e�x�t�e�n�s�ã�o� �.�o�u�t� �d�o� �O�R�C�A�.� �E�m� �s�e�g�u�i�d�a�,� �o

�s�o�f�t�w�a�r�e� �C�h�e�m�c�r�a�f�t� �g�e�r�o�u� �a�s� �f�i�g�u�r�a�s� �d�o�s

�o�r�b�i�t�a�i�s� �m�o�l�e�c�u�l�a�r�e�s� �o�b�t�i�d�o�s�.

�3�.�5� �G�e�r�a�ç�ã�o� �d�o�s� �o�r�b�i�t�a�i�s� �e�m� �e�s�t�a�d�o

�e�x�c�i�t�a�d�o� �t�r�i�p�l�e�t�e�.

�P�a�r�a� �a� �o�b�t�e�n�ç�ã�o� �d�o�s� �o�r�b�i�t�a�i�s� �e�m

�e�s�t�a�d�o�s� �t�r�i�p�l�e�t�e�s�,� �a� �g�e�o�m�e�t�r�i�a� �d�o� �c�o�m�p�l�e�x�o

�f�o�i� �o�t�i�m�i�z�a�d�a� �j�á� �e�m� �u�m�a� �c�o�n�f�i�g�u�r�a�ç�ã�o

�e�l�e�t�r�ô�n�i�c�a� �p�r�ó�x�i�m�a� �a�o� �e�s�t�a�d�o� �t�r�i�p�l�e�t�e

�(�A�m�a�r�a�l� �e�t� �a�l�.�,� �2�0�2�0�;� �N�e�v�i�l�l�e� �e�t� �a�l�.�,� �2�0�1�6�;

�M�a�r�s�h�a�l�l� �e�t� �a�l�.�,� �2�0�1�5�)�,� �p�o�i�s� �a�p�e�s�a�r� �d�a

�t�r�a�n�s�f�e�r�ê�n�c�i�a� �e�l�e�t�r�ô�n�i�c�a� �v�e�r�t�i�c�a�l� �n�ã�o

�p�e�r�t�u�r�b�a�r� �a� �g�e�o�m�e�t�r�i�a� �d�o� �c�o�m�p�l�e�x�o�,� �d�u�r�a�n�t�e

�o� �I�S�C� �e�s�s�a� �g�e�o�m�e�t�r�i�a� �p�o�d�e� �m�u�d�a�r�.� �O�s

�c�á�l�c�u�l�o�s� �n�e�s�s�a� �e�t�a�p�a� �f�o�r�a�m� �f�e�i�t�o�s� �e�m

�m�u�l�t�i�p�l�i�c�i�d�a�d�e� �t�r�i�p�l�e�t�e� �e� �a�s� �f�i�g�u�r�a�s� �d�e� �o�r�b�i�t�a�i�s

�f�o�r�a�m� �o�b�t�i�d�a�s�.
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�4�.� � � � �R�e�s�u�l�t�a�d�o�s� �e� �D�i�s�c�u�s�s�ã�o

�4�.� �1� �O�t�i�m�i�z�a�ç�ã�o� �d�e� �e�s�t�r�u�t�u�r�a

�A� �g�e�o�m�e�t�r�i�a� �d�o�s� �c�o�m�p�l�e�x�o�s� �I�r�1�-�I�r�4

�f�o�r�a�m �o�t�i�m�i�z�a�d�a�s� �p�a�r�a� �q�u�e� �a�s� �d�i�s�t�â�n�c�i�a�s� �e

�o�s� �â�n�g�u�l�o�s� � �d�e� �c�o�o�r�d�e�n�a�ç�ã�o� �a�o� �r�e�d�o�r� �d�o

�I�r�(�I�I�I�)� �m�i�n�i�m�i�z�a�s�s�e�m� �a� �e�n�e�r�g�i�a� �t�o�t�a�l� �d�o

�s�i�s�t�e�m�a�,� �r�e�s�u�l�t�a�n�d�o� �n�o� �a�r�r�a�n�j�o

�c�o�n�f�o�r�m�a�c�i�o�n�a�l� �d�e� �m�a�i�o�r� �e�s�t�a�b�i�l�i�d�a�d�e�.� �A

�f�i�g�u�r�a� �6� �(�A�)� �m�o�s�t�r�a� �o� �r�e�s�u�l�t�a�d�o� �d�a� �g�e�o�m�e�t�r�i�a

�o�t�i�m�i�z�a�d�a� �d�o� �c�o�m�p�l�e�x�o� �I�r�1� �n�o� �e�s�t�a�d�o

�f�u�n�d�a�m�e�n�t�a�l� �(�S�0�)�.� �S�e�l�e�c�i�o�n�o�u�-�s�e� �a� �e�s�f�e�r�a

�i�n�t�e�r�n�a� �d�e� �c�o�o�r�d�e�n�a�ç�ã�o�,� �f�i�g�u�r�a� �3�(�B�)� �e� �(�C�)�,

�p�a�r�a� �c�o�n�s�t�r�u�i�r� �a� �t�a�b�e�l�a� �1� �c�o�m� �o�s� �p�r�i�n�c�i�p�a�i�s

�d�a�d�o�s� �d�a� �g�e�o�m�e�t�r�i�a� �d�o�s� �c�o�m�p�l�e�x�o�s�,� �t�a�n�t�o

�d�o� �e�s�t�a�d�o� �S�0� �q�u�a�n�t�o� �p�a�r�a� �o�s� �e�s�t�a�d�o�s

�e�x�c�i�t�a�d�o�s� �s�i�n�g�l�e�t�e� �(�S�1�)� �e� �t�r�i�p�l�e�t�e� �(�T�1�)�.

�C�o�m� �b�a�s�e� �n�o�s� �r�e�s�u�l�t�a�d�o�s� �d�a� �t�a�b�e�l�a

�1�,� �o�b�s�e�r�v�o�u�-�s�e� �q�u�e� �a� �e�s�t�r�u�t�u�r�a� �m�o�l�e�c�u�l�a�r� �d�o

�e�s�t�a�d�o� �e�x�c�i�t�a�d�o� �m�u�d�a� �e�m� �c�o�m�p�a�r�a�ç�ã�o� �c�o�m

�a� �e�s�t�r�u�t�u�r�a� �m�o�l�e�c�u�l�a�r� �d�o� �e�s�t�a�d�o

�f�u�n�d�a�m�e�n�t�a�l�.� �A� �m�u�d�a�n�ç�a� �e�s�t�r�u�t�u�r�a�l� �f�o�i� �m�a�i�s

�i�n�t�e�n�s�a� �p�a�r�a� �o� �e�s�t�a�d�o� �e�x�c�i�t�a�d�o� �T�1� �d�o� �q�u�e� �o

�S�1�.� �N�a� �e�s�f�e�r�a� �d�e� �c�o�o�r�d�e�n�a�ç�ã�o� �i�n�t�e�r�n�a�,� �o�s

�c�o�m�p�r�i�m�e�n�t�o�s� �d�e� �l�i�g�a�ç�ã�o� �m�a�i�s� �a�f�e�t�a�d�o�s

�f�o�r�a�m� �d�o� �l�i�g�a�n�t�e� �N�N�,� �i�s�t�o� �é�,� �r�2� �e� �r�3�.� �P�o�r

�e�x�e�m�p�l�o�,� �n�o�t�e� �q�u�e� �p�a�r�a� �o� �c�o�m�p�l�e�x�o� �I�r�1�,� �o

�c�o�m�p�r�i�m�e�n�t�o� �d�a� �l�i�g�a�ç�ã�o� �r�2� �d�o� �l�i�g�a�n�t�e� �N�N� �e�m

�S�1� �e� �T�1� �f�o�i� �s�u�p�e�r�i�o�r� �a�o� �e�s�t�a�d�o� �S�0�,� �p�a�r�t�i�n�d�o� �d�e

�2�,�1�7�0 �Å� �e�m� �S�0�,� �a�t�i�n�g�i�n�d�o� �2�,�1�7�7� �Å� �e�m �S�1 �e

�2�,�1�9�6� �Å� �e�m �T�1�.� �A� �s�e�g�u�i�r� �f�o�i� �d�e�t�a�l�h�a�d�a� �a

�j�u�s�t�i�f�i�c�a�t�i�v�a� �p�a�r�a� �o� �a�u�m�e�n�t�o� �o�b�s�e�r�v�a�d�o� �p�a�r�a

�S�1� �e� �T�1�.

�F�o�n�t�e�:� �A�u�t�o�r�i�a� �P�r�ó�p�r�i�a

�E�m� �S�1�, �a� �t�r�a�n�s�i�ç�ã�o� �e�l�e�t�r�ô�n�i�c�a� �d�e

�a�b�s�o�r�ç�ã�o� �S�0!’ �S�1�,� �s�e�g�u�e� �o� �p�r�i�n�c�í�p�i�o� �d�e

�F�r�a�n�c�k�-�C�o�n�d�o�n� �(�B�u�r�l�o�v� �e�t� �a�l�.�,� �2�0�2�3�)�.� �E�s�t�e

�F�i�g�u�r�a� �3� �(�A�)� �G�e�o�m�e�t�r�i�a� �o�t�i�m�i�z�a�d�a� �d�o� �e�s�t�a�d�o
�f�u�n�d�a�m�e�n�t�a�l� �(�S�0�)� �d�o� �c�o�m�p�l�e�x�o� �I�r�1� �c�o�m
�d�e�s�t�a�q�u�e� �d�a� �e�s�f�e�r�a� �i�n�t�e�r�n�a� �d�e� �c�o�o�r�d�e�n�a�ç�ã�o�.
�A� �e�s�f�e�r�a� �i�n�t�e�r�n�a� �f�o�i� �a�m�p�l�i�a�d�a� �p�a�r�a� �d�e�s�t�a�c�a�r
�e�m� �(�B�)�,� �o�s� � �c�o�m�p�r�i�m�e�n�t�o�s� �d�e� �l�i�g�a�ç�ã�o� �(�r�1�-�r�6�)�,
�e� �e�m� �(�C�)�,� �o�s� �â�n�g�u�l�o�s� �d�e� �l�i�g�a�ç�ã�o� �(�a�1�-�a�5�)�.
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�p�r�i�n�c�í�p�i�o� �d�i�z� �q�u�e� �a�b�s�o�r�ç�ã�o� �e�l�e�t�r�ô�n�i�c�a� �o�c�o�r�r�e

�s�e�m� �m�u�d�a�n�ç�a� �d�a�s� �p�o�s�i�ç�õ�e�s� �d�o�s� �n�ú�c�l�e�o�s�,

�p�o�i�s� �o� �m�o�v�i�m�e�n�t�o� �d�o�s� �e�l�é�t�r�o�n�s� �é� �s�u�p�e�r�i�o�r

�n�[�u�c�l�e�o�.� �L�o�g�o�,� �e�m� �u�m�a� �t�r�a�n�s�i�ç�ã�o� �v�e�r�t�i�c�a�l� �a

�a�l�t�e�r�a�ç�ã�o� �d�a� �g�e�o�m�e�t�r�i�a� �é� �d�e�s�p�r�e�z�í�v�e�l�.� �C�o�m�o

�o�s� �c�á�l�c�u�l�o�s� �f�o�r�a�m� �r�e�a�l�i�z�a�d�o�s� �c�o�m

�a�p�r�o�x�i�m�a�ç�ã�o� �d�o� �s�o�l�v�e�n�t�e�,� �h�o�u�v�e� �u�m�a

�p�e�q�u�e�n�a� �a�l�t�e�r�a�ç�ã�o� �n�a� �g�e�o�m�e�t�r�i�a� �d�o�s

�c�o�m�p�l�e�x�o�s�,� �n�o�t�e� �q�u�e� �a� �t�r�a�n�s�i�ç�ã�o� �S�0!’ �S�1� �t�e�v�e

�u�m�a� �d�i�f�e�r�e�n�ç�a� �p�e�q�u�e�n�a� �n�o� �c�o�m�p�r�i�m�e�n�t�o� �d�a

�l�i�g�a�ç�ã�o� �r�2� �d�e� �0�,�0�0�7� �Å� �p�a�r�a� �I�r�1�.

