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CRISTAIS ANIDROS DAS BASES DO
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Tese apresentada à Coordenação da Pós-
Graduação de F́ısica da Universidade Federal
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– Doutora Luciana Magalhães, pelo apoio dado durante essa jornada, principalmente

nos momentos dif́ıceis;

– Amigos da sala 6, Roner, Eveline e Sérgio, pelo grupo que formamos e por toda a

convivência amigável no ambiente de trabalho;

– Coordenador da Pós-Graduação em F́ısica, Professor Doutor Paulo de Tarso Caval-

cante Freire;

– Professor Doutor Gil de Aquino Farias, pela colaboração nos trabalhos desenvolvidos

em conjunto;

– Diretor do Campus Angicos da Universidade Federal Rural do Semi-Árido, Professor
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Resumo

As bases nucleot́ıdicas guanina (G), adenina (A), citosina (C) e timina (T) são bases nu-
cleot́ıdicasos blocos essenciais da molécula do ácido desoxiribonucleico (ADN), que contém a as
informações genéticas usadas pelas células vivas. Filamentos de ADN são também candidatos
promissores para fabricação nanodispositivos moleculares, visto que poĺımeros estáveis e de fácil
replicação. Apesar desta sugestão inicial da possibilidade de usar o ADN como condutor em
nanoescala apenas dez anos após a elucidação da estrutura helicoidal do ADN, o transporte de
portadores de cargas através de estruturas baseadas no ADN ainda são matéria de debate. Aqui,
são apresentadas as propriedades estruturais, eletrônicas e ópticas dos cristais anidros das bases
do ADN obtidas após cálculos baseados na teoria do funcional da densidade (DFT, do inglês
Density Functional Theory), assim como medidas de absorção ótica para o pó desses cristais. Os
experimentos do espectro absorção UV para os cristais foram realizadas sobre pastilhas usando
o espectrometro Varian Cary 5000 UV-visible NIR, considerando o intervalo de 200 and 800
nm (50000-12500 cm−1). Os cálculos teóricos da presente tese foram desenvolvidos usando o
pacote CASTEP, baseado na teoria DFT. Na descrição do potencial de troca e correlação, foi
utilizada aproximação local da densidade (LDA, do inglês Local Density Approximation) desen-
volvida por Cerpeley e Alder e parametrizado por Perdew e Zunger (CA-PZ). Sobre a escolha
do funcional, uma observação deve ser feita: nos cristais anidros das bases do ADN, interações
de van der Waals ao longo do eixo de empilhamento molecular e as ligações de hidrogênio entre
as moléculas do mesmo plano são relevantes na explicação das suas caracteŕısticas, e é bem co-
nhecido que os métodos de DFT puro são incapazes de uma boa descrição das forças dispersivas.
Além disso, a aproximação LDA não é a melhor opção para cálculos precisos das ligações de hi-
drogênio. Entretanto, alguns trabalhos DFT de cristais formados por camadas tais como grafite
e o cristal hidratado da guanina mostraram que o funcional LDA fornece valores razoáveis para
as distâncias atômicas, contrariando as limitações desse funcional. Isso e o baixo custo compu-
tacional foram as motivações que levaram a sua escolha em vez da adoção de funcionais mais
sofisticados (e computacionalmente mais pesados). Os cristais de guanina e citosina (adenina e
timina) são previstos terem gaps diretos (indiretos), com os valores experimentais estimados a
partir da absorção de 3,7 eV e 3,8 eV (3,8 eV e 4,0 eV), na mesma ordem. Os resultados LDA
mostraram gaps de energia menores do que os valores experimentais, como esperado, e os gaps
experimentais estimados a partir da absorção ótica são, em geral, menores do que os valores
experimentais dispońıveis na literatura (exceto, para a guanina). A ordem crescente nos valores
calculados dos gaps de energia para os cristais é dada por G < A < C < T, enquanto os valores
experimentais obtidos nesta tese (a partir da absorção óptica) seguem a ordem A < G < C <
T em contraste com as medidas de raios-x, que indicam a sequência G < C < A < T. Para os
elétrons e buracos se movendo das ligações de hidrogênio (paralelas ao plano molecular da base),
as massas efetivas são geralmente elevadas, exceto para a timina. Quando os mesmos elétrons se
movimentam ao do eixo de empilhamento molecular, entretanto, as massas efetivas ficam entre
4,0 e 6,3m0, sugerindo estes cristais se comportam como semicondutores de gap largo ao longo
das direções de empilhamento molecular. O transporte de buracos também é favorecido ao longo
da direção de empilhamento, exceto para a timina. Finalmente, a função dielétrica complexa
foi calculada para cada cristal anidro das bases do ADN, sendo observada uma forte anisotropia
para a incidência de luz polarizada nos casos da guanina, adenina e timina, mas não para a
citosina.





Abstract

Guanine (G), adenine (A), cytosine (C), and thymine (T) nucleotide bases are the essential
building blocks of DNA (deoxyribonucleic acid), which contains the genetic information used to
build living cells. DNA strands are also promising candidates to fabricate molecular nanodevices,
since they are stable polymers easy to replicate. Despite the early suggestion of the possibility
of using DNA as a nanoscale conductor almost ten years after the elucidation of its helical
structure, charge carrier transport through DNA-based structures is still a matter of debate.
Here, we present the structural, electronic and optical properties of anhydrous crystals of DNA
nucleobases found after DFT (Density Functional Theory) calculations, as well as experimental
measurements of optical absorption for powders of these crystals. Experimental measurements
of the UV absorption spectra for the anhydrous crystals were carried out on these pellets using a
Varian Cary 5000 UV-visible NIR spectrophotometer. The absorption spectrum of the samples
was recorded in the wavelength range between 200 and 800 nm (50000-12500 cm−1). The
computational simulations of the present work were performed using the CASTEP code, which
is based in the DFT approach. The Local Density Approximation (LDA) exchange-correlation
potential developed by Ceperley and Alder and parametrized by Perdew and Zunger was adopted
as well. With respect to our choice of functional, a note of caution must be made: in anhydrous
DNA bases crystals, van der Waals interactions along the molecular stacking axis and hydrogen
bonding between molecules in the same stacking plane are relevant to explain their structural
features, and it is well known that pure DFT methods are unable to give a good description of
dispersive forces. Besides, the LDA approximation is not the best option to provide an accurate
account of hydrogen bonds. However, some DFT studies of layered crystals such as graphite as
well as guanine hydrated crystals have shown that the LDA gives reasonable values for atomic
distances, notwithstanding the limitations of this functional. This and the relatively low cost
of LDA computations have motivated us to its adoption instead of more sophisticated (and
computationally expensive) means. Guanine and cytosine (adenine and thymine) anhydrous
crystals are predicted from the DFT simulations to be direct (indirect) band gap semiconductors,
with values 2.68 eV and 3.30 eV (2.83 eV and 3.32 eV), respectively, while the experimentally
estimated band gaps we have measured are 3.7 eV and 3.8 eV (3.5 eV and 4.0 eV), in the same
order. Our LDA figures for the energy gaps are smaller than experimental values, as expected,
and the gaps estimated from the optical absorption measurements presented in this work are
in general smaller than experimental data available in the literature (except for guanine). The
LDA ordering of increasing band gaps is G < A < C < T, while the ordering of gaps obtained
experimentally is not settled: our work finds (from optical absorption measurements) A < G
< C < T in contrast with the X-ray measurements, that indicate the energy gap sequence G
< C < A < T. For electrons and holes moving along selected hydrogen bonds (parallel to the
molecular plane of a given nucleobase), effective masses are in general large, exception made to
thymine. When the same electrons move along the π-stacking axis, however, effective masses
stay between 4.0 and 6.3 free electron masses (m0), which suggests that stackings of nucleobases
behave like wide gap semiconductors for electrons. The perpendicular transport of holes is also
favored for nucleobase stackings without thymine. Finally, the complex dielectric function was
calculated for each anydrous DNA base crystal, and a very pronounced anisotropy was observed
for polarized incident light in the cases of guanine, adenine, and thymine, but not for cytosine.





Lista de Figuras

0.1 Primeira página do artigo que desvendou a estrutura tridimensional do
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numeração atômica é de acordo com os dados experimentais. . . . . . . p. 55

1.4 Estruturas de bandas na região do gap para os quatro cristais anidros:

guanina, adenina, citosina e timina. Abaixo é mostrado as larguras das
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tes na célula unitária. . . . . . . . . . . . . . . . . . . . . . . . . . . . . p. 100
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5.3 Parâmetros estruturais das ligações de hidrogênio entre as moléculas de
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1.3 Sumário do Caṕıtulo . . . . . . . . . . . . . . . . . . . . . . . . . . . . p. 63

Referências p. 65

2 Cristal Anidro da Guanina: Propriedades Estruturais, Eletrônicas
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Introdução

Em abril de 2003, 50 anos após Watson e Crick (ver [?]) descreverem pioneiramente a

estrutura tridimensional do ADN (ácido desoxirribonucléico, em inglês, DNA — Deoxyri-

boNucleic Acid) [1], foi anunciado que a sequência do ADN humano fora essencialmente

completada [2]. O Projeto Genoma Humano (PGH) responsável pela determinação dessa

sequência, teve seu ińıcio formal em 1990 e o seu término em 2003, com um orçamento

total de aproximadamente US$ 3 bilhões de dólares que foram utilizados em diversas

atividades cient́ıficas relacionadas à genômica, onde somente uma pequena fração desse

montante foi realmente utilizada na determinação da sequência do ADN. Integravam esse

grande projeto diversas Universidades e Institutos americanos, alemães, franceses, chi-

neses, japoneses e outras participações pontuais de outras nações sob o coordenação do

Departamento de Energia Americano (U.S. Departament of Energy – DOE ) e o Instituto

Nacional de Saúde (National Human Genome Research Institute – NHGRI ) [3].

As células são as peças fundamentais que constituem os organismos vivos, onde todas

as instruções necessárias às suas atividades estão contidas no ADN. Todos os organismos

tem seu ADN constitúıdo dos mesmos elementos f́ısicos e qúımicos, contudo a sequência

no seu arranjo particular de bases ao longo da cadeia é o que determina as semelhanças

e diferenças entre os seres (e.g., ATTCCGGA). Essa ordem especifica exatamente as ins-

truções necessárias para criar um organismo particular com suas caracteŕısticas únicas.

Ao conjunto completo do ADN de um organismo, chamamos genoma, que pode assumir

diferentes tamanhos: o menor genoma conhecido para um organismo independente (uma

bactéria) contém aproximadamente 600.000 pares de bases no ADN, enquanto o genoma

humano tem da ordem de 3 bilhões de pares. Todas as células humanas contém o genoma,

exceto os glóbulos vermelhos, e o mesmo é distribúıdo em 24 cromossomos distintos —

moléculas separadas fisicamente que tem seu intervalo de comprimento de aproximada-

mente 50 milhões a 250 milhões de pares de bases. Cada cromossomo contém muitos

genes, a unidade f́ısica e funcional da hereditariedade, que são sequências espećıficas de

bases que carregam instruções de como produzir as protéınas. É importante salientar que

somente algo em torno de 2% do genoma humano são genes; o restante consiste de regiões

não-codificadas cujas funções podem incluir o provimento da integridade estrutural do
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Figura 0.1: Primeira página do artigo que desvendou a estrutura tridimensional do ácido
desoxirribonucléico (ADN), sendo considerado um dos marcos da biologia moderna [1].
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cromossomo assim como a regulagem de onde, quando e qual quantidade de protéınas

devem ser produzidas. O genoma humano é estimado conter de 20.000 a 25.000 genes.

Entre os objetivos do PGH, merecem destaques: (i) identificação de todos os genes

no ADN humano, que totalizam de 20.000 a 25.000; (ii) determinação da sequência das 3

bilhões de bases que constituem o ADN humano; (iii) armazenamento dessas informações

em bancos de dados; e (iv) desenvolvimento de ferramentas para análises destes dados.

Os benef́ıcios esperados, segundo o Departamento de Energia Americano, são diversos,

partindo do mais trivial que são as aplicações diretas na medicina molecular (melhoria

nos diagnósticos de doenças, detecção precoce de predisposição genética para doenças,

desenvolvimento de drogas racionais, terapia genética e drogas adaptáveis), passando por

aplicações ambientais e energéticas, avaliação de riscos à saúde (por exemplo, prejúızos

causados por exposição à radiação, mesmo em doses baixas), peŕıcia fonrense e engenharia

genética.

Figura 0.2: Representação esquemática de uma molécula de ADN mostrando as ligações
entre os fostatos, açúcares e as bases nitrogenadas guanina, adenina, citosina e timina
(incluindo as ligações de hidrogênios entre os pares de bases) formando a sua estrutura
tridimensional de dupla hélice (figura retirada da Ref. [4])
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O Projeto Genoma Humano, além dos objetivos já citados, alcançou um grande su-

cesso no intercâmbio de informações entre os setores público e privado, tendo em vista

que, antes de seu término (ainda em 2002), uma corrida fora iniciada por várias empresas

privadas com um objetivo muito audacioso à época: “O genoma por US$ 1.000,00”[5].

O sequenciamento do ADN tem se desdobrado em duas gerações de metodologia e equi-

pamentos e agora está chegando na terceira, da qual se espera atingir o sequenciamento

completo do genoma por US$ 1.000 ou menos[6]. Através destas novas gerações de meto-

dologia e equipamentos de sequenciamento que surgiram, os custos milionários do PGH

foram reduzidos consideravelmente para valores da ordem de US$ 10.000 na obtenção do

genoma de uma pessoa já em 2010 [7]. No entanto, em setembro de 2010, a parceria

entre empresas (Illumina / Oxford Nanopore, Life Technologies / Ion Torrent System,

Roche / IBM, PacBio, Halcyon Molecular) do setor de sequenciamento genético aponta-

ram a possibilidade do genoma por US$ 100, ou mesmo em quinze minutos para 2014.

Um projeto embrionário da Universidade de Harvard (chamado GnuBio) tem proposto o

genoma por meros US$ 30 [7]. A terceira geração de sequenciamento do ADN, baseada

em sistemas de leitura de moléculas individuais em tempo real, deverá ser a responsável

pelo barateamento final deste sequenciamento de modo que a corrida pelo genoma a US$

1.000 atinja o seu objetivo. Na verdade essa tecnologia poderá promover a redução do

custo em uma ordem de grandeza em relação ao valor-objetivo.

O sistema de leitura de moléculas individuais em tempo real é baseado na tecnologia

de nanoporos que tem como caracteŕısticas marcantes o uso mı́nimo de reagentes qúımicos

caros e a aplicação da leitura utilizando a eletricidade. Os nanoporos podem agir como

contadores, nos quais as moléculas eletricamente carregadas são guiadas através do poro

por um potencial elétrico aplicado; então, elas bloqueiam fisicamente o poro, produzindo

variações mensuráveis na condutividade iônica. Atualmente, existe duas vertentes no

desenvolvimento dos nanoporos como sequenciadores da molécula do ADN: nanoporos

orgânicos (ver Fig. 0.3) e do estado sólido (Fig. 0.4).

Os nanoporos orgânicos fazem uso de protéınas de membranas orgânicas como a α-

hemolisina, por exemplo, cujos poros têm sido explorados em uma maior frequência e até

mesmo modificado para necessidades espećıficas devido ao seu tamanho de poro ideal,

baixo ńıvel de rúıdo e protocolo de preparação bem conhecido. A α-hemolisina é um

monômero, de massa 33 kD1, com 293 reśıduos protéicos, e é excretado pela bactéria pa-

togênica ao ser humano Staphylococcus aureus. Para se produzir os poros, subunidades

1É uma unidade de massa (symbol Da) igual a massa unitária atômica, sendo muito utilizada na
bioqúımica e biologia molecular.
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Figura 0.3: (a) Representação de fitas do heptâmero de α-hemolisina, onde cada cor
representa uma cadeia. (b) Protótipo inicial de um dispositivo baseado em nanoporo. Um
tubo em forma de “U” conecta os dois reservatório com soluções iônicas (esquerda), que
também são ligados por um ampeŕımetro com eletrodos de Ag-AgCl, e os ácidos núcleicos
são direcionados ao poro de α-hemolisina por meio de uma diferença de potencial aplicado
(direita) (figura retirada das Ref. [8] e [9]).

de α-hemolisina são introduzidas numa solução que fica em contato com uma bicamada

de liṕıdios planar, onde tais monômeros se auto-organizam como heptâmeros sobre estas

bicamadas de liṕıdios sintéticas formando um canal de 1,5 nm de diâmetro através da

membrana que permite uma corrente iônica de aproximadamente 120 pA para um dife-

rença de potencial de 120mV [8]. A Fig. 0.3 mostra o esquema explicativo dos poros

orgânicos. Porém, os nanoporos biológicos e membranas de dupla camada de liṕıdios não

tem uma estabilidade desejável para este tipo de dispositivo, ficando a sua funcionalidade

muito restrita dentro de pequenas variações de temperatura, pH, ambientes qúımicos e

diferença de potencial aplicada. Por outro lado, os nanoporos do estado sólido não apre-

sentam tais problemas e podem ser produzidos em membranas de Si3N4, SiO2 e poĺımeros

[10], onde o diâmetro dos poros na membrana pode ser ajustado de acordo com a necessi-

dade, diferentemente dos poros orgânicos que são determinados pelas caracteŕısticas das

protéınas [8]. Os nanoporos do estado sólido tem se mostrado mais promissores como sen-

sores tendo em vista a sua robustez mecânica, fácil integração com a eletrônica, fabricação

rápida e os ajustes dos poros e superf́ıcies utilizados.

O sequenciamento baseado na condutividade transversa é uma tecnologia particular-

mente promissora para as próximas gerações de sequenciamento, onde a idéia principal

consiste em que bases diferentes apresentam densidade de estados espacialmente distin-

tas devido à composição qúımica de cada base. Essa ideia já foi testada efetivamente

usando uma ponta condutora de um microscópio de tunelamento sobre um molécula de
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Figura 0.4: Sensor de nanoporo proposto consistindo de um “buraco”numa folha de gra-
feno embutida em SiO2 (não mostrado na figura). Filamento simples do ADN sendo
conduzido pelo nanoporo e a medição do fluxo de corrente perpendicular ao esqueleto do
ADN (figura extráıda da Ref. [11]).

ADN imobilizada sobre um substrato. Se, em vez disso, as bases vão passando uma por

uma através do poro com uma voltagem aplicada no mesmo, elas produzirão mudanças

que alternadamente afetarão a corrente elétrica devido aos estados de cada base que irão

contribuir para a corrente de tunelamento entre os eletrodos e o filamento de ADN [10].

Nesse sentindo, há alguns trabalhos que apontam o grafeno como um material natural

para esta aplicação por suas caracteŕısticas f́ısicas [10, 11].

Seguindo uma direção distinta, fora do escopo biológico da genética, a molécula do

ADN também despertou o interesse para aplicações eletrônicas que, de certa forma, estão

associadas com essa nova tecnologia de seu sequenciamento baseadas em nanoporos do

estado sólido. Ainda em 1962, menos de uma década da publicação do trabalho de Watson

e Crick [1], Eley e Spivey [12] sugeriram que a hibridização dos orbitais π perpendiculares

ao plano de empilhamento das moléculas numa dupla hélice de ADN poderia levar a um



Introdução 35

Figura 0.5: Gráfico do logaŕıtimo da resistência R (logR) em função do inverso da tem-
peratura (103/T ), Fig. 1 da Ref. [12].

comportamento condutor (um dos gráficos mostrados no artigo é reproduzido na Fig. 0.5,

onde é mostrada a resistência versus a temperatura do ADN oriundo do timo2). Além

disso, suas caracteŕıstica como estabilidade, replicação, auto-organização, sintetização de

filamentos em qualquer sequência desejada e a grande especificidade de ligação entre

dois filamentos isolados o levaram ao status de candidato promissor para a fabricação

de nanodispositivos moleculares de interesses tecnológicos e biológicos. Motivado por

essas aplicações, um grande esforço tem sido feito e numerosos estudos de transporte de

cargas em moléculas de ADN foram publicados ainda sem um consenso sobre as suas

propriedades condutoras. Gervasio et al. [13] resumiu estes resultados mostrando suas

divergências com trabalhos sugerindo que o ADN ser um fio de alta condutividade, um

supercondutor induzido, um semicondutor ou mesmo um isolante. Endres et al. [14]

fizeram uma revisão bibliográfica mais ampla sintetizando em um tabela, sendo mostrada

uma adaptação da mesma (Tabela 0.1) e suas classes listadas abaixo [14]:

� Classe 1: Isolante em temperatura ambiente, como encontrado por Braun et al. [15],

2Na anatomia humana, o timo é um órgão linfático que está localizado na porção antero-superior da
cavidade torácica.
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de Pablo et al. [16], Storm et al. [17] e Zhang et al. [18], onde não observaram

qualquer alteração na condutividade até uma diferença de potencial de ±10 eV na

curva I-V, sendo consistente com estados completamente localizados.

� Classe 2: Um verdadeiro semicondutor de gap largo para todas as temperaturas,

como as medidas realizadas por Porath et al. [19] e (para oligômeros B-ADN) e por

Rakitin et al. (ver a Fig 2 de Rakitin) [20].

� Classe 3: Material ôhmico em temperatura ambiente (é posśıvel que apresente um

pequeno gap de ativação menor do 0,2 eV) e seja isolante para baixas temperaturas,

como encontrado por Fink e Schönenberger [21], Cai et al. [22], Tran et al. [23],

Rakitin et al. [20], Yoo et al. [24] e Hartzell et al. [25, 26] .

� Classe 4: É metálico até baixas temperaturas e comporta-se como um supercondutor

induzido, sendo o resultado encontrado por Kasumov et al. [27].

As discrepâncias nos resultados sobre a condutividade na molécula do ADN, variando

de um isolante até um supercondutor induzido, pode ter como explicação diferentes cau-

sas relacionadas com as técnicas de preparação da amostra como também pela técnica

utilizada na determinação de suas propriedade condutivas: o contato entre a molécula de

ADN e o eletrodo, a sequência de bases nucleot́ıdicas, comprimento da molécula, carac-

teŕıstica molecular (molécula simples ou uma “corda” de ADN), presença de água e/ou

ı́ons carregados, microestrutura do ADN (a molécula esticada, por exemplo), caracteŕıstica

interfacial (e.g., se a molécula está sobre mica) e os protocolos de preparação/detecção

das moléculas de ADN.