�A�p�ó�s� �o� �c�r�u�z�a�m�e�n�t�o� �i�n�t�e�r�s�i�s�t�e�m�a�s� �e

�p�o�p�u�l�a�ç�ã�o� �d�o� �e�s�t�a�d�o� �e�x�c�i�t�a�d�o� �(�T�1�)�, �o�c�o�r�r�e� �o

�e�f�e�i�t�o� �d�e� �r�e�l�a�x�a�ç�ã�o� �d�o�s� �n�ú�c�l�e�o�s�,� �r�e�s�u�l�t�a�n�d�o

�e�m� �u�m�a� �m�o�d�i�f�i�c�a�ç�ã�o� �m�a�i�s� �i�n�t�e�n�s�a� �d�a

�g�e�o�m�e�t�r�i�a� �d�o�s� �c�o�m�p�l�e�x�o�s� �(�B�u�r�l�o�v� �e�t� �a�l�.�,

�2�0�2�3�;� �S�o�u�s�a� �e�t� �a�l�.�,� �2�0�1�6�;� �B�e�r�t�o�l�a�m�i� �e�t� �a�l�.�,

�2�0�1�8�)�.� �E�m� �T�1�,� �p�o�d�e�-�s�e� �d�i�z�e�r� �q�u�e� �o� �a�u�m�e�n�t�o

�n�a� �l�i�g�a�ç�ã�o� �I�r�-�N� �c�o�m� �o� �l�i�g�a�n�t�e� �N�N� �(�r�2� �e� �r�3�)

�e�s�t�á� �n�o� �f�a�t�o� �d�e� �q�u�e� �o� �e�l�é�t�r�o�n� �e�x�c�i�t�a�d�o� �f�o�i

�p�r�o�m�o�v�i�d�o� �à� �u�m� �o�r�b�i�t�a�l� �a�n�t�i�l�i�g�a�n�t�e� �d�o� �l�i�g�a�n�t�e

�N�N�,� �o�s� �o�r�b�i�t�a�i�s� �L�U�M�O� �d�e�s�s�a� �c�l�a�s�s�e� �d�e

�c�o�m�p�o�s�t�o�s� �s�e� �c�o�n�c�e�n�t�r�a�m� �p�r�i�n�c�i�p�a�l�m�e�n�t�e

�s�o�b�r�e� �o� �l�i�g�a�n�t�e� �N�N� �c�o�m�o� �s�e�r�á� �d�i�s�c�u�t�i�d�o� �m�a�i�s

�a�d�i�a�n�t�e� �n�o� �t�e�x�t�o�.� �D�e�s�t�a� �f�o�r�m�a�,� �d�o�i�s� �e�f�e�i�t�o�s�,

�(�i�)� �e� �(�i�i�)�,� �p�o�d�e�m� �s�e�r� �e�x�t�r�a�p�o�l�a�d�o�s� �p�a�r�a

�j�u�s�t�i�f�i�c�a�r� �o� �a�u�m�e�n�t�o� �d�a� �l�i�g�a�ç�ã�o�.� �N�o� �p�r�i�m�e�i�r�o

�(�i�)�,� �q�u�a�n�d�o� �u�m� �e�l�é�t�r�o�n� �é� �e�x�c�i�t�a�d�o� �à� �u�m

�o�r�b�i�t�a�l� �a�n�t�i�l�i�g�a�n�t�e� �o�c�o�r�r�e� �d�i�m�i�n�u�i�ç�ã�o� �d�a

�o�r�d�e�m� �d�e� �l�i�g�a�ç�ã�o�,� �p�e�n�s�a�n�d�o� �n�a� �e�s�f�e�r�a

�i�n�t�e�r�n�a� �d�e� �c�o�o�r�d�e�n�a�ç�ã�o�,� �e�n�f�r�a�q�u�e�c�e�n�d�o� �a

�l�i�g�a�ç�ã�o� �q�u�í�m�i�c�a�.� �E� �n�o� �s�e�g�u�n�d�o� �(�i�i�)�,� �o

�a�u�m�e�n�t�o� �d�a� �d�e�n�s�i�d�a�d�e� �e�l�e�t�r�ô�n�i�c�a� �s�o�b�r�e� �o

�l�i�g�a�n�t�e� �N�N� �i�n�t�e�n�s�i�f�i�c�a� �a� �r�e�p�u�l�s�ã�o� �e�l�e�t�r�ô�n�i�c�a

�T�a�b�e�l�a� �1�:� �D�a�d�o�s� �d�a� �g�e�o�m�e�t�r�i�a� �o�t�i�m�i�z�a�d�a� �d�o�s� �c�o�m�p�l�e�x�o�s� �(�I�r�1�-�I�r�4�)� �n�o� �e�s�t�a�d�o� �f�u�n�d�a�m�e�n�t�a�l� �s�i�n�g�l�e�t�e
�(�S�0�)�,� �e� �e�s�t�a�d�o�s� �e�x�c�i�t�a�d�o�s� �s�i�n�g�l�e�t�e� �(�S�1�)� �e� �t�r�i�p�l�e�t�e� �(�T�1�)�.� �E�m� �(�A�)�,� �t�e�m�-�s�e� �a�s� �d�i�s�t�â�n�c�i�a�s� �d�e� �l�i�g�a�ç�ã�o�,� �e� �e�m
�(�B�)�,� �o�s� �â�n�g�u�l�o�s� �d�a�s� �l�i�g�a�ç�õ�e�s�,� �a�m�b�o�s� �r�e�f�e�r�e�n�t�e� �a� �e�s�f�e�r�a� �i�n�t�e�r�n�a� �d�o� �I�r�(�I�I�I�)�.
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�q�u�a�n�d�o� �c�o�m�p�a�r�a�d�a� �a�o� �e�s�t�a�d�o� �S�0�,� �p�o�r�é�m

�m�e�n�o�r� �q�u�e� �a� �r�e�p�u�l�s�ã�o� �s�e�n�t�i�d�a� �p�e�l�o� �e�s�t�a�d�o

�S�1�,� �o�n�d�e� �o�s� �e�l�é�t�r�o�n�s� �a�i�n�d�a� �e�s�t�a�v�a�m

�e�m�p�a�r�e�l�h�a�d�o�s�,� �r�e�g�r�a� �d�e� �H�u�n�d�,� �c�o�n�t�r�i�b�u�i�n�d�o

�p�a�r�a� �o� �a�f�a�s�t�a�m�e�n�t�o� �d�o�s� �n�ú�c�l�e�o�s�.� �P�o�r

�e�x�e�m�p�l�o�,� �e�n�t�r�e� �o�s� �e�s�t�a�d�o�s� �T�1!’ �S�0�,� �o

�c�o�m�p�r�i�m�e�n�t�o� �d�e� �l�i�g�a�ç�ã�o� �r�2� �v�a�r�i�o�u� �0�,�0�2�6� �Å

�c�o�n�t�r�a� �0�,�0�0�7� �Å� �e�n�t�r�e� �o�s� �e�s�t�a�d�o�s� �S�0!’ �S�1�.

�A�p�ó�s� �a� �o�t�i�m�i�z�a�ç�ã�o� �d�a� �e�s�t�r�u�t�u�r�a� �n�o

�e�s�t�a�d�o� �f�u�n�d�a�m�e�n�t�a�l� �(�S�0�)�,� �c�o�n�s�t�r�u�i�u�-�s�e� �a

�f�i�g�u�r�a� �4� �p�a�r�a� �i�n�v�e�s�t�i�g�a�r� �a�s� �p�r�o�p�r�i�e�d�a�d�e�s� �d�o�s

�c�o�m�p�l�e�x�o�s� �(�I�r�1�-�I�r�4�)� �n�o� �e�s�p�e�c�t�r�o

�i�n�f�r�a�v�e�r�m�e�l�h�o� �(�I�R�,� �I�n�f�r�a�r�e�d�)� �v�i�a� �s�i�m�u�l�a�ç�ã�o

�c�o�m�p�u�t�a�c�i�o�n�a�l�.� �E�n�t�r�e� �3�2�0�0�-�3�3�0�0� �c�m�-�1�,� �t�o�d�o�s

�o�s� �c�o�m�p�l�e�x�o�s� �a�p�r�e�s�e�n�t�a�r�a�m� �o� �e�s�t�i�r�a�m�e�n�t�o

�d�a� �l�i�g�a�ç�ã�o� �A�r�-�H�,� �i�s�t�o� �é�,� �e�n�t�r�e� �o� �c�a�r�b�o�n�o� �d�o

�a�n�e�l� �a�r�o�m�á�t�i�c�o� �d�o� �l�i�g�a�n�t�e� �C�N� �o�u� �N�N� �e� �o

�á�t�o�m�o� �d�e� �h�i�d�r�o�g�ê�n�i�o�.� �E�n�t�r�e� �1�5�0�0�-�1�6�0�0� �c�m�-�1�,

�t�o�d�o�s� �o�s� �c�o�m�p�l�e�x�o�s� �a�p�r�e�s�e�n�t�a�r�a�m� �o

�e�s�t�i�r�a�m�e�n�t�o� �d�a� �l�i�g�a�ç�ã�o� �d�u�p�l�a� �C�=�C� �d�o�s� �a�n�é�i�s

�a�r�o�m�á�t�i�c�o�s� �d�o� �l�i�g�a�n�t�e� �C�N� �o�u� �N�N�.� �E�n�t�r�e

�3�6�0�0�-�3�8�0�0� �c�m�-�1�,� �o�s� �c�o�m�p�l�e�x�o�s� �I�r�2� �e� �I�r�4�,

�t�i�v�e�r�a�m� �o� �e�s�t�i�r�a�m�e�n�t�o� �s�i�m�é�t�r�i�c�o� �e

�a�s�s�i�m�é�t�r�i�c�o� �d�o� �g�r�u�p�o� �N�H�2�.

�F�i�g�u�r�a� �4� �E�s�p�e�c�t�r�o�s� �t�e�ó�r�i�c�o�s� �d�e� �i�n�f�r�a�v�e�r�m�e�l�h�o� �(�I�R�)� �o�b�t�i�d�o�s� �v�i�a� �T�D�-�D�F�T� �(�B�3�L�Y�P�/�L�A�N�L�2�D�Z�)� �p�a�r�a� �o�s
�c�o�m�p�l�e�x�o�s� �I�r�1�-�I�r�4� �a� �p�a�r�t�i�r� �d�a�s�b�a�r�r�a�s� �v�e�r�t�i�c�a�i�s�.

�F�o�n�t�e�:� �A�u�t�o�r�i�a� �P�r�ó�p�r�i�a



�1�1

�5�.� �2� �N�í�v�e�i�s� �d�e� �e�n�e�r�g�i�a� �d�o� �H�O�M�O�,� �L�U�M�O� �e

�B�a�n�d�g�a�p

�A� �f�i�g�u�r�a� �5� �f�o�i� �c�o�n�s�t�r�u�í�d�a� �p�a�r�a� �f�a�c�i�l�i�t�a�r

�a� �v�i�s�u�a�l�i�z�a�ç�ã�o� �d�o�s� �n�í�v�e�i�s� �d�e� �e�n�e�r�g�i�a� �H�O�M�O�,

�L�U�M�O� �e� �a� �e�n�e�r�g�i�a� �d�e� �b�a�n�d�g�a�p� �e�m� �d�o�i�s

�c�e�n�á�r�i�o�s�:� �(�A�)� �v�i�a� �s�i�m�u�l�a�ç�ã�o� �T�D�-�D�F�T

�(�B�3�L�Y�P�/�L�A�N�L�2�D�Z�)�,� �e� �(�B�)�,� �v�i�a� �r�e�s�u�l�t�a�d�o�s

�e�x�p�e�r�i�m�e�n�t�a�i�s� �d�i�s�p�o�n�i�b�i�l�i�z�a�d�o�s� �p�e�l�o� �g�r�u�p�o

�d�e� �p�e�s�q�u�i�s�a� �d�a� �P�r�o�f�ª� �K�a�r�i�n�a� �F�r�i�n� �o�b�t�i�d�o�s� �p�o�r

�m�e�i�o� �d�a� �c�a�r�a�c�t�e�r�i�z�a�ç�ã�o� �e�l�e�t�r�o�q�u�í�m�i�c�a

�(�v�o�l�t�a�m�e�t�r�i�a� �c�í�c�l�i�c�a�)�.� �C�o�m�p�a�r�a�n�d�o�-�s�e� �o�s

�r�e�s�u�l�t�a�d�o�s� �t�é�o�r�i�c�o�s� �d�a� �s�i�m�u�l�a�ç�ã�o� �c�o�m� �o�s

�d�a�d�o�s� �e�x�p�e�r�i�m�e�n�t�a�i�s� �f�o�i� �p�o�s�s�í�v�e�l� �i�d�e�n�t�i�f�i�c�a�r

�c�o�m�o� �a�s� �m�o�d�i�f�i�c�a�ç�õ�e�s� �t�a�n�t�o� �n�o� �l�i�g�a�n�t�e

�c�i�c�l�o�m�e�t�a�l�a�d�o� �(�C�N�)� �q�u�a�n�t�o� �n�o� �l�i�g�a�n�t�e

�1�,�1�0�-�f�e�n�a�n�t�r�o�l�í�n�i�c�o� �(�N�N�)� �a�f�e�t�a�r�a�m� �a�s

�p�r�o�p�r�i�e�d�a�d�e�s� �ó�p�t�i�c�a�s� �d�o�s� �c�o�m�p�l�e�x�o�s� �I�r�1�-�I�r�4�.

�F�o�i� �o�b�s�e�r�v�a�d�o� �a� �s�e�g�u�i�n�t�e� �o�r�d�e�m

�d�e�c�r�e�s�c�e�n�t�e� �d�a� �e�n�e�r�g�i�a� �d�e� �b�a�n�d�g�a�p�:� �I�r�4� �>�I�r�2

�>�I�r�3� �>� �I�r�1�,�,� �e�m� �a�m�b�o�s� �c�e�n�á�r�i�o�s� �(�A�)� �e� �(�B�)�.

�N�a� �f�i�g�u�r�a� �5� �p�a�r�a� �o�s� �c�e�n�á�r�i�o�s� �(�A�)� �e

�(�B�)� �f�o�r�a�m� �i�d�e�n�t�i�f�i�c�a�d�a�s� �t�r�ê�s� �t�e�n�d�ê�n�c�i�a�s� �(�i�)�,

�(�i�i�)� �e� �(�i�i�i�)� �e�m� �f�u�n�ç�ã�o� �d�a�s� �m�o�d�i�f�i�c�a�ç�õ�e�s

�e�s�t�r�u�t�u�r�a�i�s� �r�e�a�l�i�z�a�d�a�s� �n�o�s� �c�o�m�p�l�e�x�o�s�.� �E�m� �(�i�)

�e�(�i�i�i�)�,� �n�o�t�o�u�-�s�e� �q�u�e� �o� �l�i�g�a�n�t�e� �N�N� �g�o�v�e�r�n�o�u� �a

�e�n�e�r�g�i�a� �d�o� �L�U�M�O� �e�n�q�u�a�n�t�o� �e�m� �(�i�i�)�,� �o

�l�i�g�a�n�d�o� �C�N� �g�o�v�e�r�n�o�u� �a� �e�n�e�r�g�i�a� �d�o� �H�O�M�O�.