A complexidade do estudo da molécula de ADN não está apenas no processo ex-

perimental da criação de nanoestruturas e na determinação de sua condutividade, como

também a molécula em si contribui para que o sistema seja de dif́ıcil compreensão tendo em

vista que sua composição apresenta bases nitrogenadas, açúcares e grupos fostatos, além

de ı́ons carregados e moléculas de água que podem aderir à dupla hélice. Adicionalmente,

as forças originárias das interações no empilhamento π − π [28, 29, 30, 31, 32, 33, 34, 35]

e nas ligações de hidrogênio [36, 37, 38] entre as bases nucleot́ıdicas modificam as pro-

priedades estruturais, eletrônicas, ópticas e de transporte dos filamentos de ADN e suas

nanoestruturas, tornando-se um fator determinante na obtenção das caracteŕısticas ne-

cessárias para aplicações tecnológicas.
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No sentido de compreender as propriedades da molécula do ADN como um todo, diver-

sos trabalhos foram realizados focalizando somente as nucleobases do ADN considerando-

se situações no vácuo [28, 29, 30, 31, 32, 33, 34, 35, 37, 38] e em ambientes aquosos

[31, 39, 40, 41, 42], com poucos trabalhos tendo sido publicados sobre seus cristais. Dentre

aqueles trabalhos relacionados aos cristais, destaca-se alguns que focaram as propriedades

estruturais, eletrônicas e de transporte dos cristais hidratados da guanina [43, 44] e outro

que investiga as funções dielétricas de filmes finos das bases nucleot́ıdicas [45]. É provável

que esta lacuna seja decorrente do fato de que somente na segunda metade da década

de 2000 foram obtidos os cristais anidros da guanina [46] e adenina [47], embora os cris-

tais anidros da citosina [48, 49] e timina [50, 51] já fossem conhecidos desde a década de

1960. Um breve histórico sobre a cristalização das bases nucleot́ıdicas será dado a seguir

mostrando a evolução no crescimento e das medidas experimentais.

Pouco depois da elucidação da estrutura tridimensional do ADN, os primeiros traba-

lhos sobre os cristais das bases nucleot́ıdicas começaram a surgir. Em 1956, apenas três

anos após o trabalho de Watson e Crick [1], Furberg e Hordvik [52] cresceram dois cris-

tais da timina morfologicamente distintos (“tipo-agulha” e paraleleṕıpedo) produzidos a

partir da evaporação lenta de soluções com álcool ou água. Embora dois tipos de cristais

tenham sido relatados, ambos foram classificados como tendo uma mesma rede cristalina

monocĺınica (grupo espacial P21/c) e apresentando os parâmetros de rede a = 12, 87 Å,

b = 6, 83 Å, c = 6, 72 Å e β = 105°. Em 1961, Gerdil [53] repetiu o procedimento de

crescimento da timina de Furberg e Hordvik [52], obtendo novamente as duas formas

morfológicas e esclarecendo que o primeiro tipo tratava-se do cristal anidro enquanto o

segundo, do monohidratado. Os resultados de Gerdil para o cristal monohidratado da

timina também mostraram um grupo espacial P21/c, porém com parâmetros de rede bas-

tante diferentes: a = 6, 077 Å, b = 27, 862 Å, c = 3, 816 Å e β = 94°19′ [53]. Em 1969,

Ozeki et al. [50] refizeram as medidas do cristal anidro, encontrando valores iguais aque-

les de Furberg e Hordvik [52], exceto para o parâmetro c que teve um valor um pouco

menor, 6, 70 Å. No final da década de 1990, Portalone et al. também cresceram cristais

anidros de timina por evaporação lenta de solução de álcool e realizaram novas medi-

das de raios-X (radiação Mo-Kα, λ = 0, 71069 Å), obtendo novos valores dos parâmetros

de rede: a = 12, 889 Å, b = 6, 852 Å, c = 6, 784 Å e β = 104, 92°. É importante frisar

que o cristal anidro de timina forma planos moleculares com direção normal aproximada

de (101̄), onde as moléculas pertencentes ao mesmo plano são estabilizadas por meio de

ligações de hidrogênio entre as mesmas.

Em relação a citosina, em 1963, Jeffrey e Kinoshita foram os primeiros a determi-
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Figura 0.6: Visão da estrutura do cristal anidro da timina ao longo do eixo a, com quatro
moléculas na célula unitária. Figura extráıda da Ref. [50].

nar a estrutura cristalina da citosina monohidratada, tendo a rede cristalina monocĺınica,

com grupo espacial P21/c e parâmetros de rede a = 7, 801 Å, b = 9, 844 Å, c = 7, 683 Å

e β = 99°42′ [54]. A técnica de crescimento utilizada foi a mesma aplicada nos cris-

tais de timina, evaporação lenta de solução aquosa. No crescimento de cristais anidros,

usaram uma solução saturada de metanol [54], onde os cristais encontrados foram do

“tipo-agulha”(alongados na direção de c) [49]. Em 1964, Barker e Marsh determinaram

a estrutura do cristal anidro da citosina, encontrando uma diferença significativa: a rede

cristalina é ortorrômbica (a = 13, 041 Å, b = 9, 494 Å e c = 3, 815 Å) com grupo espacial

P212121 em vez de ser monocĺınica com grupo espacial P21/c, como no cristal hidratado.

No caso da timina, tanto o cristal anidro como o monohidratado apresentam a mesma

rede cristalina monocĺınica e grupo espacial P21/c. Além disso, outra diferença marcante

é o fato de que o cristal anidro de citosina não apresenta planos moleculares, exibindo

uma estrutura “herringbone” de faixas, onde as moléculas interagem por meio de ligações

de hidrogênio tanto no caso intra-faixa como inter-faixa. Em 1973, McClure e Craven

[48] realizaram medidas de raios-X (radiação Cu Kα, λ = 1, 5418 Å) sobre os cristais de

citosina (anidro e hidratado), obtendo os seguintes valores: a = 13, 044 Å, b = 9, 496 Å e

c = 3, 814 Å, que se aproximam bastante daqueles mostrados por Barker e Marsh [49].

A obtenção dos cristais da guanina foi mais dificultosa e, somente após algumas tenta-

tivas usando solventes e técnicas diferentes, Thewalt et al. (1971) [55] conseguiram crescer

cristais monohidratados de guanina com dimensões de frações de miĺımetros a partir da
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Figura 0.7: Visão da estrtura do cristal anidro da citosina ao longo do eixo c, onde as
linhas tracejadas representam as ligações de hidrogênio. Figura extráıda da Ref. [49].

evaporação em temperatura ambiente de uma solução de água e dimetilamina. Seus re-

sultados determinaram o grupo espacial P21/n com os parâmetros de rede a = 16, 510 Å,

b = 11, 277 Å, c = 3, 645 Å e β = 96, 8°. Devido às dimensões reduzidas, os próprios

autores comentaram que a precisão dos resultado não poderia ser considerada elevada,

sendo apenas satisfatória tendo em vista que os dados obtidos foram inconclusivos em

relação à posição das moléculas de água assim como as suas ligações de hidrogênio as-

sociadas. Ortmann et al. [43] investigaram essas posições e levantaram a possibilidade

de que estas ocupam śıtios de menor simetria dentro da célula unitária. Sobre o cristal

anidro da guanina, somente em 2006, Guille e Clegg [46] cresceram cristais de boa qua-

lidade utilizando a técnica de śıntese solvotérmica a partir de uma mistura de guanina,

potássio e etanol anidro. A rede cristalina é monocĺınica, assim como no cristal hidra-

datado, porém tem o grupo espacial P21/c com os seguintes parâmetros: a = 3, 5530 Å,

b = 9, 693 Å, c = 16, 345 Å e β = 95, 748°. Além disso, a diferença mais significativa está

relacionada com a protonação em que há uma troca entre os átomos de nitrogênio N7 e

N9, levando a alterações nos comprimentos de ligações intramoleculares. A outra purina

constituinte do ADN — adenina — teve o seu cristal anidro obtido somente em 2008,

com um aparato desenvolvido pelo grupo do Prof. Tayur N. Guru Row que, de maneira
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simplificada, consiste em vaporizar o material inicial (e.g., adenina comercial) e fazê-lo

passar um gradiente de temperatura [47]. Esse método tem sido aperfeiçoado e aplicado

a diversos sólidos orgânicos [56].

Figura 0.8: Ligações de hidrogênio na estrutura cristalina do cristal anidro da guanina,
vista perpendicular ao plano molecular. Figura extráıda da Ref. [46].

Ortmann et al. [44] realizaram um estudo do transporte eletrônico no cristal mo-

nohidratado da guanina baseado na fórmula de Kubo para a condutividade [57], em um

modelo que considera tanto o transporte coerente (utilizando as bandas de energia) quanto

o transporte incoerente (“hopping” ativado termicamente), incluindo processos interativos

eletrons-fônons de todas as ordens. Em seus resultados para o buraco, a mobilidade em

função da temperatura se mostrou fortemente dependente, variando duas ordens de mag-

nitude no intervalo de temperatura entre 10 e 400K. Além disso, também mostraram que,

em baixas temperaturas, o transporte coerente domina a condutividade no cristal, porém

somente uma pequena parcela do transporte coerente contribui para a condutividade à

temperatura ambiente. Por fim, a anisotropia na propriedade em questão teve um fator

de 30 considerando as direções perpendicular e paralela ao plano molecular do cristal [44],

onde tal comportamento na condutividade é reflexo do fraco acoplamento eletrônico entre

as moléculas no mesmo plano (apesar das ligações de hidrogênios entre elas) de um lado,

contrastando com o forte acoplamento na direção normal ao plano devido à sobreposição
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Figura 0.9: Empilhamento da adenina do cristal anidro com as interações intermoleculares
N–H· · · ao longo do eixo c de simetria, onde as moléculas simetricamente equivalentes são
coloridas igualmente. Figura extráıda da Ref. [47].

dos orbitais do tipo π.

Escopo da tese

A tese é dividida da seguinte forma: no Caṕıtulo 1, foram utilizados os dados cris-

talográficos publicados para os cristais das bases do ADN, guanina, adenina, citosina

e timina (Ver Fig. 1.2), para um estudo comparativo de suas propriedades estrutu-

rais, eletrônicas e ópticas usando cálculos baseados no formalismo DFT. A partir destes

cálculos, é permitido prever a natureza dos gaps de energia (se são diretos ou indiretos)

dos quatro cristais anidros das bases do ADN. Medidas experimentais de absorção óptica

para cada cristal anidro também foram executadas, permitindo-nos obter estimativas de

seus gaps de energia, mostrando que tem caracteŕısticas de semicondutores de gap largo.

As massas efetivas dos portadores (buracos e elétrons) ao longo das direções paralela e

perpendicular ao plano de empilhamento das moléculas foram obtidas pela primeira vez.

É importante salientar que, considerando que as massas efetivas poderiam ser de grande
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utilidade na modelagem do transporte de portadores em filmes baseados em ADN ou

mesmo nanoestruturas, é surpreendente a ausência na literatura de qualquer estimativa

destes parâmetros para tais cristais. Por fim, a função dielétrica de cada cristal é obtida

para diferentes planos de polarização da radiação incidente, mostrando que existe uma

anisotropia que está de acordo com os dados experimentais dispońıveis.

No Caṕıtulo 2, o cristal anidro da guanina é abordado de forma detalhada. É rea-

lizada uma otimização de geometria deixando-se relaxar tanto as coordenadas internas

dos átomos quanto os parâmetros de rede da célula unitária e, a partir do cristal re-

laxado, são determinadas suas propriedades estruturais como comprimento de ligações

qúımicas intramoleculares, ângulos formados entre estas ligações assim como os compri-

mentos das ligações de hidrogênio intermoleculares e comparadas com os resultados da

literatura para a forma gasosa e do cristal monohidratado. Adicionalmente, as propri-

edade optoeletrônicas também são calculadas, levando em consideração alguns aspectos

geométricos do cristal e da molécula. A estrutura de bandas é explorada no intervalo de

-22 a 10 eV (o ńıvel zero é escolhido como o topo da banda de valência) e na região do

gap de energia. Além disso, também foi determinada a estrutura de bandas ao longo de

caminhos especiais (não-canônicos) na zona de Brillouin. Complementando o estudo, a

absorção óptica e a função dielétrica são discutidas considerando diferentes polarizações

da radiação incidente. Por fim, é feito um um sumário do caṕıtulo onde as principais

caracteŕısticas observadas nos resultados são destacadas.

Nos Caṕıtulos 3, 4 e 5 são realizados os mesmos procedimentos para os cristais anidros

da adenina, citosina e timina, respectivamente. No Caṕıtulo 6 são feitas as considerações

finais e explanadas as perspectivas geradas pelo presente trabalho. Uma breve discussão

dos métodos utilizados é dada no Apêndice A e, no Apêndice B, são anexados: o primeiro

artigo submetido resultante do tema trabalhado na tese e também a produção bibliográfica

gerada durante o curso de doutorado em outras linhas de pesquisa desenvolvidas pelo

grupo.
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1 Cristais Anidros das Bases do ADN
são Semicondutores de Gap Largo

As bases nucleot́ıdicas guanina, adenina, citosina e timina são os blocos constituintes

do ADN, onde a sequência destas determina o código genético dos seres vivos. Além disso,

filamentos de ADN também são candidatos promissores para a fabricação de nanodispo-

sitivos moleculares, visto que os mesmos apresentam caracteŕısticas como estabilidade

polimérica e fácil replicação. Em menos de uma década após a elucidação da estrutura

helicoidal do ADN no trabalho pioneiro de Watson e Crick [1], onde o acoplamento entre

as bases através de ligações de hidrogênio e forças de van der Walls desempenham papéis

fundamentais, Eley e Spivey [2] debateram que as interações π − π entre as bases empi-

lhadas na dupla hélice do ADN podem ser um caminho para uma rápida separação de

cargas em uma dimensão. Essa sugestão inicial da possibilidade de usar o ADN como um

condutor em nanoescala gerou um esforço cient́ıfico considerável, porém ainda sem uma

conclusão definitiva. Como resumido por Gervasio et al. [3], experimentos recentes tem

produzido resultados contraditórios, com trabalhos sugerindo que o ADN pode ser um fio

de alta condutividade [4], um quase supercondutor induzido [5], um semicondutor [6] ou

mesmo um isolante [7, 8]. No entanto, acredita-se que o ADN hidratado é um condutor

de cargas quando seu comprimento vai até ≃ 20 Å [8], enquanto hélices mais longas do

que ≃ 40 Å ou em condições sem água são geralmente encontrados como isolantes ou

semicondutores de gap largo [9].

Forças de dispersão de London originárias da correlação eletrônica no empilhamento

π−π [10, 11, 12, 13, 14, 15, 16, 17] e nas ligações de hidrogênio [18, 19, 20] entre as bases

nucleot́ıdicas modificam as propriedades estruturais, eletrônicas, ópticas e de transporte

dos filamentos de ADN e suas nanoestruturas, tornando-se um fator determinante na

obtenção das caracteŕısticas necessárias para aplicações tecnológicas. As nucleobases do

ADN foram principalmente estudadas no vácuo [10, 11, 12, 13, 14, 15, 16, 17, 19, 20] e em
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ambientes aquosos [13, 21, 22, 23, 24], com poucos trabalhos tendo sido publicados sobre

seus cristais. Dentre estes poucos trabalhos publicados sobre os cristais, destacamos alguns

que focaram as propriedades estruturais, eletrônicas e de transporte dos cristais hidratados

da guanina [25, 26] e outro que investiga as função dielétrica de filmes finos das bases

nucleot́ıdicas [27]. Recentemente, uma nova geração de funcionais de troca e correlação

dentro da Teoria do Funcional da Densidade (DFT, do inglês Density Functional Theory)

tem sido implementada para melhorar a descrição das ligações de hidrogênio e as interações

de van de Walls em sistemas de ADN com empilhamento π − π [28, 29, 30, 31].

Figura 1.1: Definição das posições relativas entre as moléculas das bases nucleot́ıdicas em
seus empilhamentos (adaptado da Fig. 3 da Ref. [14]).

Cálculos feitos com métodos ab initio pós-Hartree-Fock, mais precisamente utilizando

a teoria da pertubação de segunda ordem de MøllerPlesset – MP2 com uma base gaussiana

6-31G*, mostraram que o empilhamento das bases nucleot́ıdicas mais estável é o d́ımero G

· · · G, enquanto o de menor estabilidade é aquele entre duas moléculas de timina T · · · T
[10]. Este resultado foi obtido considerando uma separação vertical de 3,3 – 3,4 Å a qual

se aproxima dos valores observados em cristais de constituintes do ADN [32] e de alguns

oligonucleot́ıdeos com estruturas conhecidas [33]. É importante dizer que a energia de

empilhamento de tais d́ımeros tem uma dependência geométrica governada por rotações

e distâncias entre as bases (ver Fig. 1.1) [14]. Cálculos realizados dentro do formalismo

DFT para d́ımeros da guanina numa supercélula revelaram que os d́ımeros interagindo

por meio de ligações de hidrogênio tem bandas de energia planas (sem dispersão), que não
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são desejáveis para transporte eletrônico, pois, de acordo com a teoria da massa efetiva,

significa que o portador tem uma massa muito grande e o seu movimento no cristal se

torna inviável. Por outro lado, quando as bases são empilhadas, os d́ımeros apresentam

uma banda dispersiva originada a partir interações do tipo π − π [11]. O transporte de

portadores de cargas pode ocorrer seguindo as propriedades da estrutura de bandas em

agregados de bases devido à grande superposição entre as mesmas, entretanto é provável

que essa mobilidade de cargas seja complementada pelo mecanismo de hopping conectando

diferentes regiões onde as superposições acontecem [11].

Ladik et al. [13], através de cálculos realizados utilizando a teoria de Hartree-Fock

para cristais juntamente com a combinação linear de orbitais atômicos (LCAO, do inglês

linear combination of atomic orbitals), estudaram a estrutura eletrônica do empilhamento

das quatro bases nucleot́ıdicas. Para a banda de valência, a guanina e a timina exibiram

uma largura de banda maior, favorecendo o transporte de buracos; enquanto para a

adenina e a citosina, foi encontrada uma banda mais estreita que desfavorece o transporte

destes portadores. Para a banda de condução, temos uma situação um pouco diferente,

com as larguras das bandas do empilhamento da guanina e da citosina apresentando uma

largura de bandas maior do que no caso da adenina e timina. Os valores dos gaps de

energia obtidos por Ladik et al. [13] são 7,20 eV para guanina, sendo maior do que o gap

da adenina 6,87 eV e menor do que para citosina e timina, ambos iguais a 7,41 eV.

Cadeias de açúcar/fostato, moléculas de água e ı́ons contribuem para aumentar a esta-

bilidade estrutural do ADN, criando ńıveis de energia dentro do gap de energia das bases

empilhadas e afetando significativamente as propriedades eletrônicas, ópticas e de trans-

porte de cargas [13, 21, 22, 23, 24]. Cálculos DFT dentro da aproximação do gradiente

generalizado (GGA, do inglês generalized gradient approximation), utilizando o funcional

BLYP na descrição da energia de troca e correlação, foram realizados para o ADN do

tipo A (com 11 pares de bases) e do tipo B (com 10 pares de bases) [34]. As estruturas

geométricas cristalinas dos ADN-A e ADN-B nestes cálculos foram estimados através de

dinâmica molecular. A estrutura de bandas do ADN-A mostraram larguras de bandas

de 0,081 eV para a configuração Poly(dG)·Poly(dC) e 0,244 eV para Poly(dA)·Poly(dT)
na valência; enquanto isso, na banda de condução, as larguras foram de 0,133 eV para

Poly(dG)·Poly(dC) e 0,360 eV para Poly(dA)·Poly(dT). No caso do ADN-B com 10 pares

de bases, as larguras das bandas de valência e condução foram estimadas em 0,045 eV

(0,421 eV) e 0,120 eV (0,143 eV), respectivamente, para as cadeias Poly(dA)·Poly(dT)
(Poly(dG)·Poly(dC)).
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Taniguchi e Kawai [34] ainda obtiveram os gaps de energia para o ADN tipo A, sendo

1,249 eV e 0,824 eV para as cadeias (A-Poly(dA)·Poly(dT)) e (A-Poly(dG)·Poly(dC)), res-
pectivamente; enquanto para o ADN do tipo B, obtiveram 2.743 eV e 1.448 eV para as

cadeias (B -Poly(dA)·Poly(dT)) e (B -Poly(dG)·Poly(dC)), nesta sequência [34]. Por outro
lado, cálculos de primeiros prinćıpios sugerem que um transporte significativo de cargas

em camadas (ligadas por forças de van der Waals) da guanina monohidratada pode ser

posśıvel ao longo da direção de empilhamento [25, 26] devido à dispersão da banda de

energia na direção do eixo de empilhamento, com largura da banda de valência de 0,830 eV

e um gap de energia direto de 2,73 eV, mais de 1 eV menor do que gap HOMO-LUMO de

3,90 eV da molécula de guanina na fase gasosa. Por fim, medidas de elipsometria espec-

troscópica foram realizadas utilizando radiação śıncroton na obtenção da função dielétrica

de filmes finos das bases do ADN (G, A, C e T) crescidos sobre superf́ıcies hidrogenadas

de Si(111) em condições de ultra-vácuo. As bases maiores, guanina e adenina, perten-

centes à classe moléculas chamadas purinas, apresentaram forte anisotropia óptica, com

a componente da função dielétrica normal ao plano (⊥ [111]) sendo muito mais intensa

comparada com a componente na direção paralela ao plano (∥ [111]); enquanto a citosina

e a timina, moléculas menores e pertecentes à classe das pirimidinas, mostraram isotropia

nas componentes [27].