�N�o�t�e� �q�u�e� �o�s� �p�a�r�e�s� �d�e� �c�o�m�p�l�e�x�o�s �(�I�r�4 �|� �I�r�2�)� �e

�(�I�r�3 �|� �I�r�1�)� �t�i�v�e�r�a�m� �o� �n�í�v�e�l� �d�e� �e�n�e�r�g�i�a� �d�o� �L�U�M�O

�F�i�g�u�r�a� �5�: �R�e�p�r�e�s�e�n�t�a�ç�ã�o� �d�o�s� �n�í�v�e�i�s� �d�e� �e�n�e�r�g�i�a� �d�o�s� �o�r�b�i�t�a�i�s� �H�O�M�O�,� �L�U�M�O� �e� �a� �e�n�e�r�g�i�a� �d�e
�b�a�n�d�g�a�p� �d�o�s� �c�o�m�p�l�e�x�o�s� �I�r�4�,� �I�r�2�,� �I�r�3 �e�I�r�1� �n�o�s� �c�e�n�á�r�i�o�s� �(�A�)�,� �s�i�m�u�l�a�ç�ã�o� �T�D�-�D�F�T� �(�B�3�L�Y�P�/�L�A�N�L�2�D�Z�)�,� �e
�e�m� �(�B�)�,� �v�i�a� �v�o�l�t�a�m�e�t�r�i�a� �c�í�c�l�i�c�a� �e�m� �s�o�l�u�ç�ã�o� �d�e� �C�H�3�C�N�.

�F�o�n�t�e�:� �A�u�t�o�r�i�a� �P�r�ó�p�r�i�a



�1�2

�c�o�m� �a� �m�e�s�m�a� �e�n�e�r�g�i�a�,� �a�p�r�o�x�i�m�a�d�a�m�e�n�t�e�,

�p�o�i�s� �p�o�s�s�u�e�m� �o� �m�e�s�m�o� �o� �s�u�b�s�t�i�t�u�i�n�t�e� �(�N�O�2

�o�u� �N�H�2�)�.� �J�á� �e�m� �(�i�i�i�)�,� �o� �u�s�o� �d�e� �u�m� �g�r�u�p�o

�f�o�r�t�e�m�e�n�t�e� �d�o�a�d�o�r� �d�e� �e�l�é�t�r�o�n�s� �(�N�H�2�)

�a�u�m�e�n�t�o�u� �a� �e�n�e�r�g�i�a� �d�o� �o�r�b�i�t�a�l� �L�U�M�O� �e� �u�m

�g�r�u�p�o� �f�o�r�t�e�m�e�n�t�e� �r�e�t�i�r�a�d�o� �d�e� �e�l�é�t�r�o�n�s� �(�N�O�2�)

�e�s�t�a�b�i�l�i�z�o�u� �a� �e�n�e�r�g�i�a� �d�o� �L�U�M�O�,� �i�.�e�,� �r�e�d�u�z�i�u

�a� �e�n�e�r�g�i�a�.� �N�o�t�e� �q�u�e� �e�m� �(�i�i�)�,� �o�s� �á�t�o�m�o�s� �d�e

�f�l�ú�o�r� �n�o� �C�N� �r�e�d�u�z�i�r�a�m� �a� �e�n�e�r�g�i�a� �d�o� �H�O�M�O

�d�o�s� �c�o�m�p�l�e�x�o�s� �e�s�t�u�d�a�d�o�s�.� �A� �c�o�m�b�i�n�a�ç�ã�o

�d�e�s�s�e�s� �e�f�e�i�t�o�s�,� �r�e�s�u�l�t�o�u� �q�u�e� �o�s� �c�o�m�p�l�e�x�o�s

�I�r�4� �e� �I�r�1 �a�p�r�e�s�e�n�t�a�r�a�m� �a� �m�a�i�o�r� �e� �a� �m�e�n�o�r

�e�n�e�r�g�i�a� �d�e� �b�a�n�d�g�a�p�,� �r�e�s�p�e�c�t�i�v�a�m�e�n�t�e�.

�E�m�b�o�r�a� �a� �e�x�c�e�l�e�n�t�e� �c�o�n�c�o�r�d�â�n�c�i�a

�d�a�s� �t�e�n�d�ê�n�c�i�a�s� �(�i�)�,� �(�i�i�)� �e� �(�i�i�i�)�,� �h�o�u�v�e� �u�m

�d�e�s�v�i�o� �d�o�s� �v�a�l�o�r�e�s� �d�e� �e�n�e�r�g�i�a� �d�o� �b�a�n�d�g�a�p

�(�E�g�)� �p�a�r�a� �t�o�d�o�s� �o�s� �c�o�m�p�l�e�x�o�s� �e�s�t�u�d�a�d�o�s�,

�c�o�n�f�o�r�m�e� �f�i�g�u�r�a� �5�.� �P�o�r� �e�x�e�m�p�l�o�,� �p�a�r�a� �o

�c�o�m�p�l�e�x�o� �I�r�4�,� �v�i�a� �T�D�-�D�F�T� �f�o�i� �e�n�c�o�n�t�r�a�d�o� �o

�v�a�l�o�r� �3�,�4�2� �e�V�,� �e�n�q�u�a�n�t�o� �v�i�a� �e�l�e�t�r�o�q�u�í�m�i�c�a

�2�,�5�7� �e�V�,� �u�m�a� �d�i�f�e�r�e�n�ç�a� �d�e� �0�,�8�5� �e�V� �e�n�t�r�e� �a

�p�a�r�t�e� �t�e�ó�r�i�c�a� �e� �a� �e�x�p�e�r�i�m�e�n�t�a�l�.� �A� �j�u�s�t�i�f�i�c�a�t�i�v�a

�p�a�r�a� �e�s�s�a� �d�i�f�e�r�e�n�ç�a�,� �d�e�v�e�-�s�e� �a�o� �f�a�t�o� �q�u�e� �n�a

�v�o�l�t�a�m�e�t�r�i�a� �c�i�c�l�í�c�a�,� �o�s� �c�o�m�p�l�e�x�o�s� �e�s�t�ã�o� �e�m

�s�o�l�u�ç�ã�o� �e� �a�s� �v�a�r�i�á�v�e�i�s� �c�o�m�o� �s�o�l�v�e�n�t�e�,

�i�n�t�e�r�a�ç�õ�e�s� �c�o�m� �o�s� �e�l�e�t�r�o�d�o�s�,� �v�e�l�o�c�i�d�a�d�e� �d�e

�s�c�a�n�,� �c�o�n�c�e�n�t�r�a�ç�ã�o� �e� �o�u�t�r�o�s� �e�f�e�i�t�o�s

�e�l�e�t�r�o�d�i�n�â�m�i�c�o�s�,� �p�o�d�e�m� �a�f�e�t�a�r� �a�s� �e�n�e�r�g�i�a�s

�d�e� �o�x�i�d�a�ç�ã�o� �e� �r�e�d�u�ç�ã�o� �d�o�s� �c�o�m�p�l�e�x�o�s�,

�m�o�d�i�f�i�c�a�n�d�o� �o�s� �n�í�v�e�i�s� �d�e� �e�n�e�r�g�i�a

�o�b�s�e�r�v�a�d�o�s� �(�B�l�a�k�e� �&� �S�m�i�t�h�,� �2�0�2�0�;� �L�i�m�a� �e�t

�a�l�.�,� �2�0�2�0�)�.� �J�á� �n�a� �T�D�-�D�F�T�,� �o�s� �c�á�l�c�u�l�o�s� �s�ã�o

�b�a�s�e�a�d�o�s� �n�a� �e�s�t�r�u�t�u�r�a� �e�l�e�t�r�ô�n�i�c�a� �d�o�s

�c�o�m�p�l�e�x�o�s� �e� �e�m� �u�m� �a�m�b�i�e�n�t�e� �s�o�l�v�a�t�a�d�o

�i�m�p�l�i�c�i�t�a�m�e�n�t�e�,� �o� �q�u�e� �p�o�d�e� �n�ã�o� �c�a�p�t�u�r�a�r

�c�o�m� �p�r�e�c�i�s�ã�o� �t�o�d�a�s� �a�s� �i�n�t�e�r�a�ç�õ�e�s� �e

�c�o�n�d�i�ç�õ�e�s� �e�x�p�e�r�i�m�e�n�t�a�i�s� �e�m� �s�o�l�u�ç�ã�o� �(�B�l�a�k�e

�&� �S�m�i�t�h�,� �2�0�2�0�;� �L�i�m�a� �e�t� �a�l�.�,� �2�0�2�0�)�.

�E�m� �l�i�n�h�a�s� �g�e�r�a�i�s�,� �t�e�m�-�s�e

�o�p�o�r�t�u�n�i�d�a�d�e� �d�e� �m�e�l�h�o�r�a�r� �a� �p�r�e�c�i�s�ã�o� �d�a�s

�e�n�e�r�g�i�a�s� �c�a�l�c�u�l�a�d�a�s� �v�i�a� �T�D�-�D�F�T�.� �A�l�g�u�m�s

�c�a�m�i�n�h�o�s� �a�l�t�e�r�n�a�t�i�v�o�s� �p�o�d�e�m� �s�e�r� �f�e�i�t�o�s�,

�a�p�l�i�c�a�n�d�o�-�s�e� �c�o�r�r�e�ç�ã�o� �d�e� �e�f�e�i�t�o�s� �d�e

�d�i�s�p�e�r�s�ã�o�,� �i�n�c�o�r�p�o�r�a�ç�ã�o� �d�e� �m�o�d�e�l�o�s

�h�í�b�r�i�d�o�s�,� �m�é�t�o�d�o�s� �d�e� �c�o�r�r�e�ç�ã�o� �d�e� �n�í�v�e�l� �d�e

�t�e�o�r�i�a� �o�u� �a�t�é� �u�s�o� �d�e� �m�o�d�e�l�o�s� �d�e� �s�o�l�v�e�n�t�e

�e�x�p�l�í�c�i�t�o�.� �A�l�é�m� �d�i�s�s�o�,� �p�o�d�e�-�s�e� �v�e�r�i�f�i�c�a�r� �o� �u�s�o

�d�e� �o�u�t�r�o�s� �f�u�n�c�i�o�n�a�i�s� �d�a� �d�e�n�s�i�d�a�d�e� �(�a�l�é�m� �d�o

�B�3�L�Y�P�)� �e� �d�a� �b�a�s�e� �d�e� �c�á�l�c�u�l�o�s� �(�a�l�é�m� �d�o

�L�A�N�L�2�D�Z�)�,� �o�s� �q�u�a�i�s� �p�o�d�e�m� �m�e�l�h�o�r

�r�e�p�r�e�s�e�n�t�a�r� �o� �a�m�b�i�e�n�t�e� �e�l�e�t�r�o�q�u�í�m�i�c�o� �e� �a

�c�o�r�r�e�s�p�o�n�d�ê�n�c�i�a� �c�o�m� �o�s� �d�a�d�o�s

�e�x�p�e�r�i�m�e�n�t�a�i�s� �d�a� �v�o�l�t�a�m�e�t�r�i�a� �c�í�c�l�i�c�a� �(�B�l�a�k�e

�&� �S�m�i�t�h�,� �2�0�2�0�;� �L�i�m�a� �e�t� �a�l�.�,� �2�0�2�0�)�.

�C�o�m�o� �f�o�r�m�a� �d�e� �c�o�m�p�l�e�m�e�n�t�a�r� �o�s

�r�e�s�u�l�t�a�d�o�s� �o�b�t�i�d�o�s� �n�a� �f�i�g�u�r�a� �5� �(�A�)�,� �a� �f�i�g�u�r�a� �6

�m�o�s�t�r�a� � �a�s� �s�u�p�e�r�f�í�c�i�e�s� �d�o�s� �o�r�b�i�t�a�i�s

�m�o�l�e�c�u�l�a�r�e�s� �H�O�M�O� �e� �L�U�M�O� �d�e� �c�a�d�a� �u�m

�d�o�s� �c�o�m�p�l�e�x�o�s� �I�r�1�-�I�r�4� �e� �c�o�m�o� �o�s

�s�u�b�s�t�i�t�u�i�n�t�e�s� �a�f�e�t�a�r�a�m� �a� �d�e�n�s�i�d�a�d�e

�e�l�e�t�r�ô�n�i�c�a� �d�e�s�s�e�s� �o�r�b�i�t�a�i�s�.� �O� �T�D�-�D�F�T

�r�e�f�o�r�ç�o�u� �q�u�e� �o� �o�r�b�i�t�a�l� �H�O�M�O� �e�s�t�á� �l�o�c�a�l�i�z�a�d�o

�n�o� �f�r�a�g�m�e�n�t�o� �I�r�-�C�N� �e�n�q�u�a�n�t�o� �o� �L�U�M�O� �e�s�t�á

�l�o�c�a�l�i�z�a�d�o� �n�o� �f�r�a�g�m�e�n�t�o� �I�r�-�N�N�,� �c�o�n�f�o�r�m�e

�c�o�m�p�l�e�x�o�s� �a�n�á�l�o�g�o�s� �(�B�l�a�k�e� �&� �S�m�i�t�h�,� �2�0�2�0�;

�L�i�m�a� �e�t� �a�l�.�,� �2�0�2�0�)�.
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�F�i�g�u�r�a� �6�:� �(�A�)� �R�e�p�r�e�s�e�n�t�a�ç�ã�o� �g�e�n�é�r�i�c�a� �d�a� �l�o�c�a�l�i�z�a�ç�ã�o� �e�s�p�a�c�i�a�l� �d�o�s� �o�r�b�i�t�a�i�s� �H�O�M�O� �e� �L�U�M�O� �d�o�s
�c�o�m�p�l�e�x�o�s� �I�r�1�,� �I�r�2�,� �I�r�3 �e �I�r�4� �c�o�m� �b�a�s�e� �n�o�s� �r�e�s�u�l�t�a�d�o�s� �d�a�s� �s�u�p�e�r�f�í�c�i�e�s� �d�o�s� �o�r�b�i�t�a�i�s� �m�o�l�e�c�u�l�a�r�e�s
�H�O�M�O� �e� �L�U�M�O� �v�i�a� �s�i�m�u�l�a�ç�ã�o� �v�i�a� �T�D�-�D�F�T� �(�B�3�L�Y�P�/�L�A�N�L�2�D�Z�)� �o�b�t�i�d�o�s� �e�m� �(�B�)�.