Figura 1.2: Células unitárias dos cristais anidros da guanina, adenina, citosina e timina.
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Os cristais anidros da timina [35, 36] e da citosina [37, 38] já são conhecidos desde a

década de 1960, porém é notável que os cristais da guanina e da adenina em suas formas

anidras ainda não tinham sido determinadas até recentemente devido à falta de cristais de

boa qualidade [39, 40]. Nesta tese, foram usados os dados cristalográficos publicados para

os cristais das bases do ADN, guanina, adenina, citosina e timina (Ver Fig. 1.2), para um

estudo comparativo de suas propriedades estruturais, eletrônicas e ópticas usando cálculos

baseados no formalismo DFT. A partir destes cálculos, é posśıvel prever a natureza dos

gaps de energia (se são diretos ou indiretos) dos quatro cristais anidros das bases do

ADN. Medidas experimentais de absorção óptica para cada cristal anidro também foram

executadas, permitindo-nos obter estimativas de seus gaps de energia, mostrando que tem

caracteŕısticas de semicondutores de gap largo. As massas efetivas dos portadores (buracos

e elétrons) ao longo das direções paralela e perpendicular ao plano de empilhamento das

moléculas foram calculadas pela primeira vez. Por fim, a função dielétrica de cada cristal

é obtida para diferentes planos de polarização da radiação incidente, mostrando que existe

uma anisotropia que está de acordo com os dados experimentais dispońıveis.

1.1 Cálculos de Primeiros Prinćıpios

As simulações computacionais da presente tese foram executados usando o código

CASTEP [41, 42], que é baseado no formalismo DFT [43, 44]. Na descrição do potencial

de correlação e troca, foi utilizada a aproximação da densidade local (LDA, do inglês

Local Density Approximation) desenvolvida por Ceperley e Alder [45] e parametrezidada

por Perdew e Zunger [46]. Sobre a escolha do funcional para estes cálculos, é importante

ressaltar que, nos cristais anidros das bases do ADN, as interações de van der Waals

ao longo do eixo de empilhamento molecular assim como as ligações de hidrogênio entre

moléculas no mesmo plano são relevantes na explicação de suas caracteŕısticas estruturais

e é conhecido que métodos puros de DFT não são capazes de uma boa descrição das forças

dispersivas [28, 29, 30, 31]. Entretanto, alguns trabalhos de DFT com cristais de camadas

superpostas tais como grafite ou mesmo a guanina monohidratada tem mostrado que o

funcional LDA fornece valores razoáveis para as distâncias atômicas [25, 47, 48]. Além

disso, o custo computacional relativamente baixo foi outro motivo para a sua escolha em

vez de usarmos meios mais sofisticados e computacionalmente mais dispendiosos.

A descrição dos estado eletrônicos mais internos (core) de cada átomo foi dada através

de pseudopotenciais ultramacios de Vandebilt [49], onde os orbitais de Kohn-Sham foram

obtidos por meio de um conjunto de ondas planas com uma energia de corte conver-
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gida de 610 eV durante a otimização de geometria. Cada célula unitária foi relaxada

até que a energia total atingisse o mı́nimo permitindo ajustes nos parâmetros de rede

e posições atômicas [50]. Foram considerados os mesmo parâmetros de convergência

de otimização geométrica para os quatro cristais: variação da energia total menor do

que 0.10× 10−4 eV/átomo, força máxima por átomo menor do 0.03 eV/Å , deslocamento

máximo menor do que 0.001 Å e componente máximo de stress menor do que 0.05GPa.

É importante ressaltar que nessa otimização de geometria, a simetria é mantida fixa

enquanto os demais graus de liberdade são relaxados (parâmetros de rede e posições

atômicas). A qualidade do conjunto de base foi fixada considerando as alterações no vo-

lume da célula. Nos passos no campo de auto-consistência (SCF, do inglês self-consistent

field), considerou-se as seguintes tolerâncias: 0.1 × 10−5 eV/atom para a energia total

e 0.4979 × 10−6 eV para as auto-energias eletrônicas. Nos cálculos para as estruturas

de bandas e as funções dielétricas, adotamos pseudopotenciais de norma-conservada [51],

com uma energia de corte de 770 eV. As massas efetivas dos elétrons e buracos dos cristais

anidros das bases do ADN foram estimadas a partir dos extremos das bandas de condução

e valência, respectivamente [52]. As estruturas de bandas completas serão mostradas nos

caṕıtulos subsequentes.

1.2 Resultados

1.2.1 Propriedades Estruturais

Cristais anidros de guanina são monocĺınicos com grupo spacial P21/c [39], quatro

moléculas C5H5N5O por célula unitária e planos moleculares empilhados ao longo da

direção (102). Os cristais de adenina, por outro lado, são monocĺınicos com oito moléculas

C5H5N5 por célula unitária, grupo espacial P21/c [40] e os planos moleculares empilhados

ao longo da direção (101̄). Os cristais anidros de citosina diferem dos demais em relação

à rede cristalina, sendo ortorrômbica e apresentando grupo espacial P212121, com quatro

moléculas C4H5N3O por célula unitária [37, 38] e dois planos moleculares — (201) e

(2̄01), que são equivalentes, formando uma estrutura em zigue-zague. Finalmente, cristais

anidros de timina tem quatro moléculas C5H6N6O2 na célula unitária, grupo espacial

P21/c [35, 36] e direção de empilhamento molecular (1̄01). As moléculas de guanina

e adenina são giradas ao longo da direção de empilhamento; as moléculas de citosina

apresentam rotação e deslocamento lateral; e, as moléculas de timina são deslocadas

lateralmente e longitudalmente (ver Fig. 1.3). A orientação das moléculas das bases no
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empilhamento de seus cristais tem um papel importante sobre as suas propriedades f́ısicas

[14].

Figura 1.3: Orientação das moléculas das bases nucleot́ıdicas no empilhamento em cristais
anidros. As moléculas em cinza estão em um plano posterior. A numeração atômica é de
acordo com os dados experimentais.

A partir dos cálculos DFT-LDA, foram obtidos as seguintes energias de formação para

os cristais anidros da bases nucleot́ıdicas: -60,5 kcal/molécula para a guanina, −42, 8

kcal/molécula para a adenina, -47,6 kcal/molécula para a citosina e -39,4 kcal/molécula

para a timina, sugerindo que a estabilidade desses cristais obedecem a seguinte sequência

G> C> A> T. Este resultado, quando comparado com aqueles mostrados por Šponer

et al. [10, 12] para d́ımeros de guanina, adenina, citosina e uracila, apresentam alguns

contrastes, pois estes predizem que o d́ımero empilhado G· · ·G é o mais estável no vácuo,

seguido pelo d́ımero de adenina com uma energia de ligação levemente maior do que

o d́ımero de citosina, enquanto nossos resultados mostram o cristal anidro de citosina

com sendo o segundo mais estável em relação aos demais (as refs. [10, 12] não mostram

resultados para a timina).

Os parâmetros de rede dos cristais são mostrados na Tabela 1.1 juntamente com os

dados experimentais. Na análise de resultados definimos aqui a diferença
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Tabela 1.1: Parâmetros de rede calculados a, b, c, ângulo β, volume da célula unitária V
e distância entre dois planos moleculares empilhados sucessivos d para os cristais anidros
da guanina, adenina, citosina, and timina; os valores experimentais estão entre parênteses
e foram obtidos de: guanina, ref. [39]; adenina, ref. [40]; citosina, refs. [37, 38]; e timina,
refs. [35, 36]

.

∆(LDA− Exp) = 100× XLDA−XExp

XExp

É conhecido que cálculos DFT utilizando a aproximação LDA fornece parâmetros de rede

em torno de 5% menores em relação aos dados experimentais para cristais orgânicos [53],

e esta tendência também é observada aqui nestes resultados. Esta tendência é devida ao

fato de que a aproximação LDA tende a aumentar a interação entre os átomos presentes

no sistema, reduzindo os comprimentos das ligações. O cristal de guanina tem o menor

valor para ∆(LDA-Exp), com os parâmetros ficando 2,9% menor na pior situação (para o

comprimento a), em relação às medidas experimentais. No caso do cristal de adenina, o

∆(LDA-Exp) é mais pronunciado no comprimento c, que tem um valor aproximadamente

-6,5%. Para a citosina, a maior diferença observada entre o resultados LDA e as medidas

experimentais é aproximadamente -5,5% ao longo de c, enquanto a timina encontra o pior

cenário, com ∆(LDA-Exp) de -16,9% para o comprimento a (um resultado devido a supe-

restimação da energia de interação entre as moléculas de timina ao longo da direção onde

as forças de van der Waals são dominantes). Ainda para a timina, também é observado

que o parâmetro c encontrado pelos cálculos LDA é maior 2,5% maior do que o valor

experimental, em contraste com o comportamento t́ıpico de redução dos parâmetros para

este tipo de funcional.

O ângulo β (volume da célula unitária V ) tem uma variação de -7.6% (-14%) em

comparação com o valor experimental para a timina, sendo a pior situação. A distãncia

entre os planos moleculares empilhados d para cada cristal tem ∆(LDA-Exp) de -2,3% for

guanina, -6,3% for adenina and timina (ambos tem praticamente o mesmo valor de d) e

-6,4% para o cristal de citosina. Os valores calculados de d1 se mostraram sempre menores

1O plano molecular foi determinado a partir da média de duas moléculas, em vez de se considerar
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do que o espaçamento interplanar de 3.29 – 3.30 Å entre os d́ımeros de G, A, C, T dos

filmes finos de < 100 nm crescidos sobre superf́ıcies Si(111) hidrogenadas em condições

de ultravácuo [27] e os espaçamentos interplanares no cristal de guanina monohidratado

calculados através das aproximações LDA e GGA com valores de 3.15 Å e 3.64 Å respec-

tivamente [25], cujo valor experimental era 3.30 Å [54]. Além do mais, os valores obtidos

para esta tese estão dentro do intervalo definido pela média das distâncias interplanares

de 2,56 Å e 3,38 Å em ADN’s dos tipos A e B, respectivamente [34].

1.2.2 Estruturas de Bandas

Na Fig. 1.4 é exibido um conjunto das estruturas de bandas do cristais anidros das

bases focalizando a região do gap, onde tomamos duas direções particulares no espaço

rećıproco: paralela e perpendicular aos planos moleculares nas células unitárias dos cris-

tais. As direções paralelas foram sempre tomadas ao longo de alguma ligação de hidrogênio

espećıfica em cada cristal, onde a numeração é dada na Fig. 1.3 (pág. 55): N7–H· · ·O6

na guanina, N9–H· · ·N3 na adenina, N4–H4· · ·O2 na cytosina e N3–H· · ·O1 na timina.

A Tabela 1.2 mostra os gaps de energia obtidos nos cálculos na aproximação LDA. Os

cristais anidros de guanina e citosina tem gaps de energia diretos, com a transição B →
B para o primeiro e Γ → Γ para o segundo. O cristal de adenina tem seu gap indireto

com a transição de um ponto muito próximo ao ponto Z na banda de valência para o

ponto Γ na banda de condução, enquanto a timina também tem gap indireto com outros

pontos envolvidos na transição, tendo o ponto B como máximo da banda de valência e o

mı́nimo na banda de condução é um ponto situado ao longo do caminho Γ →D (para o

qual, utilizamos a letra grega α para designá-lo). As contribuições principais para o topo

das bandas de valência na guanina, adenina e citosina são originárias dos orbitais N 2p,

enquanto para a timina, os estados eletrônicos de maior importância são derivados prin-

cipalmente dos orbitais C 2p. Por outro lado, o fundo da banda de condução para todos

os cristais são formados principalmente por estados C 2p com uma pequena contribuição

dos orbitais H 1s.

Na Tabela 1.2 são mostrados os gaps de energia das bases nucleot́ıdicas dos resul-

tados teóricos LDA juntamente com alguns valores experimentais. É necessário lembrar

que os autovalores de Kohn-Sham não fornecem uma energia de excitação correta [55, 56],

tendo em vista que os funcionais de troca e correlação fornecem gaps de energia consi-

deravelmente diferentes (em geral, menores) dos valores experimentais. Entretanto, um

somente a distância entre as moléculas mais próximas.
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Figura 1.4: Estruturas de bandas na região do gap para os quatro cristais anidros: gua-
nina, adenina, citosina e timina. Abaixo é mostrado as larguras das bandas, em meV
(a cor cinza reprensenta a direção no plano molecular e a preta, normal ao plano). No
caminho da Zona de Brillouin, os Pś de cada cristal representam um ponto no plano mo-
lecular, enquanto os pontos Qś representam pontos que originam caminhos normais aos
planos moleculares.

deslocamento ŕıgido nas bandas de condução originárias de cálculos LDA já é o suficiente

para um aproximação razoável com cálculos mais sofisticados com aproximação de quasi-

part́ıcula GW [55, 57, 58, 59]. Desse modo, os resultados mostrados aqui são significantes,

especialmente em relação às formas das curvas (e massas efetivas). A ordem crescente

nos valores calculados dos gaps de energia para os cristais é dada por G < A < C < T,

partindo de 2,68 eV (guanina) até 3,32 eV (timina).

MacNaughton et al. [60] realizaram medidas espectroscópicas de absorção (XAS, do

inglês X-ray absorption spectroscopy) e de emissão de raios-x (XES, do inglês soft X-ray

emission spectroscopy), obtendo gaps de energia HOMO-LUMO de 2,6 eV para a guanina,

3,6 eV para a citosina, 4,7 eV para a adenina e 5,2 eV para timina, levando ao seguinte
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Tabela 1.2: Cristais anidros das bases nucleot́ıdicas do ADN: gaps de energia LDA e
experimental Eg com as transições correspondentes entre bandas de valência e condução e
as massas efetivas dos portadores ao longo das direções paralela e perpendicular ao plano
de empilhamento das bases (em unidades da massa do elétron livrem0). (a) Resultados
experimentais da tese; (b) Ref. [60]; e (c) Ref. [27]. Os valores dos gaps de energia Eg,LDA
são os resultados teóricos da tese.

ordenamento nos valores dos gaps dos cristais G < C < A < T, onde está de acordo com

os cálculos LDA nos aspecto de que o cristal anidro de guanina apresenta o menor valor

e o de timina, o maior valor. No entanto, há uma inversão na ordem entre os valores

obtidos para os outros dois cristais, ficando a citosina com o segundo menor gap, seguida

da adenina. Por outro lado, uma revisão de medidas experimentais de filmes das bases

nitrogenadas do ADN foi realizada por Silaghi et al. [27] apontando um gap de energia

para a guanina variando de 4,31-4,59 eV, a citosina com variação de 4,40 a 4,70 eV, a

adenina com um intervalo de 4,45-4,63 eV e, por fim, a timina com o gap de energia indo

de 4,45 a 4,63 eV. Desse modo não é posśıvel inferir uma sequência nos valores dos gaps

tenho em vista que há uma sobreposição nos intervalos de energia.

1.2.3 Absorção Óptica

Os espectros de absorção do pó dos cristais das bases nucleot́ıdicas obtido neste tra-

balho são mostrados na Fig. 1.5, onde é observado que todas as bases apresentam dois

máximos largos no intervalo de energia aproximado de 4 a 6 eV, com o ińıcio mais abrupto

para a guanina e a timina, ambas foram previstas terem gaps diretos a partir dos cálculos

LDA, enquanto a adenina e a citosina tem um ińıcio mais suave, sugerindo gaps de energia

inderetos. Neste ponto, é notável o acordo completo entre os cálculos teóricos LDA e o

experimento de absorção em relação à determinação dos tipos de gaps dos cristais. A

obtenção de uma estimativa do gap de energia a partir de um experimento de absorção
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é feita através de um ajuste (fitting) lineares tomando o quadrado do coeficiente de ab-

sorção próximo ao ińıcio da absorção para o material de gap direto, enquanto considera-se

a raiz quadrada do coeficiente de absorção no caso de um material de gap indireto [61]. Os

valores obtidos por essa interpolação (mostrados na Tab. 1.2) são, em ordem crescente:

3,5 eV para adenina, 3,7 eV para guanina, 3,8 eV para citosina e 4,0 eV para timina (A <

G < C < T) que, comparando com os resultados dos cálculos, há uma inversão na ordem

entre guanina e adenina. Entretanto, os dados teóricos e experimentais são consistentes

em apontar que a timina é o cristal anidro com maior gap de energia.

Figura 1.5: Espectro de absorção óptica medida nos cristais anidros das bases nucleot́ıdicas
(em unidades arbitrárias): guanina (G), adenina (A), citosina (C) e timina (T).

1.2.3.1 Experimento de Absorção UV

As amostras das bases nucleot́ıdicas (na forma de pó, guanina 98% (G11950), adenina

99% (A8626), citosina 99% (C3506), timina 99% (T0376)) foram compradas da Sigma-

Aldrich, foram usadas sem nenhuma purificação adicional e misturadas com KBr para

formar pastilhas. As medidas experimentais do espectro de absorção no ultravioleta (UV)

para as bases foram realizadas nestas pastilhas usando o espectrômetro Varian Cary 5000

UV-Viśıvel-NIR, equipado com suporte para amostras sólidas. O espectro de absorção

medido nas amostras foi feito no intervalo de 200 a 800 nm (50000-12500 cm−1). As medi-

das de absorção ópticas foram realizadas pela transmissão e rúıdo de fundo foi removido

fazendo uso do espectro de absorção do padrão de KBr. Correções das linhas de base

foram usadas quando necessárias.
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1.2.4 Função Dielétrica

A Fig. 1.6 retrata a função dielétrica complexa dos cristais anidros das bases para

diferentes polarizações da luz incidente, onde a parte real (ε1) é obtida a partir da parte

imaginária (ε2) por meio da relação de Kramers-Kronig [62, 63]. Lebègue et al. [64] suge-

riram que a função dielétrica calculada utilizando o funcional LDA, em comparação com

outros métodos mais sofisticados, difere principalmente por um fator de escala com um

deslocamento ŕıgido de energia. Para a guanina, existe uma anisotropia muito pronunci-

ada para as partes ε1 and ε2 ao longo dos planos de polarização (010) — direção paralela

ao plano da molécula, (102) — perpendicular e (12̄8̄) — direção da ligação de hidrogênio

N7–H· · ·O6. No caso da adenina, as componentes da função dielétrica complexa para a

luz polarizada ao longo das direções paralela (010) e perpendicular (101̄) ao plano molecu-

lar também apresentam uma forte anisotropia, com a componente perpendicular exibindo

um variação mı́nima com o acréscimo de energia (desse modo, a absorção óptica para a

luz polarizada ao longo da direção do plano (101̄) será muito pequena). Por outro lado, as

componentes da função dielétrica do cristal de citosina são praticamente iguais para a luz

polarizada ao longo do plano (911), que contém a ligação de hidrogênio N4–H4· · ·O2, e

perpendicular ao plano molecular (201̄). Por fim, o cristal de timina exibe um anisotropia

pronunciada para as componentes da função dielétrica quando é feita uma comparação

entre os casos da luz polarizada incidindo paralela (010) e perpendicularmente (1̄01) ao

plano molecular e, também, na direção paralela ao plano (55̄2) – que contém a ligação de

hidrogênio N3–H· · ·O1.

Modelos de transporte tight-binding dependem da interação de orbitais adjacentes e

a dispersão de banda resultante. Neste modelo, a descrição do transporte por bandas

de energia ao longo do empilhamento das bases nucleot́ıdicas do ADN deve levar em

conta a largura das bandas de valência e condução próxima aos respectivos extremos

[25]. A Fig. 1.4 apresenta, na parte inferior, as larguras das bandas de valência (∆V ) e

de condução (∆C), calculadas a partir da banda mais alta e mais baixa sobrepostas na

valência e na condução em cada caso. Todavia, uma descrição adequada do transporte de

cargas elétricas, mesmo em cristais orgânicos, pode ser dado através da aproximação da

massa efetiva [65]. Na verdade, existe uma relação entre a massa efetiva (m) e a largura

de banda (∆E): quanto maior a massa efetiva, menor a largura de banda (em outras

palavras, a massa efetiva é inversamente proporcional à curvatura da banda e, portanto,

à dispersão da banda). Iniciando a partir do mı́nimo da banda de condução ao longo da

direção paralela ao plano molecular de cada base nucleot́ıdica, encontramos que a menor
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Figura 1.6: Função dielétrica complexa, ε = ε1 + iε2, dos cristais anidros das bases
nucleot́ıdicas do ADN. Linhas sólidas: luz incidente com polarização perpendicular ao
plano da molecular em cada célula unitária dos cristais; linhas pontilhadas: luz incidente
com o plano de polarização paralelo ao plano molecular das bases. Linhas tracejadas
correspondem à polarização da luz ao longo do plano (12̄8̄) para a guanina, contendo a
ligação de hidrogênio N7–H· · ·O6 e ao longo do plano (55̄2) para a timina, contendo a
ligação de hidrogênio N3–H· · ·O1.

massa efetiva do elétron é para a timina (3,8 unidades de massa do elétron livre, m0) e

a maior é para a adenina (> 40m0). De modo geral, é visto que o hopping dos elétrons

ao longo das ligações de hidrogênio é muito pequeno para os cristais anidros de guanina,

adenina e citosina. Na direção perpendicular (ao longo do eixo do empilhamento π − π),

entretanto, todos os cristais apresentam massas efetivas do elétron dentro do intervalo

4,0 – 6,3m0, sinalizando a possibilidade de transporte eletrônico de semicondutor em

bases nucleot́ıdicas empilhadas (para comparação, SrTiO3 dopado pode alcançar massas

efetivas elevadas de até 7,7m0 [66]). O transporte de buracos ao longo da direção paralela

envolve massas efetivas de altos valores para guanina, adenina e citosina, enquanto a

timina tem o menor valor ao longo das direções de hidrogênio: 6.9m0. Considerando as

massas efetivas perpendiculares, a situação é revertida, com guanina, adenina e citosina

exibindo valores no intervalo 3.5 – 4.0m0 enquanto a timina tem uma massa efetiva de

15m0. Em geral, pode-se presumir que os resultados apresentados nesta tese mostram
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que as bases nucleot́ıdicas nos cristais anidros (e possivelmente para cadeias lineares)

comportam-se como um semicondutor de gap largo para elétrons se movimentando

ao longo da direção de empilhamento, enquanto o transporte de buracos é limitado no

empilhamento envolvendo a timina.