�F�o�n�t�e�:� �A�u�t�o�r�i�a� �P�r�ó�p�r�i�a

�(�A�)

�(�B�)
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�N�o�t�e� �q�u�e� �o� �H�O�M�O� �é� �u�m� �o�r�b�i�t�a�l� 

�d�I�r �-�À�C�N �c�o�m� �i�n�t�e�r�a�ç�õ�e�s� �e�l�e�t�r�ô�n�i�c�a�s� �d�-�À

�e�s�t�e�n�d�i�d�a�s� �p�o�r� �m�e�i�o� �d�a� �l�i�g�a�ç�ã�o� �c�o�v�a�l�e�n�t�e

�p�o�l�a�r�i�z�a�d�a� �e�n�t�r�e� �o�s� �á�t�o�m�o�s� �d�e� �I�r�(�I�I�I�)� �e

�c�a�r�b�o�n�o� �(�C�)�,� �r�e�s�u�l�t�a�d�o� �d�a� �c�o�n�t�r�i�b�u�i�ç�ã�o� �d�o�s

�o�r�b�i�t�a�i�s� �À�*� �d�o� �l�i�g�a�n�t�e� �C�N� �e� �d�o�s� �o�r�b�i�t�a�i�s� �t�2�g� �d�o

�I�r�(�I�I�I�)�.� �E�m� �r�e�s�u�m�o�,� �o�s� �á�t�o�m�o�s� �d�e� �f�l�ú�o�r

�r�e�d�u�z�e�m� �a� �d�e�n�s�i�d�a�d�e� �e�l�e�t�r�ô�n�i�c�a� �a�o� �l�o�n�g�o� �d�a

�c�a�d�e�i�a� �d�a� �p�i�r�i�d�i�n�a� �(�C�N�)� �p�e�l�o� �e�f�e�i�t�o� �i�n�d�u�t�i�v�o�,

�e� �c�o�n�s�e�q�u�e�n�t�e�m�e�n�t�e�,� �r�e�d�u�z�e�m� �a� �d�e�n�s�i�d�a�d�e

�e�l�e�t�r�ô�n�i�c�a� �d�o� �I�r�(�I�I�I�)�,� �c�o�m�o� �a�c�o�n�t�e�c�e�u� �p�a�r�a� �o�s

�p�a�r�e�s� �d�e� �c�o�m�p�l�e�x�o�s �(�I�r�4 �|� �I�r�2�)� �e� �(�I�r�3 �|� �I�r�1�)�.

�P�o�r�t�a�n�t�o�,� �a� �a�d�i�ç�ã�o� �d�e� �á�t�o�m�o�s� �d�e� �f�l�ú�o�r� �a�o

�l�i�g�a�n�t�e� �C�N� �e�s�t�a�b�i�l�i�z�o�u� �a� �e�n�e�r�g�i�a� �d�o� �H�O�M�O�.

�E�m� �c�o�n�t�r�a�p�a�r�t�i�d�a�,� �o� �o�r�b�i�t�a�l� �L�U�M�O

�p�o�s�s�u�i� �c�a�r�á�t�e�r� �p�r�e�d�o�m�i�n�a�n�t�e�m�e�n�t�e� �d�e� �u�m

�o�r�b�i�t�a�l� �À�*
�N�N�,� �l�o�g�o� �o�s� �p�r�o�c�e�s�s�o�s� �d�e� �r�e�d�u�ç�ã�o

�s�ã�o� �a�t�r�i�b�u�í�d�o�s� �a�o�s� �o�r�b�i�t�a�i�s� �c�e�n�t�r�a�d�o�s

�p�r�i�n�c�i�p�a�l�m�e�n�t�e� �n�o� �f�r�a�g�m�e�n�t�o� �I�r�-�N�N�,� �e� �a�s

�m�o�d�i�f�i�c�a�ç�õ�e�s� �n�o� �N�N� �e�s�t�a�b�i�l�i�z�a�m� �o�u

�d�e�s�e�s�t�a�b�i�l�i�z�a�m� �o� �L�U�M�O�.� �P�a�r�a� �o�s� �c�o�m�p�l�e�x�o�s

�I�r�3� �e� �I�r�1�,� �v�e�r�i�f�i�c�o�u�-�s�e� �q�u�e� �o� �s�u�b�s�t�i�t�u�i�n�t�e� �N�O�2

�p�a�r�t�i�c�i�p�a� �d�a� �c�o�m�p�o�s�i�ç�ã�o� �d�o� �L�U�M�O�,

�e�s�t�a�b�i�l�i�z�a�n�d�o� �a� �e�n�e�r�g�i�a� �d�e�s�t�e� �o�r�b�i�t�a�l� �p�o�r

�r�e�d�u�z�i�r� �a� �d�e�n�s�i�d�a�d�e� �e�l�e�t�r�ô�n�i�c�a� �d�o� �l�i�g�a�n�d�o

�N�N�,� �e� �c�o�n�s�e�q�u�e�n�t�e�m�e�n�t�e� �a�o� �r�e�d�o�r� �d�o� �á�t�o�m�o

�d�e� �I�r�(�I�I�I�)�.� �V�i�s�i�v�e�l�m�e�n�t�e�,� �é� �p�o�s�s�í�v�e�l� �v�e�r�i�f�i�c�a�r� �a

�e�x�p�a�n�s�ã�o� �d�a� �s�u�p�e�r�f�í�c�i�e� �d�o� �o�r�b�i�t�a�l� �L�U�M�O� �q�u�e

�s�e� �e�s�t�e�n�d�e� �a�t�é� �o� �g�r�u�p�o� �N�O�2� �d�e�v�i�d�o� �a�o� �f�o�r�t�e

�e�f�e�i�t�o� �r�e�t�i�r�a�d�o�r� �d�e� �e�l�é�t�r�o�n�s�.� �J�á� �p�a�r�a� �o�s

�c�o�m�p�l�e�x�o�s� �I�r�4� �e� �I�r�2�,� �e�m�b�o�r�a� �o� �g�r�u�p�o�N�H�2 �n�ã�o

�p�a�r�t�i�c�i�p�e� �d�a� �s�u�p�e�r�f�í�c�i�e� �d�o� �o�r�b�i�t�a�l� �L�U�M�O�,� �n�o�t�e

�q�u�e� �a� �d�e�n�s�i�d�a�d�e� �e�l�e�t�r�ô�n�i�c�a� �p�r�ó�x�i�m�a� �a�o� �I�r�-

�N�N� �é� �s�u�p�e�r�i�o�r� �a�o�s� �I�r�3� �e� �I�r�1�,� �o� �q�u�e� �d�e�s�t�a�b�i�l�i�z�a

�o� � �L�U�M�O�,� �f�a�z�e�n�d�o� �s�u�a� �e�n�e�r�g�i�a� �a�u�m�e�n�t�a�r�.

�5�.� �3� �E�s�p�e�c�t�r�o�s�c�o�p�i�a� �d�e� �a�b�s�o�r�ç�ã�o� �U�V�-�V�i�s�:

�N�a�t�u�r�e�z�a� �d�a�s� �t�r�a�n�s�i�ç�õ�e�s� �e�l�e�t�r�ô�n�i�c�a�s

�U�m�a� �v�e�z� �a�p�r�e�s�e�n�t�a�d�a� �a

�c�o�m�p�r�e�e�n�s�ã�o� �c�o�m�p�l�e�m�e�n�t�a�r� �e�n�t�r�e� �o� �m�é�t�o�d�o

�e�x�p�e�r�i�m�e�n�t�a�l� �e� �t�e�ó�r�i�c�o� �s�o�b�r�e� �a� �n�a�t�u�r�e�z�a� �d�o�s

�o�r�b�i�t�a�i�s� �H�O�M�O� �e� �L�U�M�O�,� �a� �s�e�g�u�i�r� �f�o�i

�d�e�s�t�a�c�a�d�o� �o�s� �p�r�i�n�c�i�p�a�i�s� �r�e�s�u�l�t�a�d�o�s� �d�a

�e�s�p�e�c�t�r�o�s�c�o�p�i�a� �n�a� �r�e�g�i�ã�o� �U�V�-�V�i�s�.� �C�o�n�f�o�r�m�e

�f�i�g�u�r�a� �7�,� �i�d�e�n�t�i�f�i�c�o�u�-�s�e� �q�u�e� �o�s� �e�s�p�e�c�t�r�o�s� �d�e

�a�b�s�o�r�ç�ã�o� �t�e�ó�r�i�c�o� �e� �e�x�p�e�r�i�m�e�n�t�a�l

�a�p�r�e�s�e�n�t�a�r�a�m� �e�x�c�e�l�e�n�t�e� �c�o�n�c�o�r�d�â�n�c�i�a� �d�o�s

�r�e�s�u�l�t�a�d�o�s�,� �c�o�n�s�i�d�e�r�a�n�d�o� �a� �f�a�i�x�a� �d�e

�c�o�m�p�r�i�m�e�n�t�o� �d�e� �o�n�d�a� �(�2�0�0� �<� �»� �<� �5�0�0� �n�m�)� �e

�a� �i�n�t�e�n�s�i�d�a�d�e� �d�a�s� �t�r�a�n�s�i�ç�õ�e�s�.� �N�o�t�e� �q�u�e� �a

�f�o�r�ç�a� �d�o� �o�s�c�i�l�a�d�o�r� �(�f�,� �o�b�t�i�d�o� �v�i�a� �T�D�-�D�F�T�)� �e� �a

�a�b�s�o�r�t�i�v�i�d�a�d�e� �m�o�l�a�r� �(�õ�,� �e�x�p�e�r�i�m�e�n�t�a�l�)� �t�e�m� �a

�m�e�s�m�a� �t�e�n�d�ê�n�c�i�a� �d�e� �m�a�g�n�i�t�u�d�e� �p�a�r�a� �c�a�d�a

�f�a�i�x�a� �d�o� �e�s�p�e�c�t�r�o� �U�V�-�V�i�s�,� �a�t�i�n�g�i�n�d�o� �z�e�r�o

�p�a�r�a� �»� �>� �5�0�0� �n�m�.� �Q�u�a�n�t�o� �m�a�i�o�r� �o� �v�a�l�o�r� �d�e� �f

�e� �õ� �m�a�i�o�r� �a� �p�r�o�b�a�b�i�l�i�d�a�d�e� �d�a� �t�r�a�n�s�i�ç�ã�o

�e�l�e�t�r�ô�n�i�c�a� �o�c�o�r�r�e�r�.

�E�m� �s�e�g�u�i�d�a�,� �p�a�r�a� �a�t�r�i�b�u�i�r� �a� �n�a�t�u�r�e�z�a

�e� �a�s� �c�o�n�t�r�i�b�u�i�ç�õ�e�s� �d�a�s� �t�r�a�n�s�i�ç�õ�e�s

�e�l�e�t�r�ô�n�i�c�a�s� �e�m� �c�a�d�a� �r�e�g�i�ã�o� �d�o� �e�s�p�e�c�t�r�o

�U�V�-�V�i�s� �d�a� �f�i�g�u�r�a� �7�,� �s�e�l�e�c�i�o�n�o�u�-�s�e� �a�s

�t�r�a�n�s�i�ç�õ�e�s� �v�e�r�t�i�c�a�i�s� �m�a�i�s� �i�n�t�e�n�s�a�s� �d�o

�e�s�p�e�c�t�r�o� �t�é�o�r�i�c�o� �(�m�a�i�o�r� �v�a�l�o�r� �d�e� �f�)�.� �A

�a�t�r�i�b�u�ç�ã�o� �d�a� �n�a�t�u�r�e�z�a� �d�a�s� �t�r�a�n�s�i�ç�õ�e�s� �f�o�i

�b�a�s�e�a�d�a� �n�a�s� �s�u�p�e�r�f�í�c�i�e�s� �d�o�s� �o�r�b�i�t�a�i�s
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�m�o�l�e�c�u�l�a�r�e�s� �e�n�v�o�l�v�i�d�o�s� �e�m� �c�a�d�a� �t�r�a�n�s�i�ç�ã�o

�v�e�r�t�i�c�a�l�.� �E�s�t�e� �p�r�o�c�e�s�s�o� �d�e� �a�t�r�i�b�u�i�ç�ã�o� �f�o�i� �f�e�i�t�o

�p�a�r�a� �t�o�d�o�s� �o�s� �c�o�m�p�l�e�x�o�s� � �(�I�r�1�,� �I�r�2�,� �I�r�3� �e�I�r�4�)�.� �A

�s�e�g�u�i�r�,� �u�m� �e�x�e�m�p�l�o� �m�a�i�s� �d�e�t�a�l�h�a�d�o� �d�e�s�s�a

�m�e�t�o�d�o�l�o�g�i�a� �f�o�i� �e�x�p�o�s�t�o� �p�a�r�a� �o� �c�o�m�p�l�e�x�o� �I�r�1�.

�E�m� �u�m�a� �ú�n�i�c�a� �b�a�r�r�a� �d�e� �a�b�s�o�r�ç�ã�o

�(�t�r�a�n�s�i�ç�ã�o� �v�e�r�t�i�c�a�l�)� �é� �p�o�s�s�í�v�e�l� �e�x�i�s�t�i�r� �d�i�v�e�r�s�a�s

�t�r�a�n�s�i�ç�õ�e�s� �e�n�v�o�l�v�i�d�a�s� �n�a�q�u�e�l�e� �c�o�m�p�r�i�m�e�n�t�o

�d�e� �o�n�d�a�.� �P�o�r� �e�x�e�m�p�l�o�,� �o� �e�s�t�a�d�o� �e�x�c�i�t�a�d�o� �2�2

�d�o� �c�o�m�p�l�e�x�o� �I�r�1� �p�o�s�s�u�i� �6�5�%� �d�e� �c�o�n�t�r�i�b�u�i�ç�ã�o

�d�a� �t�r�a�n�s�i�ç�ã�o� �e�l�e�t�r�ô�n�i�c�a� �(�1�3�7!’ �1�4�7�)� �o�c�o�r�r�e�r

�e�m� �2�4�0�,�0� �n�m�,� �c�u�j�a� �a�t�r�i�b�u�i�ç�ã�o� �f�o�i� �1�I�L�C�N�,

�c�o�n�f�o�r�m�e� �t�a�b�e�l�a� �2�.� �O�s� �o�u�t�r�o�s� �3�5�%� �e�n�v�o�l�v�e�m

�o�u�t�r�a�s� �c�o�n�t�r�i�b�u�i�ç�õ�e�s�,� �c�o�m�o� �p�o�r� �e�x�e�m�p�l�o�,� �a

�t�r�a�n�s�i�ç�ã�o� �(�1�3�8!’ �1�4�7�)�,� �q�u�e� �e�n�v�o�l�v�e�u� �o�s

�o�r�b�i�t�a�i�s� �d�o� �l�i�g�a�n�t�e� �N�N�,� �i�n�d�i�c�a�n�d�o� �a� �a�t�r�i�b�u�i�ç�ã�o
�1�I�L�N�N�.� �P�o�r�t�a�n�t�o�,� �e�m� �2�4�0�,�0� �n�m�,� �t�e�m�-�s�e� �a

�s�o�b�r�e�p�o�s�i�ç�ã�o� �d�e� �c�o�n�t�r�i�b�u�i�ç�ã�o� �d�e� �a�m�b�a�s

�n�a�t�u�r�e�z�a�s�,� �1�I�L�C�N� �(�6�5�%�)� �e� �1�I�L�N�N �(�3�5�%�)�.� �N�a

�t�a�b�e�l�a� �2�,� �f�o�i� �r�e�p�r�e�s�e�n�t�a�d�a� �a� �t�r�a�n�s�i�ç�ã�o

�m�a�j�o�r�i�t�á�r�i�a� �(�m�a�i�o�r� �c�o�n�t�r�i�b�u�i�ç�ã�o�)� �n�o� �m�e�s�m�o

�c�o�m�p�r�i�m�e�n�t�o� �d�e� �o�n�d�a� �p�a�r�a� �s�i�m�p�l�i�f�i�c�a�ç�ã�o

�F�i�g�u�r�a� �7�:� �E�s�p�e�c�t�r�o�s� �e�l�e�t�r�ô�n�i�c�o�s� �d�e� �a�b�s�o�r�ç�ã�o� �U�V�/�V�i�s�,� �c�o�m�p�a�r�a�n�d�o� �o� �t�e�ó�r�i�c�o� �o�b�t�i�d�o�s� �v�i�a� �T�D�-
�D�F�T�(�B�3�L�Y�P�/�L�A�N�L�2�D�Z�)� �e�m� �r�e�l�a�ç�ã�o� �a�o� �e�x�p�e�r�i�m�e�n�t�a�l� �p�a�r�a� �o�s� �c�o�m�p�l�e�x�o�s� �I�r�1�-�I�r�4�,� �a�m�b�o�s� �e�m� �C�H�3�C�N�.
�P�a�r�a� �o� �e�s�p�e�c�t�r�o� �t�e�ó�r�i�c�o� �f�o�r�a�m� �c�o�n�s�i�d�e�r�a�d�a�s� �a�s� �t�r�a�n�s�i�ç�õ�e�s� �v�e�r�t�i�c�a�i�s�.

�F�o�n�t�e�:� �A�u�t�o�r�i�a� �P�r�ó�p�r�i�a
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�p�a�r�a� �t�o�d�o�s� �o�s� �c�o�m�p�l�e�x�o�s� �e�s�t�u�d�a�d�o�s�.� �N�o�t�e

�q�u�e� �a� �a�t�r�i�b�u�i�ç�ã�o� �e�n�v�o�l�v�e�u� �a� �p�r�e�s�e�n�ç�a� �d�e

�t�r�a�n�s�i�ç�õ�e�s� �m�i�s�t�a�s� �d�e�v�i�d�o� �a� �n�a�t�u�r�e�z�a� �d�o�s

�o�r�b�i�t�a�i�s� �e�n�v�o�l�v�i�d�o�s�.

�C�o�n�f�o�r�m�e� �f�i�g�u�r�a� �7� �e� �o�s� �r�e�s�u�l�t�a�d�o�s

�d�a�s� �s�u�p�e�r�f�í�c�i�e�s� �d�o�s� �o�r�b�i�t�a�i�s� �e�n�v�o�l�v�i�d�o�s� �n�a�s

�t�r�a�n�s�i�ç�õ�e�s�,� �e�m� �r�e�g�i�õ�e�s� �m�a�i�s� �e�n�e�r�g�é�t�i�c�a�s

�(�2�0�0� �<� �»� �<� �2�5�0� �n�m�)�,� �o�s� �e�s�t�a�d�o�s� �e�x�c�i�t�a�d�o�s

�2�2�,� �2�3� �e� �2�7� �d�o� �c�o�m�p�l�e�x�o� �I�r�1� �a�p�r�e�s�e�n�t�a�m� �o�s

�m�a�i�o�r� �v�a�l�o�r�e�s� �d�e� �f�,� �e�m� �q�u�e� �a� �m�a�i�o�r

�c�o�n�t�r�i�b�u�i�ç�ã�o� �d�a� �t�r�a�n�s�i�ç�ã�o� �e�n�v�o�l�v�o�u� �o�s

�o�r�b�i�t�a�i�s� �d�o� �l�i�g�a�n�t�e� �C�N�,� �i�n�d�i�c�a�n�d�o� �f�o�r�t�e�m�e�n�t�e

�u�m�a� �t�r�a�n�s�i�ç�ã�o� �1�I�L�C�N�.� �J�á� �e�m� �r�e�g�i�õ�e�s� �d�e

�e�n�e�r�g�i�a� �i�n�t�e�r�m�e�d�i�á�r�i�a� �(�2�5�0� �<� �»� �<� �3�5�0� �n�m�)�, �o�s

�e�s�t�a�d�o�s� �e�x�c�i�t�a�d�o�s� �3�7�,� �4�7�,� �4�8� �e� �6�4� �f�o�r�a�m� �a�s

�t�r�a�n�s�i�ç�õ�e�s� �q�u�e� �e�n�v�o�l�v�e�r�a�m� �o�s� �o�r�b�i�t�a�i�s� �d�o

�l�i�g�a�n�t�e� �C�N� �e� �N�N�,� �i�n�d�i�c�a�n�d�o� �a� �a�t�r�i�b�u�i�ç�ã�o� �d�e
�1�L�L�C�T�N�N!’ �C�N�,� �1�L�L�C�T�C�N!’ �N�N� �e� �1�I�L�C�N�.� �E� �p�o�r� �f�i�m�,

�a�s� �r�e�g�i�õ�e�s� �d�o� �e�s�p�e�c�t�r�o� �d�e� �a�b�s�o�r�ç�ã�o� �c�o�m

�m�e�n�o�r� �e�n�e�r�g�i�a� �(�3�5�0� �<� �»� �<� �5�0�0� �n�m�)�,

�e�n�v�o�l�v�e�m� �o�s� �o�r�b�i�t�a�i�s� �d�o� �l�i�g�a�n�t�e� �C�N�,� �N�N� �e� �I�r�,

�l�o�g�o� �a�s� �a�t�r�i�b�u�i�ç�õ�e�s� �p�o�s�s�í�v�e�i�s� �f�o�r�a�m
�1�L�L�C�T�C�N!’ �N�N�,� �1�M�L�C�T�I�r!’ �C�N�,� �1�M�L�C�T�I�r!’ �N�N� �e

�1�I�L�N�N�.

�E�m� �r�e�s�u�m�o�,� �o�s� �c�á�l�c�u�l�o�s� �d�e� �T�D�-�D�F�T

�p�e�r�m�i�t�i�r�a�m� �c�o�m�p�r�e�e�n�d�e�r� �a� �n�a�t�u�r�e�z�a� �d�a�s

�t�r�a�n�s�i�ç�õ�e�s� �e�l�e�t�r�ô�n�i�c�a�s� �d�u�r�a�n�t�e� �a� �a�b�s�o�r�ç�ã�o

�l�u�z�.� �E�m� �l�i�n�h�a�s� �g�e�r�a�i�s�,� �t�o�d�o�s� �o�s� �c�o�m�p�l�e�x�o�s

�(�I�r�1�-�I�r�4�)� �a�p�r�e�s�e�n�t�a�r�a�m� �o� �s�e�g�u�i�n�t�e

�c�o�m�p�o�r�t�a�m�e�n�t�o�.� �E�n�t�r�e� �2�0�0� �<� �»� �<� �3�0�0� �n�m�,

�o�b�s�e�r�v�o�u�-�s�e� �a�s� �t�r�a�n�s�i�ç�õ�e�s� �1�I�L�e�m� �a�m�b�o�s� �o�s

�l�i�g�a�n�t�e�s� �C�N� �e� �N�N�.� �E�n�t�r�e� �3�0�0� �<� �»� �<� �5�0�0� �n�m�,

�t�e�m�-�s�e� �a�s� �t�r�a�n�s�i�ç�õ�e�s� �1�I�L�N�N�,�1�L�L�C�T�e� �1�M�L�C�T�,

�e�m� �q�u�e� �a�s� �d�u�a�s� �ú�l�t�i�m�a�s� �c�o�n�t�r�i�b�u�í�r�a�m� �p�a�r�a� �a

�a�b�s�o�r�ç�ã�o� �n�a� �r�e�g�i�ã�o� �v�i�s�í�v�e�l� �(�»� �>� �4�0�0� �n�m�)� �e

�e�n�v�o�l�v�e�m� �o�s� �l�i�g�a�n�t�e�s� �C�N� �e� �N�N�.� �A�l�é�m� �d�i�s�s�o�,

�a�s� �b�a�n�d�a�s� �(�»� �>� �4�2�5� �n�m�)� �d�e� �m�e�n�o�r

�i�n�t�e�n�s�i�d�a�d�e� �p�o�d�e�m� �s�e�r� �a�t�r�i�b�u�í�d�a�s� �a

�s�u�p�e�r�p�o�s�i�ç�ã�o� �d�a�s� �t�r�a�n�s�i�ç�õ�e�s� � �1�L�L�C�T� �e
�1�M�L�C�T�.

�5�.�4� �E�s�p�e�c�t�r�o�s�c�o�p�i�a� �d�e� �e�m�i�s�s�ã�o� �U�V�-�V�i�s

�U�m�a� �v�e�z� �c�o�m�p�r�e�e�n�d�i�d�a� �a� �n�a�t�u�r�e�z�a

�d�a�s� �t�r�a�n�s�i�ç�õ�e�s� �e�l�e�t�r�ô�n�i�c�a�s� �n�o� �e�s�p�e�c�t�r�o� �d�e

�a�b�s�o�r�ç�ã�o� �U�V�-�V�i�s�,� �u�t�i�l�i�z�o�u�-�s�e� �T�D�-�D�F�T� �p�a�r�a

�c�o�m�p�r�e�e�n�d�e�r� �a�s� �p�r�o�p�r�i�e�d�a�d�e�s� �d�e� �e�m�i�s�s�ã�o

�d�o�s� �c�o�m�p�l�e�x�o�s� �(�I�r�1�-�I�r�4�)� �e� �i�n�f�e�r�i�r �o

�c�o�m�p�r�i�m�e�n�t�o� �d�e� �o�n�d�a� �d�e� �e�m�i�s�s�ã�o� �t�e�ó�r�i�c�o�.� �A

�T�a�b�e�l�a� �2�:� �D�a�d�o�s� �d�o� �e�s�p�e�c�t�r�o� �d�e� �e�m�i�s�s�ã�o� �T�D�-�D�F�T� �(�B�3�L�Y�P�/�L�A�N�L�2�D�Z� �e�m� �C�H�3�C�N�)� �e
�e�x�p�e�r�i�m�e�n�t�a�l�p�a�r�a� �o�s� �c�o�m�p�l�e�x�o�s� �I�r�1�-�I�r�4�,�e�m� �q�u�e� �f�o�i� �o�b�t�i�d�o� �o� �c�o�m�p�r�i�m�e�n�t�o� �d�e� �o�n�d�a� �d�e� �e�m�i�s�s�ã�o
�t�e�ó�r�i�c�o� �a�p�a�r�t�i�r� �d�a� �g�e�o�m�e�t�r�i�a� �o�t�i�m�i�z�a�d�a� �d�o� �e�s�t�a�d�o� �e�x�c�i�t�a�d�o� �T�1�.� �(�-�-�)� �S�e�m� �d�a�d�o�s� �d�i�s�p�o�n�í�v�e�i�s�.

�F�o�n�t�e�:� �A�u�t�o�r�i�a� �P�r�ó�p�r�i�a
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�t�a�b�e�l�a� �2� �r�e�s�u�m�i�u� �o�s� �p�r�i�n�c�i�p�a�i�s� �d�a�d�o�s� �o�b�t�i�d�o�s

�v�i�a� �s�i�m�u�l�a�ç�ã�o� �B�3�L�Y�P�/�L�A�N�L�2�D�Z�,

�c�o�m�p�a�r�a�n�d�o�-�o�s� �a�o�s� �r�e�s�u�l�t�a�d�o�s

�e�x�p�e�r�i�m�e�n�t�a�i�s� �d�i�s�p�o�n�í�v�e�i�s�.