O empilhamento de bases nucleot́ıdicas do ADN idênticas nos cristais anidros é res-

ponsável diretamente por suas caracteŕısticas semicondutoras. Por outro lado, o empilha-

mento de bases do ADN distintas não mudará radicalmente a caracteŕıstica de transporte

de cargas de um cristal hipotético formado a partir de duas ou mais bases. Estendendo

esse racioćınio para o empilhamento de três, quatro ou mais bases de ADN, seguindo qual-

quer arranjo, pode-se concluir que a caracteŕıstica semicondutora das cadeias de ADN é

devido principalmente ao empilhamento das bases nucleot́ıdicas, um resultado de sig-

nificativa relevância. Desvios de sua caracteŕıstica semicondutora pode ser atribúıda à

influência das cadeias açúcar-fosfato, de moléculas de água assim como de ı́ons [9]. Um

gap de energia direto 2,73 eV foi obtido para o cristal de guanina monohidratado através

de cálculos de primeiros prinćıpios utilizando o funcional LDA , 50meV maior do que o

gap direto de 2,68 eV encontrado nesta tese para o cristal anidro de guanina. Nesse caso,

não se pode sugerir que são as moléculas de água responsáveis por esse acréscimo devido

ao fato de que procedimentos, figuras e, inclusive, o pacote (programa) de cálculo são

diferentes entre o apresentando por Ortmann et al. [25, 26], uma vez que tais diferenças

metodológicas também podem levar a uma mudança na estimativa do gap de energia do

cristal monohidratado da guanina.

1.3 Sumário do Caṕıtulo

Resumindo, neste caṕıtulo realizamos cálculos DFT na obtenção da geometria otimi-

zada para os cristais anidros das quatro bases nucleot́ıdica do ADN, guanina (G), adenina

(A), citosina (C) e timina (T) usando a aproximação da densidade local (LDA) para o

funcional de troca e correlação e estimamos os gaps de energia desses cristais a partir de

medidas de absorção ópticas. Os gaps obtidos por meios de cálculos LDA mostram valores

menores do que as medidas experimentais, como esperado, e os valores estimados a partir

da absorção óptica mostradas aqui são, em geral, menores do que os dados experimen-

tais dispońıveis na literatura (exceto a guanina). A ordem crescente dos gaps de energia

teóricos (LDA) é G < A < C < T, enquanto a sequência experimental não é consensual:

a sequência obtida nesta tese (a partir de medidas de absorção óptica) é A < G < C < T,

em contraste com as medidas espectrocópicas de raios-X realizadas por MacNaughton et
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al. [60] que obtiveram a ordem G < C < A < T nos valoes dos gaps de energia. Para os

elétrons e buracos se movendo ao longo de determinadas ligações de hidrogênio (paralelas

ao plano molecular do cristal de uma dada base), as massas efetivas são geralmente eleva-

das, exceção feita à timina. Entretanto, quando os mesmos elétrons se movem ao longo do

eixo do empilhamento π − π, as massas efetivas ficam entre os 4,0 e 6,3 vezes a massa do

elétron livre (m0), sugerindo que as bases nucleot́ıdicas empilhadas comportam-se como

um semicondutor de gap largo para os elétrons. O transporte de buracos perpendicular

ao plano molecular também e favorecido pelo empilhamento das bases, exceto a timina.

Finalmente, a função dielétrica foi calculada para cada cristal anidro, onde foi observado

uma anisotropia muito acentuada para a luz incidente polarizada nos casos da guanina,

adenina e timina, mas não para a citosina.
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2 Cristal Anidro da Guanina:
Propriedades Estruturais,
Eletrônicas e Ópticas

A guanina, com a fórmula qúımica C5H5N5O, pertence ao grupo molecular cha-

mado purina, do qual também fazem parte: adenina, hipoxantina, xantina, teobromina,

caféına, ácido úrico e isoguanina [1, 2]. Uma molécula pertencente a este grupo consiste

de dois anéis fundidos (pirimidina-imidazola) com uma ligação dupla conjugada, apresen-

tando uma estrutura planar. No ADN, seu par complementar é a citosina com a qual

forma três ligações de hidrogênio (ver Fig. 0.2, pág. 31), participando como doadora em

dois śıtios (N–H· · ·N e N–H· · ·O) e aceitadora no terceiro (O· · ·H–N) [1].

No estudo das bases nitrogenadas do ADN, é importante considerar um fenômeno

qúımico que é comum a todas: o tautomerismo. Tautômeros são isômeros de compos-

tos orgânicos resultantes da reação de intercâmbio decorrente da migração de um átomo

de hidrogênio e a permuta de uma ligação dupla, onde em algumas situações existe o

equiĺıbrio entre duas formas tautoméricas (dependendo das condições do ambiente, como

o pH, ligações de hidrogênio e emparelhamento de bases). Na Fig. 2.2 são mostrados

alguns tautômeros das bases nucleot́ıdicas do ADN: adenina, formas amino e imino; cito-

sina, keto-amino e keto-imino; guanina, keto-amino e enol-amino; e timina, formas diketo

e keto-enol (lactim). Além destes tautômeros, podem existir outros que estejam asso-

ciados à protonação de um determinado átomo de nitrogênio, por exemplo. De forma

complementar, a Figura (ver Fig. 1.3, pág. 55) pode contribuir para elucidar a discussão

sobre os tautômeros da guanina.

Na forma gasosa, segundo os resultados obtidos por Colominas et al. [3], a guanina

se apresenta em dois tautômeros na forma keto-amino [protonações em N(9) e N(7)] e em

mais duas formas tautoméricas enol-amino [protonação N(9), configurações cis e trans
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Figura 2.1: Purinas: purina, adenina, guanina, hipoxantina, xantina, teobromina, caféına,
ácido úrico e isoguanina

do hidrogênio ligado ao O(6)]. A diferença energética entre os dois tautômeros keto-

amino é de 0,2 kcal/mol em desfavor da protonação N(7), onde se pode dizer que os

dois tem uma estabilidade similar [3]. Na forma imino, os valores são de 1,1 e 1,8 eV

para as configurações cis e trans, respectivamente [3]. Hanus et al. [4, 5] obtiveram

um ranking energético semelhante para os tautômeros tanto na fase gasosa quanto em

solução utilizando métodos quânticos e de dinâmica molecular. Gould et al. [6] também

encontraram um favorecimento energético de aproximadamente 1,9 kcal/mol da forma

keto-amino em relação à forma enol-amino, ambas com protonação em N(9). Em solução

aquosa, somente as formas keto-amino são observadas em quantidades iguais[7], com um

favorecimento energético de 1,0–1,9 kcal/mol da protonação N(9) em relação à N(7) [3].

De fato, os cristais hidratados de guanina apresentam moléculas com protonação N(9) [8],

enquanto os cristais anidros tem a protonação N(7) [9].

A diferença na forma tautomérica entre as duas estruturas cristalinas é entendida como

uma consequência do arranjo das ligações de hidrogênio nas estruturas consideradas. A

Fig. 0.8, extráıda da Ref. [9], mostra as ligações de hidrogênio no cristal anidro da

guanina formando um padrão com três ligações ao longo do eixo b, onde os grupos N-

H são doadores de hidrogênio e os átomos aceitadores são N(3), N(9) e O(6) — se a

protonação acontecesse em N(9) em vez de N(7), o cristal não seria posśıvel com esse
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arranjo das ligações de hidrogênio (para uma outra visualização do padrão das ligações

de hidrogênvio, ver a Fig. 1.3). Ademais, estas moléculas ligadas formam um plano

cujo empilhamento acontece ao longo da direção (102). No cristal monohidratado da

guanina, também há a formação de planos moleculares ao longo da direção (3̄01) que,

devido à incorporação das moléculas de água no padrão das ligações de hidrogênio, estas

promovem a transferência do átomo de hidrogênio de N(7) para N(9).

Figura 2.2: Tautômeros das bases nucleot́ıdicas, mostrando a forma predominante (à
esquerda) e a forma rara (à direita).

Cálculos das transições eletrônicas dos tautômeros da guanina na fase gasosa foram

realizados utilizando diferentes ńıveis de cálculos, como métodos semi-emṕırico INDO/S-

CI [7] e teoria do funcional da densidade dependente do tempo (TD-DFT) [10, 11, 12].

Tsolakidis e Kaxiras [11] apontaram diferenças entre os espectros de absorção quando são

considerados os tautômeros nas formas keto e enol com protonação em N(9): seis picos

de absorção no especto da forma keto até 7,5 eV, enquanto quatro (dos quais, dois são

dominantes) são visualizados no mesmo intervalo energético para a forma enol.

Šponer et al. [13] verificaram a estabilidade do empilhamento das bases do ADN
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Figura 2.3: Célula unitária geometricamente otimizada do cristal anidro da guanina em
cortes distintos, mostrando a formação do plano molecular (topo) e uma vista geral
(baixo).

utilizando a teoria da pertubação de segunda ordem de Møller-Plesset (MP2) e bases

gaussianas 6-31G na descrição dos estados eletrônicos, encontrando o d́ımero vertical

G· · ·G como sendo o mais estável e tendo o U· · ·U como de menor estabilidade (a di-

ferença energética é de 4,8 kcal/mol). Em 2002, os mesmos autores, fizeram uma ampla

discussão sobre as propriedades eletrônicas, ligações de hidrogênio, empilhamento e in-

teração com cátions das bases nucleot́ıdicas do ADN e ARN [14]. Em 2008, Šponer et al.

[15] realizaram um estudo complementar, empregando as aproximações MP2 e CCSD(T)

com as quais gerou termos corretivos, e obtiveram o seguinte “ranking” de estabilidade
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energética no empilhamento das bases: G < A < C < U (não havendo informações sobre

a timina). No entanto, quando foram considerados empilhamento dos pares das bases,

houve uma inversão na ordem de favorecimento energético entre a guanina e a adenina

AA < GG, onde as demais bases não foram estudas nesse cenário.

Considerando ainda o empilhamento das bases nucleot́ıdicas, porém com o foco na

dispersão nos estados de fronteira das moléculas diversos trabalhos estão dispońıveis [16,

17, 18, 19, 20, 21, 22, 23, 24, 25]. Bogar e Ladik [16], usando o método de Hartree-Fock

corrigido por um termo baseado na aproximação MP2 e considerando as posições das

moléculas de acordo com a geometria do ADN-B, encontraram valores de 0,52 e 1,09 eV

para as larguras das bandas de valência e condução, separadas por um gap de 8,47 eV.

Utilizando o mesmo procedimento na determinação da geometria para os pares das bases,

de Pablo et al. [17] determinaram as propriedades eletrônicas da sequência poli(G)-poli(C)

usando o ńıvel de cálculo DFT-GGA: larguras das bandas iguais a 40 e 270meV, com o

gap de energia de 2,0 eV. Vale ressaltar que na Ref. [16] foi tomado o empilhamento

de bases isoladas (equivalente a um ramo do ADN) e na Ref. [17], o modelo baseou-se

no par de bases (ou seja, os dois ramos do ADN). Além da geometria ser diferente, as

discrepâncias entre esses dois modelos também podem ser atribúıdas às teorias utilizadas,

onde a primeira (HF) tende a superestimar o valor do gap, enquanto a segunda (DFT)

tende a diminuir. Adicionalmente, o funcional GGA não consegue descrever a interação

π − π de forma satisfatória, levando ao estreitamento das bandas.

Dı́meros verticais, colunas periódicas, fitas planares e hélice quádruplas da guanina

foram objetos de cálculos DFT-LDA [18, 19, 22, 24]. Considerando diferentes geometria

de empilhamento dos d́ımeros verticais, os gaps de energia variaram de 2,97 a 4,12 eV e

as larguras das bandas considerando a sobreposição exata (rotacionada de 180°) foram:

valência igual 0,65(0,26) eV e condução, 0,52(0,13) eV [18]. No caso das fitas planares,

onde as moléculas são conectadas por meio de ligações de hidrogênio ao longo de uma

direção, a dispersão das bandas de energia foi similar ao caso das colunas. A hélice

quádrupla (G4), sob a influência de (strain), apresentou variação na largura da banda de

valência no intervalo de 0,14–0,93 eV ao ser considerada deformações de +19 a -23% [24].

Na fase sólida, existem pouco trabalhos publicados. Silaghi et al. [26] mediram a

função dielétrica de filmes das bases do ADN sobre a superf́ıcie Si(111) hidrogenada,

estimando o gap de energia para a guanina em 4,31 eV (±0,02). MacNaughton et al.

[27], por meio de medidas de absorção (XAS) e emissão de raios-x (XES), estimaram

um gap de energia igual a 2,6 eV (±0,2), não havendo especificações sobre o estado de
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Figura 2.4: Primeira zona de Brillouin do cristal anidro da guanina mostrando os pontos
de alta simetria.

hidratação das amostras. Sobre os cristais monohidratados da guanina foram realizados

cálculos das propriedades estruturais, eletrônicas e de transporte [28, 29]. Por outro

lado, somente os dados cristalográficos do cristal anidro da guanina foram publicados [9],

não havendo nenhum estudo acerca de suas propriedades estruturais, eletrônicas e ópticas.

Visando o preenchimento desta lacuna, aqui são mostrados os resultados das propriedades

estruturais, eletrônicas e ópticas obtidas a partir dos cálculos realizados utilizando a teoria

do funcional da densidade (DFT).

2.1 Resultados e Discussão

O cristal anidro da guanina teve sua geometria otimizada, deixando-se relaxar tanto

as coordenadas internas dos átomos quanto os parâmetros de rede da célula unitária

e, a partir do cristal relaxado, foram determinadas suas propriedades estruturais como

comprimento de ligações qúımicas intramoleculares, ângulos formados entre estas ligações

assim como os comprimentos das ligações de hidrogênio intermoleculares. Adicionalmente,

as propriedade optoeletrônicas também foram calculadas, levando em consideração alguns

aspectos geométricos do cristal e da molécula. A estrutura de bandas é explorada no

intervalo de -22 a 10 eV (o ńıvel zero é escolhido como o topo da banda de valência) e

na região do gap de energia. Além disso, a estrutura de bandas ao longo de caminhos
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especiais não-convencionais na zona de Brillouin foram considerados. Complementando o

estudo, a absorção óptica e a função dielétrica foram determinadas considerando diferentes

polarizações da radiação incidente. Os parâmetros de cálculos descritos na Sec. 1.1 (pág.

53) e a teoria tem uma breve descrição no Anexo A.

2.1.1 Propriedades Estruturais

As diferença mais significativas entre os cristais monohidratado [8] e o anidro [9] são

a inversão de comprimentos da ligações entre N(7)–C(8) e N(9)–C(8), e o encurtamento

sofrido pela C(5)–N(7). As ligações N(7)–C(8) e C(8)–N(9) tem 1,319 e 1,369 Å no cristal

monohidratado, respectivamente, passando a 1,342 e 1,328 Å no cristal anidro; a C(5)–

N(7) tem comprimento de 1,405 Å no cristal monodritado e é encurtada para 1,373 Å no

anidro. Estas alterações nos comprimentos de ligações da molécula refletem claramente

o fato de se ter um tautômero para cada cristal, onde em um deles a protonação é em

N(7) e no outro, N(9). Considerando estas três ligações, os resultados desta tese exibem

valores de 1,338 Å, 1,332 Å e 1,367 Å, respectivamente, onde há um encurtamento das

ligações de, no máximo, 0,006 Å em relação ao cristal anidro, dentro do erro experimental

dos dados cristalográficos obtidos por meio de radiação śıncroton [9]. Vale ressaltar que

a denominação dos átomos segue o esquema apresentado na Fig. 1.3 (pág. 55).

A Tabela 2.1 mostra todos os comprimentos de ligações da molécula no cristal e faz

um comparativo com resultados teóricos e experimentais. Os comprimentos de ligações

obtidos nessa tese se mostraram bastante próximos dos valores experimentais, onde a va-

riação máxima foi de -1,25% (-0,017 Å) na ligação N(3)–C(4) — exceção feita às ligações

envolvendo átomos de hidrogênio. As ligações N(1)–C(6), C(4)–C(5) e C(5)–C(6) apre-

sentaram diferenças de -17, -16 e -12 × 10−3 Å, enquanto nas outras a diferença foi sempre

inferior a 0,02 Å. Em relação às ligações envolvendo os átomos de hidrogênio, um cenário

diferente é encontrado, com variações de até +23,76% (0,202 Å) relativo aos dados expe-

rimentais. No entanto, quando comparado com os resultados de Ortmann et al. [28], a

maior diferença é de 0,015 Å que, em termos percentuais, significa um aumento de 1,45%.

Portanto, essas diferenças elevadas nas ligações com átomos de hidrogênio devem estar

associadas com a precisão da posição destes átomos no cristal em vez de ser um problema

no método de cálculo, haja vista a compatibilidade entre os resultados desta tese e aqueles

da Ref. [28], onde os métodos e parâmetros de cálculos são similares.
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Tabela 2.1: Comprimento das ligações qúımicas (em Å) entre os átomos pertencentes
à molécula da guanina isolada e no cristais anidro e monohidratado. Os t́ıtulos das
colunas representam: CASTEP, resultados obtidos nesta tese; LDA, Ref. [28]; GGA, Ref.
[30]; MP2, Ref. [31]; Exp1, Ref. [32]; Exp2, cristal monohidratado Ref. [8]; e Exp3,
cristal anidro Ref. [9]. As colunas LDA C2 e LDA Cs também são originários da Ref.
[28], considerando duas situações de simetria para a molécula de água presente no cristal
monohidratado.

2.1.2 Propriedade Optoeletrônicas

Nesta seção são mostrados os resultados dos cálculos para a estrutura de bandas

completa e na região do gap, a densidade de estados parcial projetada sobre cada tipo de

elemento qúımico presente no cristal anidro, uma outra estrutura de bandas ao longo de

caminhos especiais considerando aspectos da geometria da molécula, a função dielétrica

e a absorção óptica considerando diversas direções de polarização da radiação incidente.

A estrutura de bandas (na região do gap de energia e completa) do cristal anidro da

guanina é mostrada na Fig. 2.5, tomando-se o caminho C(0 1⁄2 1⁄2) → Γ(0 0 0) → D(-1⁄2

0 1⁄2) → E(-1⁄2 1⁄2 1⁄2) → Γ(0 0 0) → Y(0 1⁄2 0) → A(-1⁄2 1⁄2 0) → Γ(0 0 0) → B(-1⁄2 0 0) →
D(-1⁄2 0 1⁄2) → Γ(0 0 0) ao longo da zona de Brillouin mostrada na Fig. 2.4.

A banda de condução apresenta seu mı́nimo global no ponto B, com mı́nimos se-

cundários levemente acima deste: +0,06 eV no ponto D; +0,13 eV nas proximidades do

ponto A (caminho A → Γ); e +0,15 eV nas proximidades do ponto E (caminho E → Γ).

Por outro lado, a banda de valência tem seu extremo também no ponto B, com mı́nimos



2.1 Resultados e Discussão 79

Tabela 2.2: Ângulos formados entre os átomos pertencentes à molécula da guanina isolada
e nos cristais anidro e monohidratado. A nomenclatura adotada nos t́ıtulos das colunas é
o mesmo da Tab 2.1.

Tabela 2.3: Parâmetros estruturais das ligações de hidrogênio entre as moléculas de gua-
nina no cristal anidro. A coluna CASTEP representa os resultados obtidos nessa tese,
enquanto a coluna Exp representa os dados experimentais da Ref. [9]. As letras D, H e A
representam os átomos doadores de elétrons, os hidrogênios e os aceitadores de elétrons,
respectivamente.

secundários abaixo em -0,06 e -0,09 eV em pontos intermediários dos caminhos A → Γ e

D → Z, respectivamente. Desse modo, o gap de energia é direto, tendo em vista que as

bandas de energia de fronteira tem seus extremos no mesmo ponto B, exibindo o valor de

2,68 eV. Este valor do gap é menor em 0,05 eV do que aquele encontrado por Ortmann et.

al [28] para o cristal monohidratado da guanina, onde tal diferença pode ser explicada

tanto pela diferença de geometria dos cristais e como também pelos métodos numéricos

utilizados. É notável o fato de que as bandas de valência e de condução apresentam quatro

ńıveis de energia cada uma, onde se pode afirmar que tais bandas surgem da interação

dos orbitais de fronteira (HOMO e LUMO) de cada molécula (Z = 4) na célula unitária,
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onde Z informa a quantidade de moléculas na célula.

Em relação à largura das bandas de energia — um parâmetro que dá uma noção da

sobreposição dos estados moleculares — foram encontradas larguras de 0,48 e 0,52 eV na

bandas de valência e condução, respectivamente. Estes resultados são consideravelmente

distintos daquele do cristal monohidratado da guanina que apresentam 0,83 eV na largura

da banda de valência e 0,38 eV na banda de condução [28]. Suscintamente, pode-se dizer

que há uma inversão nas larguras, onde a banda de valência deixa de ter 0,83 eV (mais

larga do que a banda de condução — 0,38 eV) e assume o valor de 0,48 eV (mais estreita

do que banda de condução — 0,52 eV).
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As larguras de bandas obtidas nesta tese são similares aos melhores resultados para

os PTCDIs (perylene tetracarboxylic diimides), promissores candidatos a optoeletrônica

orgânica [33], assim como para outros tipos de cristais orgânicos [34, 35]. Uma observação

merecedora de atenção é que, segundo Ortmann et. al [28], as moléculas de água modifi-

cam somente os estados mais profundos. Então, surge uma pergunta: por que as bandas

de energia próxima do gap se mostram tão diferentes entre os cristais? A resposta é que a

influência da água se faz perceber pela modificação no padrão das ligações de hidrogênio

entre as moléculas assim como no arranjo molecular dentro da célula unitária, modificando

os parâmetros de rede e a direção de empilhamento, (3̄01)

Quando as larguras das bandas são comparadas com estudos baseados no empilha-

mento das bases, as diferenças são maiores ainda! Na Ref. [17], de Pablo et al. encontra-

ram 0,04 eV de largura na banda originada a partir dos estados moleculares ocupados mais

elevados (HOMO) e 0,270 eV na banda dos estados desocupados mais baixos (LUMO),

quando considerada a geometria de uma molécula de ADN constitúıda de onze pares

moleculares poli(G)-poli(C). Di Felice et al. [24], considerando uma hélice quádrupla

(12 planos) onde as moléculas de planos adjacente são rotacionadas em 30°, encontra-

ram 0,26 eV na largura da banda formada pelos estados HOMO’s das moléculas (não há

informações sobre a banda de condução devido ao número de estados desocupados dis-

pońıveis não serem suficientes para a visualização de uma banda isolada). Neste mesmo

estudo, quando o strain é presente na estrutura, esse valor pode variar de 0,93 a 0,14 eV

nas situações extremas de deformação de -26% e +19%, respectivamente[24]. Em ou-

tro cenário, onde as moléculas são posicionadas artificialmente exatamente uma sobre a

outra, a largura da banda relativa aos orbitais moleculares da valência exibiu um valor

aproximado de 1,1 eV [28, 18].