�O�s� �c�o�m�p�l�e�x�o�s� �I�r�1� �e� �I�r�3� �n�ã�o

�a�p�r�e�s�e�n�t�a�r�a�m� �u�m�a� �b�a�n�d�a� �d�e� �e�m�i�s�s�ã�o

�e�x�p�e�r�i�m�e�n�t�a�l� �e�m� �s�o�l�u�ç�ã�o� �d�e� �C�H�3�C�N�,� �e� �o�s

�r�e�s�u�l�t�a�d�o�s� �t�e�ó�r�i�c�o�s� �i�n�d�i�c�a�r�a�m� �u�m�a� �e�m�i�s�s�ã�o

�t�e�ó�r�i�c�a� �e�m� �9�3�2� �e� �6�8�8� �n�m�,� �r�e�s�p�e�c�t�i�v�a�m�e�n�t�e�,

�p�r�a�t�i�c�a�m�e�n�t�e� �f�o�r�a� �d�a� �f�a�i�x�a� �e�s�p�e�c�t�r�a�l� �v�i�s�í�v�e�l�.

�Q�u�a�n�t�o� �m�e�n�o�r� �o� �b�a�n�d�g�a�p� �d�e� �e�m�i�s�s�ã�o�,� �m�a�i�o�r

�a� �p�r�o�b�a�b�i�l�i�d�a�d�e� �d�e� �o�c�o�r�r�e�r� �a� �d�e�s�a�t�i�v�a�ç�ã�o

�n�ã�o�-�r�a�d�i�a�t�i�v�a� �d�o� �e�s�t�a�d�o� �e�x�c�i�t�a�d�o� �T�1

�f�o�r�m�a�d�o�,� �o� �q�u�e� �c�o�r�r�o�b�o�r�a� �p�a�r�a� �e�x�p�l�i�c�a�r� �o

�m�o�t�i�v�o� �d�o�s� �c�o�m�p�l�e�x�o�s� �I�r�1� �e� �I�r�3� �n�ã�o� �e�m�i�t�i�r�e�m

�(�B�u�r�l�o�v� �e�t� �a�l�.�,� �2�0�2�3�)�.

�J�á� �o�s� �c�o�m�p�l�e�x�o�s� �I�r�2� �e� �I�r�4 �t�i�v�e�r�a�m� �u�m�a

�b�a�n�d�a� �d�e� �e�m�i�s�s�ã�o� �e�x�p�e�r�i�m�e�n�t�a�l� �c�o�m

�m�á�x�i�m�o� �e�m� �5�7�0� �e� �5�7�5� �n�m�,� �r�e�s�p�e�c�t�i�v�a�m�e�n�t�e�.

�C�o�m�p�a�r�a�n�d�o�-�s�e� �c�o�m� �o�s� �r�e�s�u�l�t�a�d�o�s� �t�é�o�r�i�c�o�s�,

�o�b�t�e�u�-�s�e� �u�m� �c�o�m�p�r�i�m�e�n�t�o� �d�e� �e�m�i�s�s�ã�o� �e�m

�u�m�a� �r�e�g�i�ã�o� �d�o� �e�s�p�e�c�t�r�o� �v�í�s�i�v�e�l� �m�u�i�t�o� �m�a�i�s

�e�n�e�r�g�é�t�i�c�a� �(�4�3�3� �e� �4�0�5� �n�m�)�,� �o� �q�u�e

�c�o�r�r�e�s�p�o�n�d�e� �a� �u�m�a� �g�r�a�n�d�e� �d�i�f�e�r�e�n�ç�a� �e�n�t�r�e� �a

�t�e�o�r�i�a� �e� �a� �p�a�r�t�e� �e�x�p�e�r�i�m�e�n�t�a�l�.

�A� �p�a�r�t�i�r� �d�o�s� �r�e�s�u�l�t�a�d�o�s� �t�e�ó�r�i�c�o�s� �d�a

�t�a�b�e�l�a� �2� �e� �o�s� �d�a�d�o�s� �d�e� �s�i�m�u�l�a�ç�ã�o�,

�i�d�e�n�t�i�f�i�c�o�u�-�s�e� �q�u�e� �a� �t�r�a�n�s�i�ç�ã�o� �S�0� !’ � �S�1 �n�o

�p�r�o�c�e�s�s�o� �d�e� �a�b�s�o�r�ç�ã�o� �f�o�i� �c�a�r�a�c�t�e�r�i�z�a�d�a� �p�o�r

�s�e�r� �1�M�L�C�T�.� �A�p�ó�s� �o� �c�r�u�z�a�m�e�n�t�o

�i�n�t�e�r�s�i�s�t�e�m�a�s�,� �o�c�o�r�r�e� �a� �p�o�p�u�l�a�ç�ã�o� �d�o� �e�s�t�a�d�o

�T�1�,� �c�a�r�a�c�t�e�r�i�z�a�d�o� �p�o�r� �3�M�L�C�T�,� �r�e�s�u�l�t�a�n�d�o� �e�m

�u�m� �d�e�c�a�i�m�e�n�t�o� �e�m� �9�3�2� �n�m�.

�A�l�g�u�n�s� �c�a�m�i�n�h�o�s� �a�l�t�e�r�n�a�t�i�v�o�s� �p�o�d�e�m

�s�e�r� �f�e�i�t�o�s� �p�a�r�a� �a�p�r�o�x�i�m�a�r� �o�s� �r�e�s�u�l�t�a�d�o�s

�s�i�m�u�l�a�d�o�s� �e�m� �r�e�l�a�ç�ã�o� �a�o�s� �o�b�t�i�d�o�s� �v�i�a

�e�x�p�e�r�i�m�e�n�t�a�ç�ã�o�.� �C�o�m�o� �n�a� �s�i�m�u�l�a�ç�ã�o� �f�o�i

�u�s�a�d�o� �T�D�-�D�F�T� �B�3�L�Y�P�/�L�A�N�L�2�D�Z� �(�N�e�v�i�l�l�e� �e�t

�a�l�.�,� �2�0�1�6�;� �M�a�r�s�h�a�l�l� �e�t� �a�l�.�,� �2�0�1�5�)�,� �u�m� �m�é�t�o�d�o

�c�o�m�p�u�t�a�c�i�o�n�a�l� �q�u�e� �u�s�a� �p�o�u�c�o� �r�e�c�u�r�s�o� �d�e

�p�r�o�c�e�s�s�a�m�e�n�t�o�,� �p�o�d�e�-�s�e� �r�e�f�i�n�a�r� �a

�m�e�t�o�d�o�l�o�g�i�a� �t�e�ó�r�i�c�a� �p�a�r�a� �a�u�m�e�n�t�a�r� �a

�p�r�e�c�i�s�ã�o� �d�o�s� �r�e�s�u�l�t�a�d�o�s�,� �e�m� �f�u�n�ç�ã�o� �d�e� �u�s�a�r

�u�m� �m�a�i�o�r� �r�e�c�u�r�s�o� �d�e� �p�r�o�c�e�s�s�a�m�e�n�t�o�.� �P�o�d�e�-

�s�e� �t�e�s�t�a�r� �o�u�t�r�o�s� �f�u�n�c�i�o�n�a�i�s�,� �a�l�é�m� �d�o� �B�3�L�Y�P�,

�p�o�r� �e�x�e�m�p�l�o�,� �P�B�E�0�,� �M�0�6� �(�W�a�n�g� �e�t� �a�l�.�,� �2�0�1�8�;

�S�m�i�t�h� �e�t� �a�l�.�,� �2�0�1�8�;� �V�o�g�e�l� �e�t� �a�l�.�,� �2�0�2�0�)� �p�a�r�a

�e�n�c�o�n�t�r�a�r� �f�u�n�ç�õ�e�s� �d�e� �t�r�o�c�a� �m�a�i�s� �a�d�e�q�u�a�d�a�s�.

�A�l�é�m� �d�i�s�s�o�,� �f�u�n�c�i�o�n�a�i�s� �h�í�b�r�i�d�o�s�,� �q�u�e

�m�i�s�t�u�r�a�m� �f�u�n�ç�õ�e�s� �l�o�c�a�i�s� �e� �n�ã�o�-�l�o�c�a�i�s�,

�m�u�i�t�a�s� �v�e�z�e�s� �f�o�r�n�e�c�e�m� �m�e�l�h�o�r�e�s� �r�e�s�u�l�t�a�d�o�s

�p�a�r�a� �s�i�s�t�e�m�a�s� �c�o�n�t�e�n�d�o� �m�e�t�a�i�s�.� �O�u�t�r�o�s

�a�j�u�s�t�e�s� �p�o�s�s�í�v�e�i�s� �s�ã�o� �i�n�c�l�u�i�r� �c�á�l�c�u�l�o�s� �d�e

�c�o�r�r�e�ç�ã�o� �q�u�e� �i�n�c�l�u�e�m� �i�n�t�e�r�a�ç�õ�e�s� �d�e

�c�o�r�r�e�l�a�ç�ã�o� �d�e� �m�u�i�t�o�s� �c�o�r�p�o�s� �(�S�o�u�s�a� �e�t� �a�l�.�,

�2�0�1�6�;� �B�e�r�t�o�l�a�m�i� �e�t� �a�l�.�,� �2�0�1�8�)�.

�C�o�n�c�l�u�s�ã�o

�O�s� �c�á�l�c�u�l�o�s� �i�d�e�n�t�i�f�i�c�a�r�a�m� �c�o�m�o� �a�s

�m�o�d�i�f�i�c�a�ç�õ�e�s� �n�o�s� �s�u�b�s�t�i�t�u�i�n�t�e�s� �N�N� �e� �C�N

�a�f�e�t�a�r�a�m� �o�s� �n�í�v�e�i�s� �d�e� �e�n�e�r�g�i�a� �d�o�s� �o�r�b�i�t�a�i�s

�d�e� �f�r�o�n�t�e�i�r�a� �(�H�O�M�O� �e� �L�U�M�O�)� �e� �a� �e�n�e�r�g�i�a� �d�e

�b�a�n�d�g�a�p� �d�o�s� �c�o�m�p�l�e�x�o�s� �I�r�1�-�I�r�4�.� �F�o�i� �p�o�s�s�i�v�e�l

�o�b�s�e�r�v�a�r� �m�u�d�a�n�ç�a�s� �n�a� �g�e�o�m�e�t�r�i�a� �d�e� �t�o�d�o�s

�o�s� �c�o�m�p�l�e�x�o�s� �e�n�t�r�e� �o�s� �e�s�t�a�d�o�s� �f�u�n�d�a�m�e�n�t�a�l
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�e� �e�x�c�i�t�a�d�o�s�,� �p�r�i�n�c�i�p�a�l�m�e�n�t�e� �e�n�t�r�e� �S�0� �e� �T�1� �o

�q�u�e� �c�o�r�r�o�b�o�r�a� �c�o�m� �a� �l�i�t�e�r�a�t�u�r�a� �e

�e�x�p�e�r�i�m�e�n�t�o�s� �r�e�l�a�c�i�o�n�a�d�o�s� �a� �e�m�i�s�s�ã�o� �d�e

�c�o�m�p�l�e�x�o�s� �m�e�t�á�l�i�c�o�s�.� �O�s� �r�e�s�u�l�t�a�d�o�s

�s�i�m�u�l�a�d�o�s� �t�i�v�e�r�a�m� �c�o�n�c�o�r�d�â�n�c�i�a� �e�m� �r�e�l�a�ç�ã�o

�a�o�s� �d�a�d�o�s� �e�x�p�e�r�i�m�e�n�t�a�i�s�.� �E�s�s�e� �t�i�p�o� �d�e

�m�o�d�e�l�a�g�e�m� �é� �i�m�p�o�r�t�a�n�t�e� �p�a�r�a� �o

�d�e�s�e�n�v�o�l�v�i�m�e�n�t�o� �d�e� �m�a�t�e�r�i�a�i�s� �a�p�l�i�c�a�d�o�s� �e�m

�d�i�s�p�o�s�i�t�i�v�o�s� �e�l�e�t�r�o�l�u�m�i�n�e�s�c�e�n�t�e�s�.

�C�o�m� �a� �i�m�a�g�e�m� �d�a� �s�u�p�e�r�f�í�c�i�e� �d�o�s

�o�r�b�i�t�a�i�s�,� �n�o�t�o�u�-�s�e� �q�u�e� �o� �H�O�M�O� �é� �u�m� �o�r�b�i�t�a�l

�d�I�r� �-�À�C�N �c�o�m� �i�n�t�e�r�a�ç�õ�e�s� �e�l�e�t�r�ô�n�i�c�a�s� �d�-�À

�e�s�t�e�n�d�i�d�a�s� �p�o�r� �m�e�i�o� �d�a� �l�i�g�a�ç�ã�o� �c�o�v�a�l�e�n�t�e

�p�o�l�a�r�i�z�a�d�a� �e�n�t�r�e� �o�s� �á�t�o�m�o�s� �d�e� �I�r�(�I�I�I�)� �e

�c�a�r�b�o�n�o� �(�C�)� �d�o� �l�i�g�a�n�t�e� �C�N�.� �A� �a�d�i�ç�ã�o� �d�e

�á�t�o�m�o�s� �d�e� �f�l�ú�o�r� �r�e�d�u�z� �a� �d�e�n�s�i�d�a�d�e

�e�l�e�t�r�ô�n�i�c�a� �d�a� �C�N� �p�o�r� �e�f�e�i�t�o� �i�n�d�u�t�i�v�o�,� �e

�c�o�n�s�e�q�u�e�n�t�e�m�e�n�t�e�,� �r�e�d�u�z� �a� �d�e�n�s�i�d�a�d�e

�e�l�e�t�r�ô�n�i�c�a� �d�o� �I�r�(�I�I�I�)�,� �e�s�t�a�b�i�l�i�z�a�n�d�o� �a� �e�n�e�r�g�i�a

�d�o� �H�O�M�O�.� �E�m� �c�o�n�t�r�a�p�a�r�t�i�d�a�,� �o� �o�r�b�i�t�a�l

�L�U�M�O� �p�o�s�s�u�i� �c�a�r�á�t�e�r� �p�r�e�d�o�m�i�n�a�n�t�e�m�e�n�t�e

�d�e� �u�m� �o�r�b�i�t�a�l� �a�n�t�i�l�i�g�a�n�t�e� �À�*
�N�N�,� �l�o�g�o� �a�s

�m�o�d�i�f�i�c�a�ç�õ�e�s� �n�o� �f�r�a�g�m�e�n�t�o� �I�r�-�N�N�,

�e�s�t�a�b�i�l�i�z�a�m� �o�u� �d�e�s�e�s�t�a�b�i�l�i�z�a�m� �s�u�a� �e�n�e�r�g�i�a�.

�P�o�r� �e�x�e�m�p�l�o�,� �o� �s�u�b�s�t�i�t�u�i�n�t�e� �N�O�2� �p�a�r�t�i�c�i�p�a� �d�a

�c�o�m�p�o�s�i�ç�ã�o� �d�o� �L�U�M�O�,� �e�s�t�a�b�i�l�i�z�a�n�d�o� �s�u�a

�e�n�e�r�g�i�a� �p�o�r� �r�e�d�u�z�i�r� �a� �d�e�n�s�i�d�a�d�e� �e�l�e�t�r�ô�n�i�c�a�.

�O�s� �e�s�p�e�c�t�r�o�s� �d�e� �a�b�s�o�r�ç�ã�o� �t�e�ó�r�i�c�o� �e

�e�x�p�e�r�i�m�e�n�t�a�l� �a�p�r�e�s�e�n�t�a�r�a�m� �a�d�e�q�u�a�d�a

�c�o�n�c�o�r�d�â�n�c�i�a� �d�o�s� �r�e�s�u�l�t�a�d�o�s�,� �c�o�n�s�i�d�e�r�a�n�d�o

�a� �f�a�i�x�a� �d�e� �c�o�m�p�r�i�m�e�n�t�o� �d�e� �o�n�d�a

�(�2�0�0� �<� �»� �<� �5�0�0� �n�m�)� �e� �a� �i�n�t�e�n�s�i�d�a�d�e� �d�a�s

�t�r�a�n�s�i�ç�õ�e�s�,� �i�n�d�i�c�a�n�d�o� �q�u�e� �a� �m�e�t�o�d�o�l�o�g�i�a

�T�D�-�D�F�T� �f�o�i� �a�d�e�q�u�a�d�a� �p�a�r�a� �c�o�m�p�r�e�e�n�d�e�r� �a

�n�a�t�u�r�e�z�a� �d�a�s� �t�r�a�n�s�i�ç�õ�e�s�.� � �C�o�m� �a�s

�s�u�p�e�r�f�í�c�i�e�s� �d�o�s� �o�r�b�i�t�a�i�s� �m�o�l�e�c�u�l�a�r�e�s

�e�n�v�o�l�v�i�d�o�s� �n�a�s� �t�r�a�n�s�i�ç�õ�e�s� �v�e�r�t�i�c�a�i�s�,

�i�d�e�n�t�i�f�i�c�o�u�-�s�e� �e�n�t�r�e� �2�0�0� �<� �»� �<� �3�0�0� �n�m�,

�t�r�a�n�s�i�ç�õ�e�s� �1�I�L�C�N� �e� �1�I�L�N�N�.� �J�á� �e�n�t�r�e� �3�0�0� �<� �»� �<

�5�0�0� �n�m�,� �t�e�m�-�s�e� �a�s� �t�r�a�n�s�i�ç�õ�e�s� �1�I�L�N�N�, �1�L�L�C�T�,� 

�1�M�L�C�T�N�N� �e� �1�M�L�C�T�C�N�.� �A�l�é�m� �d�i�s�s�o�,� �a�s� �b�a�n�d�a�s

�(�»� �>� �4�2�5� �n�m�)� �d�e� �m�e�n�o�r� �i�n�t�e�n�s�i�d�a�d�e� �f�o�r�a�m

�a�t�r�i�b�u�í�d�a�s� �a� �s�u�p�e�r�p�o�s�i�ç�ã�o� �d�a�s� �t�r�a�n�s�i�ç�õ�e�s� 
�1�L�L�C�T� �e� �1�M�L�C�T�.

�O�s� �r�e�s�u�l�t�a�d�o�s� �d�e� �e�m�i�s�s�ã�o� �c�o�n�t�i�n�u�a�m

�c�o�m�o� �u�m� �d�e�s�a�f�i�o� �p�a�r�a� �c�o�n�c�i�l�i�a�r� �o�s� �d�a�d�o�s

�e�x�p�e�r�i�m�e�n�t�a�i�s� �a�o�s� �t�é�o�r�i�c�o�s�,� �s�e�n�d�o� �u�m�a

�o�p�o�r�t�u�n�i�d�a�d�e� �p�a�r�a� �r�e�f�i�n�a�r� �o� �m�o�d�e�l�o� �T�D�-�D�F�T

�(�B�3�L�Y�P�/�L�A�N�L�2�D�Z�)�.� �C�o�m�o� �p�r�ó�x�i�m�a�s� �e�t�a�p�a�s�,

�p�o�d�e�-�s�e� �e�s�c�o�l�h�e�r� �o�u�t�r�o� �f�u�n�c�i�o�n�a�l� �a�l�é�m� �d�o

�B�3�L�Y�P� �(�p�o�r� �e�x�e�m�p�l�o�,� �P�B�E�0�,� �M�0�6�)� �e� �b�a�s�e� �d�e

�c�á�l�c�u�l�o� �(�a�l�é�m� �d�o� �L�A�N�L�2�D�Z�)� �p�a�r�a� �e�n�c�o�n�t�r�a�r

�f�u�n�ç�õ�e�s� �d�e� �t�r�o�c�a� �m�a�i�s� �a�d�e�q�u�a�d�a�s�.� �A�l�é�m

�d�i�s�s�o�,� �p�o�d�e�-�s�e� �i�n�c�l�u�i�r� �c�á�l�c�u�l�o�s� �d�e� �c�o�r�r�e�ç�ã�o

�c�o�m� �i�n�t�e�r�a�ç�õ�e�s� �d�e� �c�o�r�r�e�l�a�ç�ã�o� �d�e� �m�u�i�t�o�s

�c�o�r�p�o�s�.

�R�e�f�e�r�ê�n�c�i�a�s� �B�i�b�l�i�o�g�r�á�f�i�c�a�s

�A�m�a�r�a�l�,� �R�.� �C�.�,� �Z�a�n�o�n�i�,� �K�.� �P�.� �S�.�,� �M�a�t�o�s�,� �L�.� �S�.�,

�&� �I�h�a�,� �N�.� �Y�.� �M�.� �(�2�0�2�0�)�.

�S�u�p�r�a�m�o�l�e�c�u�l�a�r� �a�p�p�r�o�a�c�h� �i�n� �e�n�e�r�g�y

�c�o�n�v�e�r�s�i�o�n� �d�e�v�i�c�e�s�.� �J�o�u�r�n�a�l� �o�f� �t�h�e

�B�r�a�z�i�l�i�a�n� �C�h�e�m�i�c�a�l� �S�o�c�i�e�t�y�,� �3�1�,

�2�1�7�6 ��2�1�9�9�.

�B�e�r�t�o�l�a�m�i�,� �E�.� �A�.�,� �e�t� �a�l�.� �(�2�0�1�8�)�.� �M�o�d�e�l�i�n�g

�e�l�e�c�t�r�o�n�i�c� �t�r�a�n�s�i�t�i�o�n�s� �i�n� �m�e�t�a�l
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�c�o�m�p�l�e�x�e�s� �u�s�i�n�g� �T�D�-�D�F�T�.� �I�n�o�r�g�a�n�i�c

�C�h�e�m�i�s�t�r�y� �C�o�m�m�u�n�i�c�a�t�i�o�n�s�,� �8�8�,� �1�2�1 �

�1�2�7�.

�B�l�a�k�e�,� �R�.� �T�.�,� �&� �S�m�i�t�h�,� �J�.� �H�.� �(�2�0�2�0�)�.� �I

�n�t�r�o�d�u�c�t�i�o�n� �t�o� �e�l�e�c�t�r�o�c�h�e�m�i�c�a�l

�m�e�t�h�o�d�s� �(�2�n�d� �e�d�.�)�.� �O�x�f�o�r�d�:� �O�x�f�o�r�d

�U�n�i�v�e�r�s�i�t�y� �P�r�e�s�s�.

�B�r�i�d�g�e�s�,� �J�.�,� �e�t� �a�l�.� �(�2�0�2�0�)�.� �H�i�g�h�-�p�e�r�f�o�r�m�a�n�c�e

�c�o�m�p�u�t�i�n�g� �f�o�r� �c�h�e�m�i�c�a�l� �s�i�m�u�l�a�t�i�o�n�s�:

�T�h�e� �c�a�s�e� �o�f� �T�i�t�a�n� �C�l�u�s�t�e�r� �a�t� �U�F�A�B�C�.� 

�J�o�u�r�n�a�l� �o�f� �C�o�m�p�u�t�a�t�i�o�n�a�l� �C�h�e�m�i�s�t�r�y�,

�3�5�(�7�)�,� �5�9�4 ��6�0�3�.

�B�u�r�l�o�v�,� �A�.� �S�.�,� �V�l�a�s�e�n�k�o�,� �V�.� �G�.�,� �G�a�r�n�o�v�s�k�i�i�,� �D�.

�A�.�,� �e�t� �a�l�.� �(�2�0�2�3�)�.� �L�u�m�i�n�e�s�c�e�n�c�e

�p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� �i�r�i�d�i�u�m�(�I�I�I�)

�c�o�m�p�l�e�x�e�s�.� �R�u�s�s�i�a�n� �J�o�u�r�n�a�l� �o�f

�C�o�o�r�d�i�n�a�t�i�o�n� �C�h�e�m�i�s�t�r�y�,� �4�9�(�S�u�p�p�l� �1�)�,

�S�6�8 ��S�8�7�.

�D�e�a�t�o�n�,� �J�.� �C�.�,� �&� �C�a�s�t�e�l�l�a�n�o�,� �F�.� �N�.� �(�2�0�1�7�)�.

�A�r�c�h�e�t�y�p�a�l� �i�r�i�d�i�u�m�(�I�I�I�)� �c�o�m�p�o�u�n�d�s� �f�o�r

�o�p�t�o�e�l�e�c�t�r�o�n�i�c� �a�n�d� �p�h�o�t�o�n�i�c

�a�p�p�l�i�c�a�t�i�o�n�s�.� �I�n� �I�r�i�d�i�u�m�(�I�I�I�)� �i�n

�o�p�t�o�e�l�e�c�t�r�o�n�i�c� �a�n�d� �p�h�o�t�o�n�i�c�s

�a�p�p�l�i�c�a�t�i�o�n�s� �(�p�p�.� �1 ��6�9�)�.

�D�r�a�g�o�n�e�t�t�i�,� �C�.�,� �F�a�l�c�i�o�l�a�,� �L�.�,� �M�u�s�s�i�n�i�,� �P�.�,

�R�i�g�h�e�t�t�o�,� �S�.�,� �R�o�b�e�r�t�o�,� �D�.�,� �U�g�o�,� �R�.�,

�V�a�l�o�r�e�,� �A�.�,� �D�e� �A�n�g�e�l�i�s�,� �F�.�,� �F�a�n�t�a�c�c�i�,

�S�.�,� �S�g�a�m�e�l�l�o�t�t�i�,� �A�.�,� �R�a�m�o�n�,� �M�.�,� �&

�M�u�c�c�i�n�i�,� �M�.� �(�2�0�0�7�)�.� �T�h�e� �r�o�l�e� �o�f

�s�u�b�s�t�i�t�u�e�n�t�s� �o�n� �f�u�n�c�t�i�o�n�a�l�i�z�e�d� �1�,�1�0�-

�p�h�e�n�a�n�t�h�r�o�l�i�n�e� �i�n� �c�o�n�t�r�o�l�l�i�n�g� �t�h�e

�e�m�i�s�s�i�o�n� �p�r�o�p�e�r�t�i�e�s� �o�f� �c�a�t�i�o�n�i�c

�i�r�i�d�i�u�m�(�I�I�I�)� �c�o�m�p�l�e�x�e�s� �o�f� �i�n�t�e�r�e�s�t� �f�o�r

�e�l�e�c�t�r�o�l�u�m�i�n�e�s�c�e�n�t� �d�e�v�i�c�e�s�.� �I

�n�o�r�g�a�n�i�c� �C�h�e�m�i�s�t�r�y�,� �4�6�(�2�1�)�,� �8�5�3�3 �

�8�5�4�7�.

�G�e�r�s�e�m�a�,� �E�.� �(�2�0�1�9�,� �F�e�b�r�u�a�r�y� �8�)�.� �S�c�i�e�n�t�i�s�t�s �

�d�i�s�c�o�v�e�r�y� �c�o�u�l�d� �m�e�a�n� �l�e�s�s�-�e�x�p�e�n�s�i�v�e

�s�m�a�r�t�p�h�o�n�e�s�,� �T�V�s�.� �U�S�C� �T�o�d�a�y�.