Taniguchi e Kaway [21] realizaram cálculos de dinâmica molecular e quânticos em

estruturas moleculares a partir dos cristais dos ADN-A e ADN-B, obtendo larguras de

bandas do ADN-A de 0,081 eV para a configuração Poly(dG)·Poly(dC) e 0,244 eV para

Poly(dA)·Poly(dT) na valência; enquanto isso, na banda de condução, as larguras fo-

ram de 0,133 eV para Poly(dG)·Poly(dC) e 0,360 eV para Poly(dA)·Poly(dT). No caso

do ADN-B com 10 pares de bases, as larguras das bandas de valência e condução foram

estimadas em 0,045 eV [0,421 eV] e 0,120 eV [0,143 eV], respectivamente, para as cadeias

Poly(dA)·Poly(dT) [Poly(dG)·Poly(dC)]. Em outra situação, Ladik et al. [25] encontra-

ram valores de 0,31 e 1,0 eV para as larguras das bandas de valência e condução, respec-

tivamente, considerando um único filamento de bases repetidas (guanina) no modelo.
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Figura 2.6: Densidade de estados parcial projetada sobre as espécies atômicas constituin-
tes da molécula: oxigênio, carbono, nitrogênio e hidrogênio.

As densidades de estados parciais projetadas sobre cada elemento qúımico é mostrada

na Fig. 2.6. As bandas de valência e condução são originárias exclusivamente de orbitais

do tipo 2p dos elementos qúımicos carbono e nitrogênio, com um pequena contribuição
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Figura 2.7: Estruturas de bandas mostrando os estados de fronteira próximos à região do
gap de energia ao longo das direções das ligações de hidrogênio.

do oxigênio. As duas bandas de condução subsequentes conservam esta caracteŕıstica e,

somente após 5 eV, o hidrogênio contribui com orbitais 1s. Na valência, a segunda banda

abaixo do gap tem contribuições de estados 2p do nitrogênio e do oxigênio. Na região entre

-5 e -15 eV, há uma mistura de orbitais envolvendo todos os átomos e orbitais. Abaixo

de -15 eV, as contribuições são predominantes do tipo 2s para os átomos de nitrogênio,

carbono e oxigênio, sendo que há ainda orbitais 2p do carbono. Quando comparada com

a densidade de estados do cristal monohidratado da guanina obtida por Ortmann et al.

[28], fica evidente o estreitamento da banda de valência e ausência de estados no intervalo

de energia entre -18 e -19 eV relativos a interação entre moléculas de água e guanina.

Na Fig. 2.7 são expostos os ńıveis de energia próximos do gap de energia consi-

derando direções especiais na zona de Brillouin, levando-se em conta caracteŕısticas da

molécula no espaço real, como as ligações de hidrogênio e a direção de empilhamento

das bases. Neste caso da guanina, existem quatro ligações de hidrogênio não-equivalentes

N(1)–H(1)· · ·N(3), N(2)–H2A· · ·N(9), N(2)–H2B· · ·O(6) e N(7)–H(7)· · ·O(6), onde as

três primeiras são praticamente paralelas e a última segue uma direção distinta. Desta

forma, no caminho escolhido na zona de Brillouin consideramos somente duas direções no
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plano ao longo das ligações de hidrogênio N(1)–H(1)· · ·N(3) e N(7)–H(7)· · ·O(6), além

da direção perpendicular ao plano molecular, (102). Explicitando os pontos percorridos:

B(-0,5; 0; 0) → M(-0,475; 0,192; -0,158) → N(-0,468; -0,051; -0,243) → B(-0,5; 0; 0) →
Q(-0,388; 0; 0,224). As denominações dos átomos seguem aquela da Fig. 1.3 (pág. 55).

A absorção óptica calculada do cristal anidro da guanina é mostrada na Fig. 2.8,

onde foram simuladas diferentes polarizações para a radiação incidente considerando as

caracteŕısticas geométricas do cristal: eixos cristalinos [(001), (010) e (100)], ligações de

hidrogênio [ (12̄8̄) e (186̄), ao longo das direções N(1)–H(1)· · ·N(3) e N(7)–H(7)· · ·O(6),

respectivamente], direção do empilhamento molecular (102), a diagonal da célula unitária

(111) e uma amostra policristalina (poly), onde este último cálculo se aproxima mais da

situação experimental haja vista que as medidas foram realizadas no pó. É notável que as

curvas para as polarizações (001) e (102) são praticamente idênticas no espectro de energia

mostrado. Um outro par de curvas semelhantes ocorre para as situações da polarização

(111) e da amostra policristalina.

Sobre as formas das curvas, são observadas duas faixas de absorção, a primeira com-

preende o intervalo de 3,0 a 3,8 eV e a segunda, a partir de 4,20 até 10 eV. Na primeira

faixa de energia, a radiação incidente com polarização (010) tem a maior intensidade,

apresentando dois picos proeminentes em 3,43 e 3,60 eV. Por outro lado, as polarizações

(102) e (100) são praticamente nulas nessa mesma faixa de energia, com a primeira apre-

sentando dois pequenos picos em 3,17 e 3,43 eV. As polarizações ao longo das ligações

de hidrogênio (12̄8̄) e (186̄), quando comparadas entre si, apresentam comportamentos

distintos na primeira faixa de absorção, sendo que esta última se assemelha com aquela

normal ao plano molecular (102). Contudo, na segunda faixa de energia assumem forma-

tos bastante próximos.

Na Fig. 2.9 é mostrada a função dielétrica do cristal anidro da guanina, onde também

foram consideradas as mesmas simulações de polarização da radiação incidente em relação

às caracteŕısticas geométricas da estrutura cristalina e molecular. Sendo a parte ima-

ginária ε2 da função dielétrica correlacionada com a absorção óptica (discutida anterior-

mente), então a sua discussão será dispensada, ficando somente a parte real ε1. A fim de

facilitar a análise, o espectro de energia foi dividido em três regiões: I, de 0 a 2,5 eV; II,

de 2,5 a 5,0 eV; e III, de 5,0 a 8,0 eV.

Na região I do espectro, os valores de ε1 ficam entre 4,0 e 5,0ε0 para todas as situações

de polarização da radiação incidente. Na região II, há dois picos principais de 18,7ε0, lo-

calizado em 3,23 eV, e 33,2ε0, localizado em 4,31 eV, referentes a (010) e (001), respectiva-
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Figura 2.8: Absorção óptica para o cristal anidro da guanina considerando diferentes
polarizações da radiação incidente. Na legenda, a direção (102) corresponde à direção
normal ao plano molecular; (12̄8̄) e (186̄) correspondem às direções pertencentes ao plano
ao longo das ligações de hidrogênio N(1)–H(1)· · ·N(3) e N(7)–H(7)· · ·O(6), respectiva-
mente; e, Poly, significa uma amostra policristalina representando uma “média” de todas
as direções.

mente. Vale ressaltar que as direções (001) e (102) tem resultados quase idênticos. Além

disso, para o primeiro pico em 3,23 eV somente a absorção oriunda da polarização (010) é

proeminente, enquanto para o segundo pico é observado que (100) e (111) também apre-

sentam valores significativos da função dielétrica. Ainda na região II, observa-se mı́nimos

localizados em 3,62 e 4,51 eV com valores de ε1 iguais a -9,3 e -15,8ε0, respectivamente,

para as mesmas direções de polarização que foram observados os máximos. Na região III,
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são observados diversos picos e mı́nimos de intensidades inferiores daqueles da região II.
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2.2 Sumário do Caṕıtulo

Em resumo, neste caṕıtulo foram realizados cálculos DFT a partir dos dados expe-

rimentais do cristal anidro da guanina, usando a aproximação LDA para o funcional de

troca e correlação. Ondas planas foram utilizadas na expansão dos estados eletrônicos,

onde pseudopotenciais ultramacios e norma conservada foram adotados na descrição da

interação coulombiana entre os núcleos e os elétrons na determinação das propriedades es-

truturais (Ecut = 610 eV) e optoeletrônicas (Ecut = 770 eV), respectivamente. As ligações

qúımicas covalentes apresentaram variações de até 0,02 Å em relação aos dados experimen-

tais, exceto para aquelas envolvendo átomos de hidrogênio, que apresentaram variações de

0,202 Å. No entanto, essa diferença exagerada nos comprimentos das ligações covalentes

dos átomos de hidrogênio não foi observada quando comparada com os dados teóricos

obtidos para o cristal hidratado da guanina. A partir da estrutura de bandas, é estimado

o gap de energia de 2,68 eV, resultado de uma transição direta B → B entre as bandas

de valência e condução, onde ambas tem caracteŕısticas 2p oriundas predominantemente

dos átomos de carbono e nitrogênio. Além disso, a dispersão dos estados eletrônicos de

fronteira é maior na direção normal ao plano molecular do que na direção paralela ao

longo de uma ligação de hidrogênio. Por fim, foi observada uma forte anisotropia nas pro-

priedades ópticas — absorção e função dielétrica — especialmente quando consideradas

as polarizações (010) e (102), sendo esta última a direção normal ao plano molecular.
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91

Referências

[1] NELSON, D. L.; COX, M. M. Lehninger Principles of Biochemistry. 4a. ed. New York,
NY, USA: W. H. Freeman, 2004.

[2] GARRETT, R. H.; GRISHAM, C. M. Biochemistry. 2a. ed. Philadelphia, USA: Saun-
ders College Publishing, 1999.

[3] COLOMINAS, C.; LUQUE, F. J.; OROZCO, M. Tautomerism and protonation of
guanine and cytosine. Implications in the formation of hydrogen-bonded complexes.
Journal of the American Chemical Society, v. 118, n. 29, p. 6811–6821, 1996.

[4] HANUS, M. et al. Correlated ab initio study of nucleic acid bases and their tautomers
in the gas phase, in a microhydrated environment and in aqueous solution. Guanine:
Surprising stabilization of rare tautomers in aqueous solution. Journal of the American
Chemical Society, v. 125, n. 25, p. 7678–7688, 2003.

[5] KABELAC, M.; HOBZA, P. Hydration and stability of nucleic acid bases and base
pairs. Physical Chemistry Chemical Physics, v. 9, n. 8, p. 903–917, 2007.

[6] GOULD, I. R. et al. TAUTOMERISM IN URACIL, CYTOSINE AND GUANINE -
A COMPARISON OF ELECTRON CORRELATION PREDICTED BY AB-INITIO
AND DENSITY-FUNCTIONAL THEORY METHODS. Theochem-Journal of Mole-
cular Structure, v. 331, n. 1-2, p. 147–154, 1995.

[7] BROO, A.; HOLMEN, A. Calculations and characterization of the electronic spectra
of DNA bases based on ab initio MP2 geometries of different tautomeric forms. Journal
of Physical Chemistry A, v. 101, n. 19, p. 3589–3600, 1997.

[8] THEWALT, U.; BUGG, C. E.; MARSH, R. E. Crystal Structure of Guanine Monohy-
drate. Acta Crystallographica Section B-Structural Crystallography and Crystal Che-
mistry, v. 27, n. Dec 15, p. 2358–2363, 1971.

[9] GUILLE, K.; CLEGG, W. Anhydrous guanine: a synchrotron study. Acta Crystallo-
graphica Section C-Crystal Structure Communications, v. 62, p. O515–O517, 2006.

[10] SHUKLA, M. K.; LESZCZYNSKI, J. TDDFT investigation on nucleic acid bases:
Comparison with experiments and standard approach. Journal of Computational Che-
mistry, v. 25, n. 5, p. 768–778, 2004.

[11] TSOLAKIDIS, A.; KAXIRAS, E. A TDDFT study of the optical response of DNA
bases, base pairs, and their tautomers in the gas phase. Journal of Physical Chemistry
A, v. 109, n. 10, p. 2373–2380, 2005.

[12] VARSANO, D. et al. A TDDFT study of the excited states of DNA bases and their
assemblies. Journal of Physical Chemistry B, v. 110, n. 14, p. 7129–7138, 2006.



92 Referências

[13] SPONER, J.; LESZCZYNSKI, J.; HOBZA, P. Nature of nucleic acid-base stacking:
Nonempirical ab initio and empirical potential characterization of 10 stacked base di-
mers. Comparison of stacked and H-bonded base pairs. Journal of Physical Chemistry,
v. 100, n. 13, p. 5590–5596, 1996.

[14] SPONER, J.; LESZCZYNSKI, J.; HOBZA, P. Electronic properties, hydrogen bon-
ding, stacking, and cation binding of DNA and RNA bases. Biopolymers, v. 61, n. 1,
p. 3–31, 2001.

[15] SPONER, J.; RILEY, K. E.; HOBZA, P. Nature and magnitude of aromatic stacking
of nucleic acid bases. Physical Chemistry Chemical Physics, v. 10, n. 19, p. 2595–2610,
2008.

[16] BOGAR, F.; LADIK, J. Correlation corrected energy bands of nucleotide base stacks.
Chemical Physics, v. 237, n. 3, p. 273–283, 1998.

[17] PABLO, P. J. de et al. Absence of dc-conductivity in λ-DNA. Physical Review Letters,
v. 85, n. 23, p. 4992–4995, 2000.

[18] FELICE, R. D. et al. Ab initio study of model guanine assemblies: The role of pi-pi
coupling and band transport. Physical Review B, v. 65, n. 4, p. 045104, 2001.

[19] CALZOLARI, A. et al. Self-assembled guanine ribbons as wide-bandgap semicon-
ductors. Physica E-Low-Dimensional Systems & Nanostructures, v. 13, n. 2-4, p. 1236–
1239, 2002.

[20] BELEZNAY, F. B.; BOGAR, F.; LADIK, J. Charge carrier mobility in quasi-one-
dimensional systems: Application to a guanine stack. Journal of Chemical Physics,
v. 119, n. 11, p. 5690–5695, 2003.

[21] TANIGUCHI, M.; KAWAI, T. Electronic structures of A- and B-type DNA crystals.
Physical Review E, v. 70, n. 1, p. 011913, 2004.

[22] CALZOLARI, A.; FELICE, R. D.; MOLINARI, E. Electronic properties of guanine-
based nanowires. Solid State Communications, v. 131, n. 9-10, p. 557–564, 2004.

[23] SZEKERES, Z.; BOGAR, F.; LADIK, J. B3LYP, BLYP and PBE DFT band structu-
res of the nucleotide base stacks. International Journal of Quantum Chemistry, v. 102,
n. 4, p. 422–426, 2005.

[24] FELICE, R. D. et al. Strain-dependence of the electronic properties in periodic qua-
druple helical G4-wires. Journal of Physical Chemistry B, v. 109, n. 47, p. 22301–22307,
2005.

[25] LADIK, J.; BENDE, A.; BOGAR, F. The electronic structure of the four nucleotide
bases in DNA, of their stacks, and of their homopolynucleotides in the absence and
presence of water. Journal of Chemical Physics, v. 128, n. 10, p. 105101, 2008.

[26] SILAGHI, S. D. et al. Dielectric functions of DNA base films from near-infrared to
ultra-violet. Physica Status Solidi B-Basic Solid State Physics, v. 242, n. 15, p. 3047–
3052, 2005.



Referências 93

[27] MACNAUGHTON, J.; MOEWES, A.; KURMAEV, E. Z. Electronic structure of the
nucleobases. Journal of Physical Chemistry B, v. 109, n. 16, p. 7749–7757, 2005.

[28] ORTMANN, F.; HANNEWALD, K.; BECHSTEDT, F. Guanine crystals: A first
principles study. Journal of Physical Chemistry B, v. 112, n. 5, p. 1540–1548, 2008.

[29] ORTMANN, F.; HANNEWALD, K.; BECHSTEDT, F. Charge Transport in
Guanine-Based Materials. Journal of Physical Chemistry B, v. 113, n. 20, p. 7367–
7371, 2009.

[30] PREUSS, M. et al. Ground- and excited-state properties of DNA base molecules
from plane-wave calculations using ultrasoft pseudopotentials. Journal of Computatio-
nal Chemistry, v. 25, n. 1, p. 112–122, 2004.

[31] PODOLYAN, Y.; RUBIN, Y. V.; LESZCZYNSKI, J. An ab initio post-Hartree-Fock
comparative study of 5-azacytosine and cytosine and their dimers with guanine. Journal
of Physical Chemistry A, v. 104, n. 44, p. 9964–9970, 2000.

[32] CLOWNEY, L. et al. Geometric parameters in nucleic acids: Nitrogenous bases.
Journal of the American Chemical Society, v. 118, n. 3, p. 509–518, 1996.

[33] DELGADO, M. C. R. et al. Tuning the Charge-Transport Parameters of Perylene
Diimide Single Crystals via End and/or Core Functionalization: A Density Functional
Theory Investigation. Journal of the American Chemical Society, v. 132, n. 10, p. 3375–
3387, 2010.

[34] SANCHEZ-CARRERA, R. S. et al. Theoretical Characterization of the Air-Stable,
High-Mobility Dinaphtho[2,3-b:2 ’ 3 ’-f]thieno[3,2-b]-thiophene Organic Semiconductor.
Journal of Physical Chemistry C, v. 114, n. 5, p. 2334–2340, 2010.

[35] KIM, E. G. et al. Charge transport parameters of the pentathienoacene crystal.
Journal of the American Chemical Society, v. 129, n. 43, p. 13072–13081, 2007.



94 Referências



95

3 Cristal Anidro da Adenina:
Propriedades Estruturais,
Eletrônicas e Ópticas

A adenina, assim como a guanina, é uma purina e tem a fórmula qúımica C5H5N5,

porém existe uma diferença importante entre as duas devido ao fato da adenina não

possuir o elemento qúımico oxigênio (dentre todas as bases do ADN, é a única com esta

caracteŕıstica). Além disso, pode se ligar tanto com a timina no ADN quanto com a uracila

no ARN, onde a sua estabilização na interação com a timina — seu par complementar no

ADN — é feita através de duas ligações de hidrogênio, participando como doadors na N–

H· · ·O e aceitadora na N–H· · ·N [1, 2]. A importância da adenina nos organismo vivos vai

além da codificação genética, assumindo diferentes funções na bioqúımica molecular como,

por exemplo, participando da respiração celular na forma de adenosina trifosfato (ATP),

de cofatores nicotinamida adenina dinucleot́ıdeo (NAD) e de flavina adenina dinucleot́ıdeo

(FDA) [2].

Assim como a guanina, a adenina possui diversos tautômeros [3, 4, 5, 6, 7, 8, 9], onde

os mais comuns são na forma amino com protonações em N(7) e N(9). Na verdade, em

solução aquosa, as duas formas co-existem, cujo equiĺıbrio e mecanismos da permuta do

hidrogênio foram estudados por Dreyfus et al. [3], apontando uma entalpia de tautome-

rização de 0,2 kcal/mol.

No ńıvel de teoria B3LYP/6-311g(d,p) [4], a sequência da estabilidade relativa dos

tautômeros (ver Fig. 3.2) da adenina na forma isolada pode ser escrita como AamN(9)H <

AamN(7)H [+8,89 kcal/mol]<AimN(9)H [+11,67 kcal/mol]<AimN(7)H [+16,76 kcal/mol].

Os ı́ndices am e im referem-se às formas amino e imino que a adenina pode assumir,

enquanto os números dentro dos parênteses indicam a protonação. Ao considerar a hi-

dratação expĺıcita, a diferença entre AamN(7)H e AimN(9)H praticamente desaparece, fi-



96 3 Cristal Anidro da Adenina: Propriedades Estruturais, Eletrônicas e Ópticas

Figura 3.1: Célula unitária geometricamente otimizada do cristal anidro da adenina em
cortes distintos, mostrando a formação do plano molecular (topo) e uma vista geral
(baixo).

cando a classificação de ordenamento da estabilidade da seguinte forma: AamN(9)H·H2O

< AimN(9)H·H2O [+8,60 kcal/mol] ≈ AamN(7)H·H2O [+8,77 kcal/mol] < AimN(7)H·H2O

[+14,54 kcal/mol]. Adicionando o modelo de solvatação cont́ınua, há um reordenamento

na sequência de estabilidade deixando as duas formas amino como mais estáveis [4]:
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AamN(9)H < AamN(7)H [+3,69 kcal/mol] < AimN(9)H [+8,38 kcal/mol] < AimN(7)H

[+10,79 kcal/mol]. Hanus el al. [6], fazendo uso de métodos quânticos diversos (RI-

MP2, MD/Q e DFT) encontraram o mesmo ordenamento de estabilidade da Ref. [4] para

a fase gasosa, porém a sequência de estabilidade na forma aquosa é consideravelmente

diferente, com as formas imino N(9)H e N(7)H sendo mais estáveis do que a forma amino

N(7)H. Por fim, Kabeláč e Hozba [8] discutem o papel da molécula de água na estabili-

dade dos tautômeros considerando diferentes possibilidades de interação entre a água e

as moléculas das bases do ADN, como também para seus pares complementares.

Figura 3.2: Tautômeros da adenina, figura extráıda da Ref. [4].

As transições eletrônicas dos tautômeros da adenina na fase gasosa foram obtidas em

diferentes ńıveis de cálculos, como métodos semi-emṕırico INDO/S-CI [10] e teoria do

funcional da densidade dependente do tempo (TD-DFT) [7, 11, 12]. Tsolakidis e Ka-

xiras [7] apontaram diferenças entre os espectros de absorção quando são considerados

os tautômeros da adenina nas formas amino e imino com protonação em N(9): o pico

de energia mais baixa é localizado em 3,71 eV na forma imino, enquanto o primeiro pico

para a forma amino tem energia de 4,51 eV, uma diferença de 0,8 eV observada para as

duas formas tautoméricas [7]. Essa discussão dos tautômeros pode auxiliar os profissi-

onais da cristalização no desenvolvimento de métodos de manipulação de tal forma que

determinada configuração molecular seja preferida em relação a outra.
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Figura 3.3: Primeira zona de Brillouin do cristal anidro da adenina mostrando os pontos
de alta simetria.

Utilizando a teoria da pertubação de segunda ordem de Møller-Plesset (MP2) e bases

gaussianas 6-31G na descrição dos estados eletrônicos, Šponer et al. [13] verificaram a

estabilidade do empilhamento das bases do ADN, encontrando o d́ımero vertical A· · ·A
com uma estabilidade intermediária se posicionando +2,48 kcal/mol acima do G· · ·G (que

é o mais estável) e -0,57 kcal/mol abaixo do C· · ·C. Em um estudo complementar, utili-

zando as aproximações MP2 e CCSD(T) para gerar termos corretivos, Šponer et al. [14]

obtiveram o seguinte ordenamento de estabilidade energética no empilhamento das ba-

ses: G < A < C < U (não havendo informações sobre a timina). No entanto, quando

foram considerados empilhamento dos pares das bases, houve uma inversão na ordem com

favorecimento energético de 3,5 kcal/mol do par AA em relação ao par GG, AA < GG.

A dispersão energética nos estados de fronteira das moléculas considerando diferentes

situações de empilhamento tem sido abordada em alguns trabalhos [15, 16, 17, 18]. Bogar

e Ladik [15] encontraram valores de 0,08 e 0,19 eV para as larguras das bandas de valência

e condução, separadas por um gap de 9,50 eV, no empilhamento das moléculas de adenina

seguindo a geometria de um ramo do ADN-B e usando o método de Hartree-Fock corrigido

por um termo baseado na aproximação MP2.

Cálculos de dinâmica molecular e quânticos em estruturas moleculares a partir da
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geometria do ADN-A mostraram larguras de bandas de 0,244 eV na valência e de 0,360 eV

na condução para a sequência Poly(dA)·Poly(dT), enquanto para a geometria ADN-B,

as larguras das bandas de valência e condução foram estimadas em 0,045 eV e 0,120 eV,

respectivamente, para mesma cadeia nucleot́ıdica [16]. Szekeres et al. [17] utilizando

diferentes funcionais, B3LYP, BLYP e PBE, encontraram valores de 180 (310), 220 (250)

e 220meV (250meV) na banda de valência (condução) para cada funcional na ordem

relacionada anteriormente. Em outra situação, Ladik et al. [18] encontraram valores

de 0,48 e 0,42 eV paras as larguras das bandas de valência e condução, respectivamente,

considerando um único filamento de bases repetidas (adenina) no modelo.

Na fase sólida, existem poucos trabalhos publicados. Silaghi et al. [19] mediram

a função dielétrica de filmes das bases do ADN sobre a superf́ıcie Si(111) hidrogenada,

estimando o gap de energia para a adenina em 4,47 eV (±0,02). MacNaughton et al.

[20], por meio de medidas de absorção (XAS) e emissão de raios-x (XES), estimaram

um gap de energia igual a 4,7 eV (±0,2), não havendo especificações sobre o estado de

hidratação das amostras. Por outro lado, para o cristal anidro da adenina somente os

dados cristalográficos foram publicados [21], não havendo nenhum estudo acerca de suas

eletrônicas e ópticas. Visando o preenchimento desta lacuna, aqui são mostrados os

resultados das propriedades estruturais, eletrônicas e ópticas obtidas a partir dos cálculos

realizados utilizando a teoria do funcional da densidade (DFT).

3.1 Resultados e Discussão

O cristal anidro da adenina teve sua geometria otimizada, deixando-se relaxar tanto

as coordenadas internas dos átomos quanto os parâmetros de rede da célula unitária

e, a partir da cristal relaxado, foram determinadas suas propriedades estruturais como

comprimento de ligações qúımicas intramoleculares, ângulos formados entre estas ligações

assim como os comprimentos das ligações de hidrogênio intermoleculares. Adicionalmente,

as propriedade optoeletrônicas também foram calculadas, levando em consideração alguns

aspectos geométricos do cristal e da molécula. A estrutura de bandas é explorada no

intervalo de -22 a 10 eV (o ńıvel zero é escolhido como o topo da banda de valência) e

na região do gap de energia. Além disso, a estrutura de bandas ao longo de caminhos

especiais não-convencionais na zona de Brillouin foram considerados. Complementando o

estudo, a absorção óptica e a função dielétrica foram determinadas considerando diferentes

polarizações da radiação incidente. Os parâmetros de cálculos descritos na Sec. 1.1 (pág.

53) e a teoria tem uma breve descrição no Anexo A.
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3.1.1 Propriedades Estruturais

Tabela 3.1: Comprimento das ligações qúımicas (em Å) entre os átomos pertencentes
à molécula da adenina isolada e no cristal anidro. Os t́ıtulos das colunas representam:
CASTEP, resultados obtidos nesta tese; GGA, Ref. [22]; B3LYP, Ref. [4]; Exp1, Ref.
[23]; e Exp2, Ref. [21]. São mostradas duas colunas para o cristal devido a existência de
duas moléculas independentes na célula unitária.

Os comprimentos das ligações qúımicas na molécula se mostraram com valores próximos

àqueles obtidos em outros ńıveis de cálculos (ver Tab. 5.1): as diferenças ficaram no in-

tervalo de -1,11% (-0,015 Å) a -0,21% (-0,003 Å) quando comparados com os resultados

baseados na aproximação GGA [22], enquanto que, em relação aos resultados obtidos com

o funcional h́ıbrido B3LYP [4], o intervalo de variação ficou entre -1,23% (-0,017 Å) e 0,15%

(+0,002 Å). As aproximações LDA e GGA sempre divergem em relação ao comprimento

das ligações covalentes, enquanto a primeira é responsável por contrair tais comprimentos,

a segunda é conhecida por alongar essa ligações. As ligações envolvendo os átomos de

hidrogênio não puderam ser discutidas por não haver dados dispońıveis nas referências

utilizadas para comparação [4, 22, 23].

No cristal, os dados dispońıveis são aqueles experimentais obtidos por Mahapatra et

al. [21]. Assim como no cristal anidro da guanina, os comprimentos das ligações covalen-

tes dos átomos de hidrogênio tiveram seus valores acrescidos em até 27,82%. Novamente,
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Tabela 3.2: Ângulos formados entre os átomos pertencentes à molécula da adenina no
cristal anidro. A nomenclatura adotada nos t́ıtulos das colunas é o mesma da Tab 3.1.

essas discrepâncias devem estar associadas com o ńıvel de precisão das medidas experi-

mentais na determinação da estrutura cristalina e das posições atômicas na célula unitária.

Fazendo um comparativo ainda com a molécula isolada, o comprimento da ligação N(9)–

H(9) é de 1,020 Å obtidos nessa tese e de 1,006 Å na Ref. [24], obtido através do método

MP2 (As denominações dos átomos seguem aquela da Fig. 1.3 (pág. 55).). Dessa forma,

a ligação N(9)–H(9) sofre uma aumento de apenas 1,39%, representando uma diferença

de 0,014 Å em relação a dados produzidos por métodos ab initio mais sofisticados. Por-

tanto, apesar das diferenças nessas ligações relativamente elevadas entre os dados da

tese e os dados experimentais, os comprimentos são compat́ıveis com outros resultados

teóricos, tornando-os confiáveis. Em relação aos dados experimentais, desconsiderando-se

as ligações covalentes dos átomos de hidrogênio, a maior diferença foi de -2,45% (-0,033 Å)

para a ligação C(6)–N(2). Referente aos ângulos, as diferenças ficam entre -1,69% (-3°) e

3,11% (5°).

Na Tab. 3.3 é mostrada uma compilação de parâmetros relacionados com as ligações

de hidrogênios entre as moléculas no cristal. As ligações de hidrogênio são influenciadas

diretamente pelo alongamento das ligações covalentes dos átomos de hidrogênio discutido

anteriormente, uma vez que a estrutura é do tipo D–H· · ·A (D é o doador de hidrogênio e
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A, o aceitador) e que o ângulo formado entre os mesmos é próximo de 180°, haverá sempre

um um balanceamento na relação dos comprimentos das ligações: se a covalente aumenta,

a de hidrogênio diminui, e vice-versa. Por isso, os parâmetros mais importantes na Tab.

3.3 são a distância entre os átomos doadores e aceitadores de hidrogênio, e os ângulos

formados nas estruturas D–H· · ·A. As distâncias D· · ·A sofrem reduções entre -6,01 e

-7,29%, tendo um encurtamento médio de -0,195 Å. Adicionalmente, é importante frisar

que os valores obtidos aqui estão próximos daqueles encontrados por Guerra et al. [25]

para o par complementar AT (por exemplo, a distância entre o átomo N(1) da adenina e

o N(3) da timina é de 2,81 Å utilizando o método DFT, com o funcional BP86 e a base

TZ2P).

Tabela 3.3: Parâmetros estruturais das ligações de hidrogênio (Å) entre as moléculas de
adenina no cristal anidro. A coluna LDA representa os resultados obtidos nessa tese,
enquanto a coluna Exp representa os dados experimentais da Ref. [21]. As letras D, H e
A representam os átomos doadores de elétrons, os hidrogênios e os aceitadores de elétrons,
respectivamente.

3.1.2 Propriedade Optoeletrônicas

Nas propriedades optoeletrônicas, foram estudadas: a estrutura de bandas completa

e na região do gap, a densidade de estados parcial projetada sobre cada tipo de elemento

qúımico presente no cristal, uma outra estrutura de bandas ao longo de caminhos especiais

considerando aspectos da geometria da molécula, a função dielétrica e a absorção óptica

considerando diversas direções de polarização da radiação incidente.

A estrutura de bandas completa e na região do gap de energia do cristal anidro da

adenina é mostrada na Fig. 3.4, seguindo o mesmo caminho utilizado para a guanina,

pois ambos pertencem ao mesmo grupo de simetria P21/c: C(0 1⁄2 1⁄2) → Γ(0 0 0) → D(-1⁄2

0 1⁄2) → E(-1⁄2 1⁄2 1⁄2) → Γ(0 0 0) → Y(0 1⁄2 0) → A(-1⁄2 1⁄2 0) → Γ(0 0 0) → B(-1⁄2 0 0) →
D(-1⁄2 0 1⁄2) → Γ(0 0 0) ao longo da zona de Brillouin mostrada na Fig. 3.3.
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A estrutura de bandas do cristal anidro da adenina apresenta diferenças significativas

quando comparada com a do cristal anidro da guanina, apesar de ambas pertencerem ao

mesmo grupo molecular e de terem o mesmo grupo espacial de simetria P21/c. O gap de

energia de 2,83 eV é indireto, com o máximo da valência em um ponto próximo a Z e o

mı́nimo da condução no ponto Γ. Além disso, na banda de valência é notado somente um

máximo secundário é localizado no ponto Γ, 133meV abaixo do topo e permitindo uma

transição direta Γ → Γ de 2,96 eV. Por outro lado, um mı́nimo secundário na banda de

condução é observado no ponto Y, 22meV acima do mı́nimo global. A outra caracteŕıstica

marcante é quantidade maior de estados que compõe a banda de valência em relação aos

demais cristais, uma vez que o cristal de adenina contém 8 moléculas em sua célula unitária

em vez de 4, como nos outros cristais das bases do ADN.

As larguras das bandas de valência e de condução são de 0,786 e de 1,264 eV, respec-

tivamente. No entanto, estes valores elevados não estão associados com as curvaturas dos

ńıveis de energia dentro da zona de Brillouin, mas sim com a sobreposição dos estados

das 8 moléculas presentes na célula unitária do cristal. A largura da banda de condução

apresenta valor mais elevado do que os dispońıveis na literatura para configurações de

empilhamento molecular [16, 17, 18].

Nos cálculos DFT realizados por Taniguchi e Kawai [16], as larguras das bandas no

polinucleot́ıdeo A-poli(A)·poli(T) foram de 0,244 e 0,360 eV para a valência e a condução,

respectivamente. No polinucleot́ıdeo B-poli(A)·poli(T), os valores são de 0,045 e 0,120 eV.

Ainda para mesma configuração espacial das bases nucleot́ıdicas, B-ADN, porém consi-

derando somente um dos seus ramos e utilizando o método de Hartree-Fock (com um

termo corretivo derivado do método MP2), Ladik et al. [18] obtiveram 0,48 eV para a

largura da banda de valência e 0,42 eV na condução. Szekeres et al. [17], fazendo uso

da mesma configuração espacial de um filamento (ramo) B-ADN, calculou a estrutura

de bandas do empilhamento de quatro moléculas de adenina, encontrando os valores de

220, 220 e 180meV para a banda de valência usando os funcionais BLYP, PBE e B3LYP,

respectivamente. Para a banda de condução, os valores foram 250, 250 e 310meV para

os mesmos funcionais [17].

A densidade de estados parcial projetada sobre os elementos da adenina é mostrada

na Fig. 3.5. O banda de condução mais profunda é formada exclusivamente por estados

2p, com contribuição dominante dos átomos de carbono sobre os de nitrogênio. Nas

demais bandas subsequentes, os átomos de hidrogênio contribuem com estados 2s para a

formação das mesmas, tendo um papel dominante na faixa de energia entre 5 e 7 eV. Na
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Figura 3.5: Densidade de estados parcial projetada sobre as espécies atômicas constituin-
tes da molécula no cristal anidro da adenina:carbono, nitrogênio e hidrogênio.

banda de valência superior, também constitúıda exclusivamente por estados 2p, há uma

inversão nos papéis dos átomos de carbono e nitrogênio, de forma que o último passa a ser

dominante. Na faixa de energia entre −1 e −12 eV há uma mistura de estados envolvendo

todos os átomos. A partir de −12 a −21 eV, há 6 picos que são dominados por estados 1s,

onde aquele localizado em −13 eV tem o átomo de carbono como contribuinte principal,

enquanto os outros 5, o nitrogênio.

Na Fig. 3.6 é mostrada a estrutura de bandas ao longo de caminhos especiais na zona

de Brillouin que são baseados na geometria das moléculas no cristal. Os trechos L → Z, Z

→ M e N → Z representam as direções no espaço rećıproco das ligações N(9)H(9)· · ·N(3)’,
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Figura 3.6: Estruturas de bandas do cristal anidro da adenina mostrando os estados
de fronteira próximos à região do gap de energia ao longo das direções das ligações de
hidrogênio.

N(2)H(2B)· · ·N(1)’ e N(2)H(2B)’· · ·N(1), respectivamente. É importante comentar que a

molécula da adenina tem seis ligações de hidrogênio no cristal anidro, das quais conside-

ramos apenas três pelo fato de que cada uma citada aqui é praticamente paralela a uma

outra, ou seja, temos três pares de ligações que são representas por estas três direções.

Em ambos os gráficos, as direções são as mesmas, porém os pontos L, M, N e Q são

diferentes dos pontos L’, M’, N’ e Q’ por que foram utilizadas origens distintas para cada

conjunto: o ponto z(-0,0589256; 0.; 0,558926) — próximo de Z — onde ocorre o máximo

da banda de valência para o primeiro conjunto de pontos; e o ponto Γ para o segundo,

onde ocorre o mı́nimo da banda de condução. Os trechos z → Q e Γ → Q’ tem direção

normal ao plano molecular, (101̄).

Nas direções planares, é notável que as bandas de valência e de condução são pra-

ticamente planas, indicando que os estados eletrônicos são bastante localizados sobre as

moléculas individuais, apesar das ligações de hidrogênio. Dentre estas direções, a menor

dispersão ocorre nos trechos L → z e (L’ → Γ) para os buracos (elétrons) e os trechos
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z → M (Γ → M’) e N → z (N’ → Γ) tem curvaturas similares. Na Fig. 1.4 (Cap. 1,

pág. 58) foi tomada a direção N → z (N’ → Γ no plano molecular e, através das massas

efetivas, determinou-se as curvaturas destas bandas: buracos, massas efetivas de >40 e

3,8m0 nas direções paralela e perpendicular ao plano, respectivamente; e para os elétrons,

>40 e 5,4m0 na mesma sequência. Na Tab. 1.2 (pág. 59) são mostradas as massas efeti-

vas das quatro bases, considerando sempre a direção paralela de maior interação entre as

moléculas.

Na Fig. 3.7 é mostrada a absorção óptica do cristal anidro da adenina com diferentes

polarizações da radiação incidente. Os três primeiros picos localizados em 3,34, 3,71 e

4,18 eV estão associados às transições da banda de valência para a banda de condução,

onde esses valores correspondem as diferenças entre os picos das bandas de condução

e valência, sendo exclusivamente do tipo π − π. A absorção é mais intensa quando os

planos de polarização tem direções (010) — ligação de hidrogênio N(9)H(9)· · ·N(3)’ — e

(111). Por outro lado, é praticamente nula até 4,5 eV quando a radiação incidente tem

o plano de polarização paralelo ao plano molecular. É importante frisar que a absorção

óptica não consegue diferenciar as três direções das ligações de hidrogênio, uma vez que as

curvas associadas são idênticas. A partir de 4,6 eV, a absorção entra em outro regime mais

complexo e que envolve transições de estados abaixo da valência e acima da condução,

tendo contribuições de orbitais N 2s na valência e orbitais vazios H 2s na condução.

A função dielétrica do cristal anidro da adenina é mostrada na Fig. 3.8, onde também

foram consideradas as mesmas simulações de polarização da radiação incidente em relação

às caracteŕısticas geométricas da estrutura cristalina e molecular. Assim como no cristal

anidro da guanina, a discussão da parte imaginária ε2 da função dielétrica será omitida por

suas caracteŕısticas estarem diretamente correlacionadas com a absorção óptica (discutida

anteriormente), ficando somente a parte real ε1. A fim de facilitar a análise, o espectro

de energia foi dividido em três regiões: I, de 0 a 2,0 eV; II, de 2,0 a 5,0 eV; e III, de 5,0 a

8,0 eV.

Logo na região I, é notável a anisotropia do cristal com o ε1 assumindo valores próximo

de 4ε0 para as radiações incidentes polarizadas nas direções (010) e (111), e também

valores em torno 2ε0 nas direções (1̄01), (001) e (100). É importante frisar que a direção

(010) está ao longo de uma ligação de hidrogênio e que, além desta, existem outras

duas direções ao longo das demais ligações de hidrogênio que apresentam comportamento

idêntico. Os valores de ε1 quando a radiação incidente é polarizada normalmente ao

plano molecular (direção (1̄01)) são praticamente constantes, sem a presença de picos
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Figura 3.7: Absorção óptica do cristal anidro da adenina considerando diferentes pola-
rizações da radiação incidente. Na legenda, a direção (101̄) [=(10-1)] corresponde à direção
normal ao plano molecular; (010), (14̄1) e (141) correspondem às direções pertencentes
ao plano ao longo das ligações de hidrogênio N(9)–H(9)· · ·N(3)’, N(2)–H(2B)· · ·N(1)’ e
N(2)–H(2B)’· · ·N(1), respectivamente; e, Poly, significa uma amostra policristalina repre-
sentando uma “média” de todas as direções.

proeminentes ao longo de todo o espectro mostrado. As direções (001) e (100) tem os

valores de ε1 semelhantes entre si, porém seus seis picos na região II são baixos, com a

altura máxima da curva de (100) sendo inferior a metade do pico de (010) localizado na

mesma energia, 3,51 eV. Os picos e mı́nimos dominantes na região II são das polarizações

(010) e (111) com as curvas praticamente idênticas: o primeiro pico é localizado em

3,13 eV com o valor de 12,7ε0 para ε1 (valor máximo) e o segundo, um pouco inferior com

ε1 igual a 9,1ε0 localizado em 3,51 eV. Os dois mı́nimos nessa região tem valores iguais

entre si de -3,7ε0 localizados em 3,73 e 4,23 eV. Na região III, são observados diversos

picos e mı́nimos de intensidades inferiores daqueles da região II.
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3.2 Sumário do Caṕıtulo

Resumidamente, neste caṕıtulo foram realizados cálculos DFT a partir dos dados

experimentais do cristal anidro da adenina, usando a aproximação LDA para o funcional

de troca e correlação, ondas planas na expansão dos estados eletrônicos e pseudopotenciais

ultramacios e de norma conservada na descrição da interação coulombiana entre os núcleos

e os elétrons na determinação das propriedades estruturais e optoeletrônicas, onde foram

adotadas as energias de corte Ecut = 610 e Ecut = 770 eV para cada grupo de propriedades,

respectivamente. As ligações qúımicas covalentes apresentaram variações de até -0,033 Å

em relação aos dados experimentais, exceto para aquelas envolvendo átomos de hidrogênio,

que apresentaram variações de 0,239 Å. Por outro lado, considerando a molécula isolada,

a ligação N(9)–H(9) sofre uma aumento de apenas 1,39%, representando uma diferença de

0,014 Å em relação a dados produzidos por métodos ab initio mais sofisticados (MP2). A

partir da estrutura de bandas, é estimado o gap de energia indireto de 2,83 eV, resultado da

z→ Γ entre as bandas de valência e condução, onde ambas tem caracteŕısticas 2p oriundas

predominantemente dos átomos de carbono e nitrogênio, onde o primeiro domina na banda

de condução e segundo, na valência. Além disso, a dispersão dos estados eletrônicos

de fronteira é praticamente nula ao longo das direções pertencentes ao plano molecular

ao longo das ligações de hidrogênio, enquanto na direção normal, é observado um forte

encurvamento das bandas de energia. Por fim, foi observada uma forte anisotropia nas

propriedades ópticas — absorção e função dielétrica — especialmente quando consideradas

as polarizações (010) e (101̄), sendo a primeira ao longo de uma ligação de hidrogênio e a

última, a direção normal ao plano molecular.
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4 Cristal Anidro da Citosina:
Propriedades Estruturais,
Eletrônicas e Ópticas

A citosina, com a fórmula qúımica C4H5N3O, pertence ao grupo molecular das pirimi-

dinas, do qual também faz parte a timina [1, 2]. As pirimidinas são compostos orgânicos

aromáticos heteroćıclicos similares ao benzeno, contendo dois átomos de nitrogênio nas

posições 1 e 3 do anel de seis átomos. No caso da citosina, os grupamentos amina e cetona

são ligados às posições 4 e 2, respectivamente, do anel heteroćıclico. No ADN, seu par

complementar é a guanina com a qual forma três ligações de hidrogênio (ver Fig. 0.2, pág.