�R�e�t�r�i�e�v�e�d� �f�r�o�m� 

�h�t�t�p�s�:�/�/�t�o�d�a�y�.�u�s�c�.�e�d�u�/�u�s�c�-�l�e�s�s�-

�e�x�p�e�n�s�i�v�e�-�s�m�a�r�t�p�h�o�n�e�s�-�t�v�s�/

�J�o�n�e�s�,� �M�.� �E�.�,� �&� �B�r�o�w�n�,� �A�.� �R�.� �(�2�0�1�9�)�.� 

�T�h�e�o�r�e�t�i�c�a�l� �c�h�e�m�i�s�t�r�y�:� �T�D�-�D�F�T� �a�n�d

�i�t�s� �a�p�p�l�i�c�a�t�i�o�n�s�.� �C�a�m�b�r�i�d�g�e�:

�C�a�m�b�r�i�d�g�e� �U�n�i�v�e�r�s�i�t�y� �P�r�e�s�s�.

�K�i�m�,� �J�.�-�H�.�,� �K�i�m�,� �S�.�-�Y�.�,� �C�h�o�,� �Y�.�-�J�.�,� �S�o�n�,� �H�.�-�J�.�,

�C�h�o�,� �D�.� �W�.�,� �&� �K�a�n�g�,� �S�.� �O�.� �(�2�0�1�8�)�.� �A

�d�e�t�a�i�l�e�d� �e�v�a�l�u�a�t�i�o�n� �f�o�r� �t�h�e

�n�o�n�r�a�d�i�a�t�i�v�e� �p�r�o�c�e�s�s�e�s� �i�n� �h�i�g�h�l�y

�p�h�o�s�p�h�o�r�e�s�c�e�n�t� �i�r�i�d�i�u�m�(�I�I�I�)

�c�o�m�p�l�e�x�e�s�.� �J�o�u�r�n�a�l� �o�f� �P�h�y�s�i�c�a�l

�C�h�e�m�i�s�t�r�y� �C�,� �1�2�2�(�7�)�,� �4�0�2�9 ��4�0�3�6�.

�L�a�s�k�a�r�,� �I�.� �R�.�,� �&� �C�h�e�n�,� �T�.�-�M�.� �(�2�0�0�4�)�.� �T�u�n�i�n�g� �o�f

�w�a�v�e�l�e�n�g�t�h�s�:� �S�y�n�t�h�e�s�i�s� �a�n�d

�p�h�o�t�o�p�h�y�s�i�c�a�l� �s�t�u�d�i�e�s� �o�f� �i�r�i�d�i�u�m

�c�o�m�p�l�e�x�e�s� �a�n�d� �t�h�e�i�r� �a�p�p�l�i�c�a�t�i�o�n�s� �i�n

�o�r�g�a�n�i�c� �l�i�g�h�t� �e�m�i�t�t�i�n�g� �d�e�v�i�c�e�s�.� 

�C�h�e�m�i�s�t�r�y� �o�f� �M�a�t�e�r�i�a�l�s�,� �1�6�(�1�)�,� �1�1�1 �

�1�1�7�.

�L�i�m�a�,� �R�.� �A�.�,� �e�t� �a�l�.� �(�2�0�2�0�)�.� �E�f�f�i�c�i�e�n�t� �u�s�e� �o�f

�s�u�p�e�r�c�o�m�p�u�t�i�n�g� �f�a�c�i�l�i�t�i�e�s� �f�o�r� �q�u�a�n�t�u�m

�c�h�e�m�i�s�t�r�y� �s�i�m�u�l�a�t�i�o�n�s�.� �A�d�v�a�n�c�e�s� �i�n

�Q�u�a�n�t�u�m� �C�h�e�m�i�s�t�r�y�,� �7�8�,� �3�9 ��5�6�.

�M�a�r�s�h�a�l�l�,� �C�.�,� �e�t� �a�l�.� �(�2�0�1�5�)�.� �T�i�m�e�-

�d�e�p�e�n�d�e�n�t� �d�e�n�s�i�t�y� �f�u�n�c�t�i�o�n�a�l� �t�h�e�o�r�y� 

�a�n�a�l�y�s�i�s� �o�f� �i�r�i�d�i�u�m�(�I�I�I�)� �c�o�m�p�l�e�x�e�s� �f�o�r� 



�2�0

�O�L�E�D� �a�p�p�l�i�c�a�t�i�o�n�s�.� �I�n�o�r�g�a�n�i�c

�C�h�e�m�i�s�t�r�y�,� �5�4�(�4�)�,� �1�4�5�2 ��1�4�6�0�.

�M�u�l�l�e�r�,� �A�.� �V�.�,� �G�o�n�c�a�l�v�e�s�,� �M�.� �R�.�,

�R�a�m�o�s�,� �L�.� �D�.�,� �P�o�l�o�,� �A�.� �S�.�,� �&� �F�r�i�n�,� �K�.� �P�.� �M�.� 

�(�2�0�1�7�)�.� �T�h�e� �i�m�p�o�r�t�a�n�c�e� �o�f� �t�h�e

�3�M�L�C�T� �e�x�c�i�t�e�d� �s�t�a�t�e� �o�f� �R�u�(�I�I�)�,� �R�e�(�I�)

�a�n�d� �I�r�(�I�I�I�)� �c�o�m�p�o�u�n�d�s� �o�n

�d�e�v�e�l�o�p�m�e�n�t� �o�f� �p�h�o�t�o�s�e�n�s�o�r�s�,

�O�L�E�D�s� �a�n�d� �C�O�2� �p�h�o�t�o�r�e�d�u�c�t�i�o�n�.� 

�Q�u�í�m�i�c�a� �N�o�v�a�,� �4�0�(�2�)�,� �2�0�0 ��2�1�3�.

�N�e�v�i�l�l�e�,� �H�.� �A�.�,� �e�t� �a�l�.� �(�2�0�1�6�)�.� �T�h�e�o�r�e�t�i�c�a�l� �s�t�u�d�y

�o�f� �t�h�e� �a�b�s�o�r�p�t�i�o�n� �a�n�d� �e�m�i�s�s�i�o�n

�p�r�o�p�e�r�t�i�e�s� �o�f� �c�y�c�l�o�m�e�t�a�l�a�t�e�d� �i

�r�i�d�i�u�m�(�I�I�I�)� �c�o�m�p�l�e�x�e�s�.� �J�o�u�r�n�a�l� �o�f� �P�h�y�s�i�c�a�l

�C�h�e�m�i�s�t�r�y� �A�,� �1�2�0�(�1�5�)�,� �2�3�4�5 ��2�3�5�3�.

�O�l�i�v�e�i�r�a�,� �A�.� �C�.�,� �e�t� �a�l�.� �(�2�0�1�5�)�.� �C�o�m�p�u�t�a�t�i�o�n�a�l

�r�e�s�o�u�r�c�e�s� �f�o�r� �T�D�-�D�F�T� �s�t�u�d�i�e�s� �o�f

�m�e�t�a�l� �c�o�m�p�l�e�x�e�s�.� �C�o�m�p�u�t�a�t�i�o�n�a�l

�M�a�t�e�r�i�a�l�s� �S�c�i�e�n�c�e�,� �1�0�4�,� �1�4�2 ��1�4�9�.

�R�o�d�r�i�g�u�e�z�,� �L�.� �M�.�,� �&� �H�e�r�r�e�r�a�,� �S�.� �P�.� �(�2�0�1�8�)�.� 

�S�p�e�c�t�r�o�s�c�o�p�i�c� �t�e�c�h�n�i�q�u�e�s�:� �U�V�-�V�I�S

�s�p�e�c�t�r�o�s�c�o�p�y� �f�o�r� �o�r�g�a�n�i�c

�m�o�l�e�c�u�l�e�s�.� �S�ã�o� �P�a�u�l�o�:� �E�d�i�t�o�r�a� �A�t�l�a�s�.

�S�m�i�t�h�,� �J�.� �R�.�,� �e�t� �a�l�.� �(�2�0�1�8�)�.� �P�r�e�d�i�c�t�i�v�e

�m�o�d�e�l�i�n�g� �o�f� �p�h�o�t�o�p�h�y�s�i�c�a�l� �p�r�o�p�e�r�t�i�e�s

�o�f� �i�r�i�d�i�u�m� �c�o�m�p�l�e�x�e�s�.� �C�h�e�m�i�c�a�l

�R�e�v�i�e�w�s�,� �1�1�8�(�1�1�)�,� �6�4�3�1 ��6�4�6�1�.

�S�o�u�s�a�,� �D�.� �A�.�,� �e�t� �a�l�.� �(�2�0�1�6�)�.� �T�h�e� �r�o�l�e� �o�f

�c�o�m�p�u�t�a�t�i�o�n�a�l� �c�l�u�s�t�e�r�s� �i�n� �m�o�d�e�r�n

�t�h�e�o�r�e�t�i�c�a�l� �c�h�e�m�i�s�t�r�y�.� �J�o�u�r�n�a�l� �o�f

�C�h�e�m�i�c�a�l� �P�h�y�s�i�c�s�,� �1�4�5�(�1�8�)�,� �1�8�4�1�0�3�.

�V�o�g�e�l�,� �E�.�,� �e�t� �a�l�.� �(�2�0�2�0�)�.� �A�d�v�a�n�c�e�d

�c�o�m�p�u�t�a�t�i�o�n�a�l� �t�e�c�h�n�i�q�u�e�s� �f�o�r� �T�D�-

�D�F�T� �s�t�u�d�i�e�s� �o�f� �m�e�t�a�l� �c�o�m�p�l�e�x�e�s�.� 

�C�o�m�p�u�t�a�t�i�o�n�a�l� �C�h�e�m�i�s�t�r�y� �R�e�v�i�e�w�s�,

�5�(�3�)�,� �1�2�3 ��1�3�5�.

�W�a�n�g�,� �Y�.�,� �e�t� �a�l�.� �(�2�0�1�8�)�.� �C�o�m�p�u�t�a�t�i�o�n�a�l

�m�o�d�e�l�i�n�g� �o�f� �i�r�i�d�i�u�m�(�I�I�I�)� �c�o�m�p�l�e�x�e�s� �f�o�r

�o�r�g�a�n�i�c� �l�i�g�h�t�-�e�m�i�t�t�i�n�g� �d�i�o�d�e�s�.� 

�A�d�v�a�n�c�e�d� �F�u�n�c�t�i�o�n�a�l� �M�a�t�e�r�i�a�l�s�,

�2�8�(�2�7�)�,� �1�7�0�5�3�4�6�.

�W�u�,� �C�.�,� �L�i�,� �Q�.�,� �Z�h�a�n�g�,� �X�.�,� �S�h�i�,� �C�.�,� �L�i�,� �G�.�,

�W�a�n�g�,� �M�.�,� �L�i�,� �K�.�,� �&� �Y�u�a�n�,� �A�.� �(�2�0�1�9�)�.

�T�u�n�i�n�g� �t�h�e� �p�h�o�t�o�p�h�y�s�i�c�a�l� �a�n�d� �e�x�c�i�t�e�d

�s�t�a�t�e� �p�r�o�p�e�r�t�i�e�s� �o�f� �p�h�o�s�p�h�o�r�e�s�c�e�n�t

�i�r�i�d�i�u�m�(�I�I�I�)� �c�o�m�p�l�e�x�e�s� �b�y� �p�o�l�y�c�y�c�l�i�c

�u�n�i�t� �s�u�b�s�t�i�t�u�t�i�o�n�.� �C�h�e�m�i�s�t�r�y�O�p�e�n�,

�8�(�3�)�,� �3�3�9 ��3�4�3�.

�Z�a�n�o�n�i�,� �K�.� �P�.� �S�.�,� �S�a�n�e�m�a�t�s�u�,� �M�.� �S�.�,� �&

�M�u�r�a�k�a�m�i� �I�h�a�,� �N�.� �Y�.� �(�2�0�1�4�)�.

�P�h�o�t�o�p�h�y�s�i�c�a�l� �c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� 

�[�I�r�(�p�p�y�)�2�(�d�m�b�)�]�[�P�F�6�]� �t�o�w�a�r�d�s

�a�p�p�l�i�c�a�t�i�o�n� �i�n� �l�i�g�h�t�-�e�m�i�t�t�i�n�g

�e�l�e�c�t�r�o�c�h�e�m�i�c�a�l� �c�e�l�l�s� �(�L�E�C�s�)�.� 

�I�n�o�r�g�a�n�i�c� �C�h�e�m�i�s�t�r�y

�C�o�m�m�u�n�i�c�a�t�i�o�n�s�,� �4�3�,� �1�6�2 ��1�6�4�.

�F�i�n�a�n�c�i�a�m�e�n�t�o

�E�s�t�e� �t�r�a�b�a�l�h�o� �c�o�n�t�o�u� �c�o�m� �a�p�o�i�o� �d�a

�C�o�o�r�d�e�n�a�ç�ã�o� �d�e� �A�p�e�r�f�e�i�ç�o�a�m�e�n�t�o� �d�e

�P�e�s�s�o�a�l� �d�e� �N�í�v�e�l� �S�u�p�e�r�i�o�r�  �� �B�r�a�s�i�l� �(�C�A�P�E�S�)�.

�A�s� �s�i�m�u�l�a�ç�õ�e�s� �c�o�m�p�u�t�a�c�i�o�n�a�i�s� �f�o�r�a�m

�r�e�a�l�i�z�a�d�a�s� �u�t�i�l�i�z�a�n�d�o� �o�s� �r�e�c�u�r�s�o�s� �d�o� �c�l�u�s�t�e�r

�T�i�t�â�n�i�o� �d�o� �C�e�n�t�r�o� �d�e� �C�o�m�p�u�t�a�ç�ã�o� �C�i�e�n�t�í�f�i�c�a

�d�a� �U�n�i�v�e�r�s�i�d�a�d�e� �F�e�d�e�r�a�l� �d�o� �A�B�C� �(�U�F�A�B�C�)�.
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