31), participando como aceitadora em dois śıtios (N–H· · ·N e N–H· · ·O) e doadora no ter-

ceiro (O· · ·H–N) [1]. Devido a existência destes grupamentos qúımicos, a citosina pode

assumir diferentes formas tautoméricas: keto-amino, keto-imino, amino-enol e imino-enol.

Cálculos ao ńıvel de teoria MP2/6-31G(d), incluindo correções MP4/6-311++G(d,p)

para a correlação eletrônica, foram realizados por Colominas et al. [3] na investigação da

estabilidade dos tautômeros da citosina na forma gasosa e em solução aquosa. Na forma

gasosa, o tautômero mais estável foi o amino-enol com o grupo hidroxila trans a N(3)

(C2t), seguido pelos keto-amino (C1) e o amino-enol cis (C2c) que são 0,8 kcal/mol menos

estável. Seguindo a ordem de estabilidade, tem-se as formas keto-imino trans (C134t) e

cis (C134t), sendo o tautômero keto-amino (C3) — com a troca dos hidrogênios entre

N(1) e N(3) — o menos estável [3]. Utilizando ńıveis de teoria similares, Gould et al.

[4] também encontraram a mesma sequência de estabilidade dos tautômeros para forma

gasosa. Ainda considerando a citosina isolada, Sambrano et al. [5] mostraram que o

ordenamento energético dos tautômeros é dependente da teoria utilizada, obtendo C2t <

C1 < C134t < C3 e C1 < C2t < C134t < C3 para os ńıveis de cálculos MP2 e B3LYP,

respectivamente. Feyer et al. [6] realizaram medidas experimentais NEXAFS (do inglês,

near edge X-ray absorption fine structure) na citosina gasosa (T = 450K), encontrando
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assinaturas espectrais da co-existência das formas keto-amino (C1), amino-enol (C2c e

C2t) e keto-imino (C134t).

Figura 4.1: Tautômeros da citosina, Figura extráıda da Ref. [3].

Em solução aquosa, há um profunda modificação na estabilidade das diferentes estru-

turas da citosina: o tautômero C1 é mais estável do que os outros em mais de 5 kcal/mol,

sendo a seguinte ordem de estabiliade C3, C134t, C2t, C2c e C134c para a citosina em

solução [3]. Sambrano et al., utilizando o funcional h́ıbrido B3LYP e considerando o mo-

delo cont́ınuo de solvatação, também encontraram um ranking de estabilidade semelhante:

C1 < C3 < C134t < C2t. Ambos concordam com os dados experimentais que mostram

C1 como o tautômero predominante em solução aquosa [7]. Na fase sólida, a citosina

cristaliza na forma C1 [8, 9].

Métodos semi-emṕırico INDO/S-CI [10] e teoria do funcional da densidade dependente

do tempo (TD-DFT) [11, 12, 13] foram utilizados em cálculos das transições eletrônicas

dos tautômeros da citosina na fase gasosa. Tsolakidis e Kaxiras [12], ao comparar as

formas keto-amino (C1) e keto-imino trans (C134t), encontraram diferenças significativas

no espectro de absorção no intervalo 3–8 eV, onde no primeiro observaram a existências

de cinco picos proeminentes localizados em 5,92, 6,39, 6,48, 6,88 e 7,16 eV, enquanto no

segundo, o espectro é dominado por dois picos localizados em 5,68 and 6,77 eV [12].



4 Cristal Anidro da Citosina: Propriedades Estruturais, Eletrônicas e Ópticas 115

Šponer et al. [14] verificaram a estabilidade do empilhamento das bases do ADN,

encontrando os d́ımeros verticais C· · ·C e A· · ·A com energias de estabilização similares,

sendo a citosina menos estável em +0,57 kcal/mol em relação ao d́ımero da adenina, em

cálculos baseados na teoria da pertubação de segunda ordem de Møller-Plesset (MP2)

e bases gaussianas 6-31G na descrição dos estados eletrônicos. Ao contrário da purinas

(guanina e adenina), Šponer et al. [15] não determinaram a energia do empilhamento dos

pares para a citosina e a timina.

A dispersão energética nos estados de fronteira das moléculas considerando diferentes

situações de empilhamento tem sido abordada em alguns trabalhos [16, 17, 18, 19]. Bo-

gar e Ladik [16] encontraram valores de 0,12 e 0,47 eV de para as larguras das bandas de

valência e condução, separadas por um gap de 8,66 eV, no empilhamento das moléculas de

adenina seguindo a geometria de um ramo do ADN-B e usando o método de Hartree-Fock

corrigido por um termo baseado na aproximação MP2. Utilizando o mesmo procedimento

na determinação da geometria para os pares das bases, de Pablo et al. [20] determina-

ram as propriedades eletrônicas da sequência poli(G)-poli(C) usando o ńıvel de cálculo

DFT-GGA: larguras das bandas iguais a 40 e 270meV, com o gap de energia de 2,0 eV.

Vale ressaltar que na Ref. [16] foi tomado o empilhamento de bases isoladas (equivalente

a um ramo do ADN) e na Ref. [20], o modelo baseou-se no par de bases (ou seja, os

dois ramos do ADN). Além da geometria ser diferente, as discrepâncias entre esses dois

modelos também podem ser atribúıdas às teorias utilizadas, onde a primeira (HF) tende

a superestimar o valor do gap, enquanto a segunda (DFT) tende a diminuir. Adicional-

mente, o funcional GGA não consegue descrever a interação π − π de forma satisfatória,

levando ao estreitamento das bandas.

Cálculos de dinâmica molecular e quânticos em estruturas moleculares a partir da

geometria do ADN-A mostraram larguras de bandas de 0,081 eV na valência e de 0,133 eV

na condução para a sequência Poly(dG)·Poly(dC), enquanto para a geometria ADN-B,

as larguras das bandas de valência e condução foram estimadas em 0,421 eV e 0,143 eV,

respectivamente, para mesma cadeia nucleot́ıdica [17]. Szekeres et al. [18] utilizando

diferentes funcionais, B3LYP, BLYP e PBE, encontraram valores de 50 (250), 40 (170)

e 30meV (210meV) na banda de valência (condução) para cada funcional na ordem

relacionada anteriormente. Em outra situação, Ladik et al. [19] encontraram valores

de 0,06 e 0,47 eV paras as larguras das bandas de valência e condução, respectivamente,

considerando um único filamento de bases repetidas (citosina) no modelo.

Na fase sólida, Silaghi et al. [21] mediram a função dielétrica de filmes das bases do
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Figura 4.2: Célula unitária geometricamente otimizada do cristal anidro da citosina em
cortes distintos, mostrando a formação do plano molecular (topo) e uma vista geral
(baixo).

ADN sobre a superf́ıcie Si(111) hidrogenada, estimando o gap de energia para a citosina

em 4,46 eV (±0,02). MacNaughton et al. [22], por meio de medidas de absorção (XAS)

e emissão de raios-x (XES), estimaram um gap de energia igual a 3,6 eV (±0,2), não

havendo especificações sobre o estado de hidratação das amostras. Novamente, como

no caso da adenina, para o cristal anidro da citosina somente os dados cristalográficos

foram publicados [8], não havendo nenhum estudo acerca de suas propriedades estruturais,



4.1 Resultados e Discussão 117

eletrônicas e ópticas. Visando o preenchimento desta lacuna, aqui são mostrados os

resultados das propriedades estruturais, eletrônicas e ópticas obtidas a partir dos cálculos

realizados utilizando a teoria do funcional da densidade (DFT).

Figura 4.3: Primeira zona de Brillouin do cristal anidro da citosina mostrando os pontos
de alta simetria.

4.1 Resultados e Discussão

O cristal anidro da citosina teve sua geometria otimizada, deixando-se relaxar tanto

as coordenadas internas dos átomos quanto os parâmetros de rede da célula unitária

e, a partir da cristal relaxado, foram determinadas suas propriedades estruturais como

comprimento de ligações qúımicas intramoleculares, ângulos formados entre estas ligações

assim como os comprimentos das ligações de hidrogênio intermoleculares. Adicionalmente,

as propriedade optoeletrônicas também foram calculadas, levando em consideração alguns

aspectos geométricos do cristal e da molécula. A estrutura de bandas é explorada no

intervalo de -22 a 10 eV (o ńıvel zero é escolhido como o topo da banda de valência) e

na região do gap de energia. Além disso, a estrutura de bandas ao longo de caminhos

especiais não-convencionais na zona de Brillouin foram considerados. Complementando o

estudo, a absorção óptica e a função dielétrica foram determinadas considerando diferentes

polarizações da radiação incidente. Os parâmetros de cálculos descritos na Sec. 1.1 (pág.

53) e a teoria tem uma breve descrição no Anexo A.
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4.1.1 Propriedades Estruturais

Na Tab. 4.1 são mostrados os comprimentos das ligações qúımicas da citosina obtidos

nesta tese para a molécula isolada e no cristal anidro. Além destes valores, também são

colocados aqueles obtidos por outros métodos e ńıveis de teoria. Para a molécula, os

valores da coluna GGA foram obtidos por Preuss et al. [23] utilizando a teoria DFT

dentro da aproximação GGA, e os da coluna MP2, foram calculados por Podolyan et al.

[24] ao ńıvel da teoria MP2/6-31g(d,p).

Tabela 4.1: Comprimento das ligações qúımicas (em Å) entre os átomos pertencentes
à molécula da citosina isolada e no cristal anidro. Os t́ıtulos das colunas representam:
CASTEP, resultados obtidos nesta tese; GGA, Ref. [23]; MP2, Ref. [24]; Exp1, Ref. [25];
MC, Ref. [8]; e BM, Ref. [9].

Para a molécula isolada, as ligações qúımicas entre os átomos de C, N e O apre-

sentaram comprimentos com valores bem aproximados daqueles conhecidos da literatura

[23, 24]. Quando comparadas com os valores da coluna GGA [23], as diferenças rela-

tivas ficam entre -1,03% e -0,51%, representando, em termos absolutos, que as ligações

C(4)-N(4) e C(5)-C(6) são menores em -0,014 e -0,007 Å, respectivamente. Em relação à

coluna MP2 [24], o intervalo de variação é de -2,03% (-0,028 Å) a -0,21% (-0,003 Å), onde

estes limites são para as ligações C(2)-N(3) e N(3)-C(4), na mesma ordem. No entanto,

quando são analisadas as ligações que envolvem os átomos de hidrogênio, os resultados

LDA (desta tese) se apresentam sempre maiores (0,009–0,013 Å) em relação aos resultados

MP2 [24]. As ligações envolvendo os átomos de hidrogênio não puderam ser discutidas
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por não haver dados dispońıveis nas referências utilizadas para comparação [23, 25]. Por

último, em relação aos valores experimentais da Ref. [25], as diferenças nos comprimentos

ficam entre -0,022 e +0,016 Å.

Tabela 4.2: Ângulos formados entre os átomos pertencentes à molécula da citosina isolada
e no cristal anidro. A nomenclatura adotada nos t́ıtulos das colunas é o mesmo da Tab
4.1.

A situação para o cristal anidro da citosina é similar à encontrada na molécula isolada,

exceto para as ligações covalentes dos átomos de hidrogênio. Considerando as ligações

entre os átomos C, N e O, os limites das variações (encurtamento/alongamento) são de

-0,019 e 0,018 Å, enquanto aquelas que envolvem os átomos de hidrogênio podem ter

acréscimos de até 0,18 Å. Este mesmo comportamento dos resultados LDA em relação

aos dados experimentais também foi observado para os outros dois cristais anidros já

estudados, guanina e adenina. Neste caso da citosina, não há outros dados teóricos para

comparação na fase sólida, porém os comprimentos das ligações covalentes dos hidrogênios

no cristal da guanina apresentaram valores aproximados com outros valores da literatura

obtidos para a molécula isolada. A maior diferença encontrada para os ângulos é de -3,5°,

formada pelos átomos C(6)–N(1)–H(1).
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Tabela 4.3: Parâmetros estruturais das ligações de hidrogênio entre as moléculas de ci-
tosina no cristal anidro. A coluna CASTEP representa os resultados obtidos nessa tese,
enquanto a coluna Exp representa os dados experimentais da Ref. [8]. As letras D, H e A
representam os átomos doadores de elétrons, os hidrogênios e os aceitadores de elétrons,
respectivamente.

Uma compilação de parâmetros relacionados com as ligações de hidrogênios entre as

moléculas no cristal anidro é mostrada na Tab. 4.3. As ligações de hidrogênio são influ-

enciadas diretamente pelo alongamento das ligações covalentes dos átomos de hidrogênio

discutido anteriormente, uma vez que a estrutura é do tipo D–H· · ·A (D é o doador de

hidrogênio e A, o aceitador) e que o ângulo formado entre os mesmos é próximo de 180°,

haverá sempre um balanceamento na relação dos comprimentos das ligações: se a covalente

aumenta, a de hidrogênio diminui, e vice-versa. Por isso, os parâmetros mais importantes

na Tab. 4.3 são a distância entre os átomos doadores e aceitadores de hidrogênio, e os

ângulos formados nas estruturas D–H· · ·A. As distâncias D· · ·A sofrem reduções entre

-5,94 e -6,48%, tendo um encurtamento médio de -0,181 Å. Adicionalmente, é importante

frisar que os valores obtidos aqui estão próximos daqueles encontrados por Guerra et al.

[26] para o par complementar GC (por exemplo, a distância entre o átomo O(2) da cito-

sina e o N(2) da guanina é de 2,87 Å utilizando o método DFT, com o funcional BP86 e

a base TZ2P).

4.1.2 Propriedade Optoeletrônicas

Nas propriedades optoeletrônicas, foram estudadas: a estrutura de bandas completa

e na região do gap, a densidade de estados parcial projetada sobre cada tipo de elemento

qúımico presente no cristal, uma outra estrutura de bandas ao longo de caminhos especiais

considerando aspectos da geometria da molécula, a função dielétrica e a absorção óptica

considerando diversas direções de polarização da radiação incidente.

A estrutura de bandas (na região do gap de energia e completa) do cristal anidro da

citosina é mostrada na Fig. 4.4, tomando-se o caminho T(-1⁄2 0 1⁄2) → Γ(0 0 0) → Z(0 0

1⁄2) → U(0 1⁄2 1⁄2) → R(-1⁄2 1⁄2 1⁄2) → Γ(0 0 0) → Y(-1⁄2 0 0) → S(-1⁄2 -1⁄2 0) → Γ(0 0 0) →
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X(0 1⁄2 0) → U(0 1⁄2 1⁄2) → Γ(0 0 0) ao longo da zona de Brillouin mostrada na Fig. 4.3.
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A banda de condução apresenta seu mı́nimo global no ponto Γ, com mı́nimos se-

cundários levemente acima: +0,036 eV no ponto Y e +0,052 eV no ponto X. Por sua vez,

a banda de valência tem seu extremo também no ponto Γ, com máximos secundários

abaixo em -0,069 e -0,180 eV nos mesmos pontos Y e X em que ocorrem os mı́nimos se-

cundários da banda de condução. Desse modo, o gap de energia é direto, visto que as

bandas de energia de fronteira tem seus extremos no mesmo ponto Γ, exibindo o valor de

3,30 eV.

Quando comparado com o cristal anidro do seu par complementar na dupla-hélice de

Watson-Crick, a guanina também tem gap direto, porém é localizado em uma das faces da

zona de Brillouin e tem o valor de 2,68 eV (menor em 0,62 eV do que o gap da citosina).

Novamente, observa-se que as bandas de valência e de condução apresentam quatro ńıveis

de energia cada uma, sendo formadas pela interação dos orbitais de fronteira (HOMO e

LUMO) de cada molécula (Z = 4) na célula unitária.

Em relação à largura das bandas de energia, foram encontradas larguras de 0,53 e

0,33 eV na bandas de valência e condução, respectivamente. Na falta de estudos da citosina

no estado sólido, é apresentado um resumo do resultados do empilhamento de pares

(citosina-guanina) e da molécula isolada seguindo a geometria da dupla hélice do ADN.

A banda de valência no cristal anidro mostrou-se mais larga do que todos os resultados

baseados no empilhamento das moléculas de citosina: de Pablo et al. [20], 40meV;

Taniguchi e Kawai [17], 81meV (421meV) para a sequência Poly(dG)·Poly(dC) seguindo
a geometria do ADN-A (ADN-B); Ladik et al. [19], 110meV; Szeres et al. [18], 50meV.

No entanto, para a banda de condução, a situação é um pouco diferente e a dispersão

da energia no empilhamento é compat́ıvel com a do cristal: 330meV [19], 300meV [16],

270meV [20] e 250meV [18].

A Fig. 4.5 mostra as densidades de estados parciais projetadas sobre cada elemento

qúımico do cristal. As bandas de valência e condução são originárias exclusivamente de

orbitais do tipo 2p dos elementos qúımicos carbono e nitrogênio, exceto por uma pequena

contribuição do oxigênio na valência. Como a citosina tem um único oxigênio na sua com-

posição, a participação do mesmo na densidade de estados do cristal é bastante limitada,

tendo uma influência mais significativa nos estados relativos à banda imediatamente infe-

rior a da valência e também em ńıveis mais profundos de energia, com dois picos do tipo

2s localizados aproximadamente em -19 e -21 eV. Por outro lado, os elementos qúımicos

carbono e nitrogênio desempenham papéis similares na densidade de estados, onde o car-

bono tem seus estados vazios 2p dominantes na banda de condução e também na banda
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Figura 4.5: Densidade de estados parcial projetada sobre as espécies atômicas constituin-
tes da molécula no cristal anidro da citosina: oxigênio, carbono, nitrogênio e hidrogênio.

imediatamente superior, enquanto o nitrogênio contribui mais intensamente na banda de

valência e na imediatamente inferior. Abaixo de -15 eV, as contribuições são predominan-

tes do tipo 2s para os átomos de carbono e nitrogênio, havendo também participação de

orbitais 2p do carbono. Na região entre -5 e -15 eV, há uma mistura de orbitais envol-

vendo todos os átomos e orbitais. Por fim, os hidrogênios tem uma pequena influência

nos estados vazios acima de 5 eV.

Na Fig. 4.6 são expostos os ńıveis de energia próximos do gap de energia conside-
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Figura 4.6: Estruturas de bandas do cristal anidro da citosina mostrando os estados
de fronteira próximos à região do gap de energia ao longo das direções das ligações de
hidrogênio.

rando direções especiais na zona de Brillouin e levando-se em conta caracteŕısticas da

molécula no espaço real, como as ligações de hidrogênio e as direções normais dos planos

entrecortados (formando uma estrutura em zigue-zague, ver Fig 4.2). No caso da cito-

sina, foram tomadas as direções (911) e (5̄61) que correspondem as ligações de hidrogênio

N(4)–H(4)· · ·O(2) e N(1)–H(1)· · ·N(3), respectivamente, e também a direção (201̄) que

é normal a um dos planos e equivalente a direção (201), que é a direção normal do outro

plano presente no cristal. Explicitando os pontos percorridos: Γ(0 0 0) → M(-0,077 0,233

0,048) → N(-0,247 -0,028 -0,024) → Γ(0 0 0) → Q(-0,218 0,003 0.122).

A absorção óptica do cristal anidro da guanina é mostrada na Fig. 4.7, onde foram

simuladas diferentes polarizações para a radiação incidente considerando as caracteŕısticas

geométricas do cristal: eixos cristalinos [(001), (010) e (100)], ligações de hidrogênio [(911)

e (5̄61), ao longo das direções N(4)–H(4)· · ·O(2) e N(1)–H(1)· · ·N(3), respectivamente],

direção normal a um dos planos moleculares (201̄), a diagonal da célula unitária (111) e

uma amostra policristalina (poly).
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É notável que as curvas para as polarizações (100) e (201̄) são praticamente idênticas

no espectro de energia mostrado. Além desse par, as situações da polarização (111) e

da amostra policristalina também apresentam curvas muito parecidas entre si. Diferen-

temente dos outro cristais anidros estudados até aqui (guanina e adenina), o espectro

de absorção apresenta diferenças para os casos de polarizações ao longo das ligações de

hidrogênio, onde a direção (5̄61) mostra um pico mais intenso localizado em 3,86 eV en-

quanto a polarização (911) tem dois picos de menor intensidade e muito próximos entre

si, localizados em 3,80 e 3,91 eV. Além destas situações, é importante salientar que as

diferenças encontradas nas curvas de absorção são basicamente relacionadas com a inten-

sidade, uma vez que o posicionamento dos picos de absorção não é afetado pelas diferentes

direções de polarização da radiação incidente.

No intervalo de energia 3–7 eV são observadas quatro faixas de absorção. Na primeira

faixa, existe um pico central localizado em 3,86 eV, com um pico secundário de intensidade

consideravelmente menor e energia ligeiramente inferior. Além disso, a radiação incidente

com a polarização (010) tem a maior intensidade de absorção, enquanto a direção (001)

tem menor intensidade. Esta última direção, na verdade, apresenta este comportamento

em todo o espectro de energia considerado. Na segunda faixa de energia, dois picos podem

ser observados localizados em 4,38 e 4,72 eV, respectivamente, onde a maior intensidade

é novamente para a direção (010). Na terceira faixa de energia (5–6 eV), a polarização

normal a um dos planos moleculares apresenta a maior intensidade, porém na quarta faixa

de absorção, a direção (010) assume novamente o lugar de absorção mais intensa. Por fim,

as quatro faixas de absorção são todas relacionadas com transições envolvendo orbitais

do tipo p e, somente acima de 7 eV, é que começa a contribuição de orbitais do tipo s.

Fazendo a análise em relação às direções ao longo das ligações de hidrogênio e da

direção normal a um dos planos moleculares, tem-se uma situação praticamente igual

quando comparada com as outras bases estudadas até aqui, uma vez que as diferenças

entre as curvas de absorção para as direções das ligações de hidrogênio é notável somente

na intensidade (mais fortemente na primeira faixa de absorção). Por outro lado, a pola-

rização normal a um dos planos — (201̄) — tem a curva idêntica à polarização ao longo

da ligação de hidrogênio N(4)–H(4)· · ·O(2) — (911).

Na Fig. 4.8 é mostrada a função dielétrica do cristal anidro da citosina, onde também

foram consideradas as mesmas simulações de polarização da radiação incidente em relação

às caracteŕısticas geométricas da estrutura cristalina e molecular. Sendo a parte ima-

ginária ε2 da função dielétrica correlacionada com a absorção óptica (discutida anterior-
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Figura 4.7: Absorção óptica para o cristal anidro da citosina considerando diferentes pola-
rizações da radiação incidente. Na legenda, a direção (20-1) corresponde à direção normal
de um dos planos moleculares; (-561) e (911) que são iguais a (5̄61) e (911), respectiva-
mente, correspondem às direções ao longo das ligações de hidrogênio N(1)–H(1)· · ·N(3)
e N(4)–H(4)· · ·O(2); e, Poly, significa uma amostra policristalina representando uma
“média” de todas as direções.

mente), então a sua discussão será dispensada, ficando somente a parte real ε1. A fim de

facilitar a análise, o espectro de energia foi dividido em três regiões: I, de 0 a 2,5 eV; II,

de 2,5 a 6,0 eV; e III, de 6,0 a 8,0 eV.
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Na região I do espectro, os valores de ε1 tem valores aproximados de 3,8ε0 para todas

as situações de polarização da radiação incidente, exceto para a polarização (001). Na

região II, há quatro picos principais de 14,6, 7,4, 7,9 e 10,2ε0 localizados em 3,7, 4,3, 4,5 e

5,1 eV, respectivamente. O primeiro pico é devido à polarização (010), enquanto os demais

são da polarização (201̄). Em relação aos mı́nimos, são observados dois vales na região II

devido às polarizações (010) e (201̄) com intensidades de -8,7 e -7,3ε0, respectivamente.

Assim como na absorção, as polarizações (100) e (201̄) tem curvas idênticas, enquanto a

(111) e a amostra policristalina apresentam curvas quase idênticas também. Na região

III, são observados diversos picos e mı́nimos de intensidades inferiores daqueles da região

II e também há uma aproximação maior entre o comportamento das curvas.
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4.2 Sumário do Caṕıtulo

Em resumo, neste caṕıtulo foram realizados cálculos DFT a partir dos dados expe-

rimentais do cristal anidro da citosina, usando a aproximação LDA para o funcional de

troca e correlação. Ondas planas foram utilizadas na expansão dos estados eletrônicos,

onde pseudopotenciais ultramacios e de norma conservada foram adotados na descrição

da interação coulombiana entre os núcleos e os elétrons na determinação das proprieda-

des estruturais (Ecut = 610 eV) e optoeletrônicas (Ecut = 770 eV), respectivamente. As

ligações qúımicas covalentes apresentaram variações de até 0,019 Å em relação aos dados

experimentais, exceto para aquelas envolvendo átomos de hidrogênio, que apresentaram

variações de 0,18 Å. No entanto, essa diferença exagerada nos comprimentos das ligações

covalentes dos átomos de hidrogênio também foi observada nos resultados teóricos obtidos

para o cristais anidro da guanina e adenina. A partir da estrutura de bandas, o gap de

energia foi estimado em 3,30 eV, resultado de uma transição direta Γ → Γ entre as bandas

de valência e condução, onde ambas tem caracteŕısticas 2p oriundas predominantemente

dos átomos de carbono (condução) e nitrogênio (valência). Os átomos de oxigênio contri-

buem mais significativamente para a banda de energia imediatamente inferior à valência.

Além disso, a dispersão dos estados eletrônicos de fronteira ainda foi maior na direção

normal ao plano molecular do que na direção paralela ao longo das ligações de hidrogênio.

No entanto, diferetemente dos outros cristais (guanina e adenina), as curvaturas des-

tes estados se mostraram equiparáveis. Por fim, anisotropia observada nas propriedades

ópticas — absorção e função dielétrica — está associada exclusivamente as intensidades

dos picos, uma vez que a localização dos mesmos não muda para as diferentes polarizações

consideradas.
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5 Cristal Anidro da Timina:
Propriedades Estruturais,
Eletrônicas e Ópticas

A timina tem a fórmula qúımica C5H6N2O2 e, assim como a citosina, pertence ao

grupo molecular das pirimidinas [1, 2]. Uma outra denominação da timina é 5-metil-

uracila, indicando que a timina pode ser derivada da uracila através da metilação do

quinto carbono do heterociclo da uracila. É importante salientar que a uracila é uma

nucleobase que substitui a timina nos filamentos do ácido ribonucleico (ARN e, em inglês,

RNA, ribonucleic acid). No ADN, a timina se liga com a adenina através de duas ligações

de hidrogênio, aceitadora na N–H· · ·N e doadora na O· · ·H–N (ver Fig. 0.2, pág. 31)

[1, 2].

Entre todas as bases do ADN, a timina é a que apresenta a maior diferença energética

entre os tautômeros de maior estabilidade, de modo que esse fenômeno não é tão rele-

vante para ela quanto para as demais. Fan et al. [3] estudaram a tautomerização na

timina, tanto na fase gasosa quanto em solução, considerando diferentes ńıveis de teoria:

BLYP/6-311++G**, B3LYP/6-31G*, B3LYP/6-311++G** e MP2/6-311++G**, onde

os efeitos de solvatação foram considerados usando o modelo cont́ınuo (PCM, do inglês

polarizable continuum model) com permissividade de 78,39 para a água e 32,63 para o

metanol (CH3OH). Para todos os métodos utilizados, o tautômero canônico (forma di-

keto) se mostrou o mais estável [3], como previsto por outros trabalhos teóricos [4, 5, 6]

e observado experimentalmente [7, 8]. As diferenças de energia foram 11,40, 11,98,

11,19 and 8,77 kcal/mol para os métodos BLYP/6-311++G**, B3LYP/6-31G*, B3LYP/6-

311++G** e MP2/6-311++G**, respectivamente. No entanto, Tsuchiya et al. [7] obser-

varam o espectro fluorescência da timina gasosa a T = 500K e indicaram a coexistência

da forma diketo com uma das formas keto-enol, sendo a instabilidade desta última em

relação a primeira de aproximadamente 9,56 kcal/mol [7].
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Figura 5.1: Célula unitária geometricamente otimizada do cristal anidro da timina em cor-
tes distintos, mostrando a formação do plano molecular (topo) e uma vista geral (baixo).

Dados sobre o empilhamento da timina são mais escassos do que para as outras bases,

porém, recentemente Gu et al. [9] realizaram este estudo utilizando um funcional h́ıbrido
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novo, M06-2x, e conjuntos de bases DZP++ e TZVPP. Cálculos baseados no ńıvel de teo-

ria MP2 com o conjunto de base 6-31+G(d) e RI MP2 com o conjunto de base TZVPP

também foram realizados [9]. A interação de empilhamento da timina calculada ao ńıvel

M06-2x/DZP++ foi de 10,77 kcal/mol e de 10,08 kcal/mol com o conjunto de base TZVPP

para o mesmo funcional (em relação ao empilhamento da uracila, observaram uma dife-

rença de -1,61 e -1,92 kcal/mol, respectivamente). Os cálculos MP2 apresentaram valores

mais elevados na energia de interação do empilhamento da timina: -15.68 kcal/mol com

6-31+G(d) e -12.96 kcal/mol com TZVPP [9, 10, 11]. Nestes resultados, Gu et al. [9]

sempre encontraram que o empilhamento da timina sendo mais estável do que da uracila,

no entanto não é posśıvel inferir qual o posicionamento relativo da timina frente as demais

bases (guanina, adenina e citosina) tendo em vista que o autor limitou os estudos a estas

duas pirimidinas e não é posśıvel comparar com os resultados de Sponer et al. [12], tendo

em vista as diferenças nos ńıveis de teoria utilizados pelos diferentes trabalhos.

Figura 5.2: Primeira zona de Brillouin do cristal anidro da timina mostrando os pontos
de alta simetria.

Em termos da dispersão dos ńıveis de energia das moléculas da timina quando a
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situação de empilhamento é considerada, alguns trabalhos tratam deste tema [13, 14, 15,

16]. Os resultados de Taniguchi e Kawai [14], como já apontado no Caṕıtulo 3 (adenina),

são resumidos aqui: para a geometria do ADN-A obtiveram as larguras de bandas de

0,244 eV na valência e de 0,360 eV na condução para a sequência Poly(dA)·Poly(dT),
enquanto para a geometria ADN-B, as larguras das bandas de valência e condução foram

estimadas em 0,045 eV e 0,120 eV , respectivamente, para mesma cadeia nucleot́ıdica [14].

Utilizando diferentes funcionais, B3LYP, BLYP e PBE, Szekeres et al. [15] encontraram

valores de 1,0 (0,12), 0,57 (0,12) e 0,56 eV (0,11 eV) na banda de valência (condução) para

cada funcional, respectivamente. Ladik et al. [16] encontraram valores de 0,47 e 0,12 eV

paras as larguras das bandas de valência e condução, respectivamente, considerando um

único filamento de bases repetidas (timina) no modelo, e utilizando o ńıvel de teoria

Hartree-Fock com correções MP2.

Silaghi et al. [17] mediram a função dielétrica de filmes das bases do ADN sobre a

superf́ıcie Si(111) hidrogenada, mostrando o primeiro pico na parte imaginária em 4,38 eV

(±0,02). MacNaughton et al. [18] estimaram um gap de energia igual a 5,2 eV (±0,2),

por meio de medidas de absorção (XAS) e emissão de raios-x (XES), não havendo especi-

ficações sobre o estado de hidratação das amostras. Seguindo a adenina e a citosina, para

o cristal anidro da timina somente os dados cristalográficos foram publicados [19, 20], não

havendo nenhum estudo acerca de suas propriedades estruturais, eletrônicas e ópticas.

Visando o preenchimento desta lacuna, aqui são mostrados os resultados das proprieda-

des estruturais, eletrônicas e ópticas obtidas a partir dos cálculos realizados utilizando a

teoria do funcional da densidade (DFT).

5.1 Resultados e Discussão

O cristal anidro da timina teve sua geometria otimizada, deixando-se relaxar tanto

as coordenadas internas dos átomos quanto os parâmetros de rede da célula unitária

e, a partir da cristal relaxado, foram determinadas suas propriedades estruturais como

comprimento de ligações qúımicas intramoleculares, ângulos formados entre estas ligações

assim como os comprimentos das ligações de hidrogênio intermoleculares. Adicionalmente,

as propriedade optoeletrônicas também foram calculadas, levando em consideração alguns

aspectos geométricos do cristal e da molécula. A estrutura de bandas é explorada no

intervalo de -22 a 10 eV (o ńıvel zero é escolhido como o topo da banda de valência) e

na região do gap de energia. Além disso, a estrutura de bandas ao longo de caminhos

especiais não-convencionais na zona de Brillouin foram considerados. Complementando o
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estudo, a absorção óptica e a função dielétrica foram determinadas considerando diferentes

polarizações da radiação incidente. Os parâmetros de cálculos descritos na Sec. 1.1 (pág.

53) e a teoria tem uma breve descrição no Anexo A.

5.1.1 Propriedades Estruturais

Na Tab. 5.1 são exibidos os comprimentos das ligações qúımicas na molécula, onde os

valores se mostraram próximos àqueles obtidos em outros ńıveis de cálculos: as diferenças

ficaram no intervalo de -1,34% (-0,02 Å) a -0,52% (-0,007 Å) quando comparados com os

resultados baseados na aproximação GGA [21], enquanto que, em relação aos resultados

experimentais compilados por Clowney et al. [22], o intervalo de variação ficou entre

-1,40% (-0,021 Å) e 0,72% (+0,01 Å). As aproximações LDA e GGA sempre divergem

em relação ao comprimento das ligações covalentes, enquanto a primeira é responsável

por contrair tais comprimentos, a segunda é conhecida por alongar essa ligações. As

ligações envolvendo os átomos de hidrogênio não puderam ser discutidas por não haver

dados dispońıveis nas referências utilizadas para comparação [21, 22]. Vale ressaltar que

a denominação dos átomos segue o esquema apresentado na Fig. 1.3 (pág. 55).

Tabela 5.1: Comprimento das ligações qúımicas (em Å) entre os átomos pertencentes
à molécula da timina isolada e no cristal anidro. Os t́ıtulos das colunas representam:
CASTEP, resultados obtidos nesta tese; GGA, Ref. [21]; HF, Ref. [23]; Exp1, Ref. [22];
Exp2, Ref. [20]; e Exp3, Ref. [19].
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No cristal, os dados dispońıveis são aqueles experimentais obtidos por Ozeki et al.

[19] em 1969 e, mais recentemente, por Portalone et al. em 1999. Ainda que estes dois

trabalhos determinaram a estrutura cristalina da timina anidra, eles não determinaram

as posições dos átomos de hidrogênio. Desse modo, a adição destes átomos foi realizada

manualmente e, por isso, não é posśıvel fazer a comparação com os resultados mostrados

nessa seção. Nas outras ligações, a maior variação foi de -3,22% (-0,049 Å) para a ligação

C(5)–C(7), que, em termos absolutos, também foi a maior variação entre todas as ligações

covalentes dos cristais das bases do ADN (excluindo aquelas envolvendo os átomos de

hidrogênio).

Fazendo um comparativo ainda com a molécula isolada, o comprimento da ligação

N(1)–H(10) é de 1,065 Å obtidos nessa tese e de 1,006 Å na Ref. [24], obtido através do

método MP2. Dessa forma, a ligação N(1)–H(10) sofre uma aumento de apenas 0,059 Å

em relação a dados produzidos por métodos ab initio mais sofisticados. Portanto, os

comprimentos são compat́ıveis com outros resultados teóricos, tornando-os confiáveis.

Referente aos ângulos, as diferenças ficam entre -1,16% (-1,4°) e 1,67% (2,0°).

Tabela 5.2: Ângulos formados entre os átomos pertencentes à molécula da timina isolada
e no cristal anidro. A nomenclatura adotada nos t́ıtulos das colunas é o mesmo da Tab
5.1.
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Os parâmetros relacionados com as ligações de hidrogênios entre as moléculas no

cristal são mostrados na Tab. 5.3. Esta tabela está sendo mostrada mais para ser uma

referência futura do que propriamente um quadro comparativo, uma vez que os átomos de

hidrogênio da timina foram adicionados manualmente e, portanto, não existem medidas

experimentais envolvendo estes átomos. Desse modo, o único parâmetro comparável com

os dados experimentais é a distância entre os átomos doadores e aceitadores (D· · ·A),
onde há uma redução de -5,43% (-0,153 Å) e -4,64% (-0,131 Å) para as ligações N(1)–

H10· · ·O(1) e N(3)–H11· · ·O(1), respectivamente.

Tabela 5.3: Parâmetros estruturais das ligações de hidrogênio entre as moléculas de timina
no cristal anidro. A coluna LDA representa os resultados obtidos nessa tese, enquanto
a coluna Exp representa os dados experimentais da Ref. [20]. As letras D, H e A re-
presentam os átomos doadores de elétrons, os hidrogênios e os aceitadores de elétrons,
respectivamente.

5.1.2 Propriedade Optoeletrônicas

Nas propriedades optoeletrônicas, foram estudadas: a estrutura de bandas completa

e na região do gap, a densidade de estados parcial projetada sobre cada tipo de elemento

qúımico presente no cristal, uma outra estrutura de bandas ao longo de caminhos especiais

considerando aspectos da geometria da molécula, a função dielétrica e a absorção óptica

considerando diversas direções de polarização da radiação incidente.

A estrutura de bandas (na região do gap de energia e completa) do cristal anidro da

timina é mostrada na Fig. 5.3, tomando-se o caminho C(0 1⁄2 1⁄2) → Γ(0 0 0) → D(-1⁄2 0
1⁄2) → E(-1⁄2 1⁄2 1⁄2) → Γ(0 0 0) → Y(0 1⁄2 0) → A(-1⁄2 1⁄2 0) → Γ(0 0 0) → B(-1⁄2 0 0) →
D(-1⁄2 0 1⁄2) → Γ(0 0 0) ao longo da zona de Brillouin mostrada na Fig. 5.2.

A banda de condução apresenta seu mı́nimo global em um ponto intermediário do

caminho D → Γ, α = (-0,3 0,0 0,3), seguido pelos mı́nimos secundários +4meV acima

em um ponto do caminho Z → D e +49meV, no caminho E → Γ. Por sua vez, a banda

de valência tem seu extremo também no ponto B, com máximos secundários abaixo em

-28 e -42meV em pontos intermediários dos caminhos Z → D e A → Γ, respectivamente.

Desse modo, o gap de energia é indireto, visto que as bandas de energia de fronteira tem
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seus extremos em pontos distintos, exibindo o valor de 3,22 eV. Quando comparado com

o cristal anidro do seu par complementar na dupla-hélice de Watson-Crick, a adenina

também tem gap indireto com valor de 2,83 eV
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Em relação à largura das bandas de energia, foram encontradas larguras de 0,48 e

0,47 eV na bandas de valência e condução, respectivamente. Além disso, é notável que

os gaps entre bandas mais profundas da valência são inferiores 0,05 eV até aproximada-

mente -9 eV, fazendo todos os estados nessa faixa de energia ter uma aparência de uma

“grande” banda de valência. Abaixo desse valor, são notadas bandas isoladas e de pe-

quenas dispersões. Por outro lado, na banda de condução, os estados acima de 5,5 eV

também indicam grande interação entre as moléculas do cristal, com grande sobreposição

dos ńıveis e dispersão dos ńıveis energéticos.

Apresentado um resumo do resultados do empilhamento de pares (adenina-timina) e

da molécula isolada seguindo a geometria da dupla hélice do ADN. A banda de valência no

cristal anidro mostrou-se mais larga em alguns dos resultados baseados no empilhamento

das moléculas de timina: Taniguchi e Kawai [14], 244meV (45meV) para a sequência

Poly(dA)·Poly(dT) seguindo a geometria do ADN-A (ADN-B); Szeres et al. [15], 110-

120meV. Nos trabalhos de Ladik et al. [16] é que o valor foi compat́ıvel com o do

cristal, 470meV, e foi inferior ao valor encontrado por Bogar e Ladik [13], 520meV.

Adicionalmente, para a banda de condução, a situação é similar e a dispersão da energia

no empilhamento assume valores distintos em relação ao cristal: 0,120 eV [16], 0,29meV

[13] e 0,56–1,0 eV [15].

A densidade de estados parciais projetadas sobre cada elemento qúımico do cristal ani-

dro da timina é mostrada na Fig. 5.4. As bandas de valência e condução são originárias

de orbitais do tipo 2p dos elementos qúımicos carbono e oxigênio, onde o primeiro con-

tribui de forma mais significativa na condução e o segundo, na valência. Ratificando o

comentário do parágrafo anterior, na banda de valência, até -9 eV, existe um faixa de es-

tados praticamente cont́ınua onde há contribuições de todos os átomos e orbitais. Abaixo

de -13 eV, as contribuições são predominantes do tipo 2s para os átomos de oxigênio,

carbono e nitrogênio, havendo também participação de orbitais 2p do carbono. A banda

de condução é dominada pelos estados p do carbono e, a partir de 5 eV, estados 2s do

hidrogênio.

Na Fig. 5.5 são expostos os ńıveis de energia próximos do gap de energia considerando

direções especiais na zona de Brillouin levando-se em conta caracteŕısticas da molécula no

espaço real, como as ligações de hidrogênio e a direção de empilhamento das bases. Neste

caso da timina, existem quatro ligações de hidrogênio não-equivalentes N(1)–H(10)· · ·O(1)

e N(3)–H(11)· · ·O(1). A direção normal ao plano molecular também foi considerada,

(101̄). Explicitando o caminho percorrido: na valência, B(-0,5; 0; 0) → M(-0,329; 0,175;
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Figura 5.4: Densidade de estados parcial projetada sobre as espécies atômicas constituin-
tes da molécula no cristal anidro da timina: oxigênio, carbono, nitrogênio e hidrogênio.

0,050) → N(-0,339; -0,179; 0,066) → B(-0,5; 0; 0) → Q(-0,677; 0; 0,177); e na condução,

α(-0,3; 0; 0,3) → M’(-0,129; 0,175; 0,350) → N’(-0,139; -0,179; 0,366) → α(-0,3; 0; 0,3)

→ Q’(-0,477; 0; 0,477).

A absorção óptica do cristal anidro da timina, considerando diferentes polarizações

da radiação incidente, é mostrada na Fig. 5.6. Os três primeiros picos localizados em
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3,50, 3,76 e 4,02 eV estão associados às transições da banda de valência para a banda

de condução, onde esses valores correspondem as diferenças entre os picos das bandas de

condução e valência, sendo exclusivamente do tipo π − π. É interessante observar que,

embora a forma do espectro de absorção seja diferente, a localização dos picos é similar aos

resultados teóricos da adenina (seu par complementar na estrutura do ADN): 3,34, 3,71 e

4,18 eV. A absorção é mais intensa para o plano de polarização (010) até ≈4,5 eV, depois

desse valor a polarização (111) mostra uma absorção mais intensa até 7,5 eV e, a partir

dáı, os espectros são similares para as duas. A direção normal ao plano molecular (101̄)

é a que tem menor absorção no intervalo de energia mostrado. Além disso, os espectros

para as radiações polarizadas ao longo das ligações se sobrepõem (fenômeno já observado

para a guanina e adenina), apresentando um comportamento similar à situação de uma

amostra policristalina.

A função dielétrica do cristal anidro da timina é mostrada na Fig. 5.7, onde também

foram consideradas as mesmas simulações de polarização da radiação incidente em relação

às caracteŕısticas geométricas da estrutura cristalina e molecular. A fim de facilitar a
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Figura 5.6: Absorção óptica para o cristal anidro da timina considerando diferentes pola-
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das ligações de hidrogênio N(1)–H(10)· · ·O(1) e N(3)–H(11)· · ·O(1); e, Poly, significa uma
amostra policristalina representando uma “média” de todas as direções.

análise, o espectro de energia foi dividido em três regiões: I, de 0 a 2,0 eV; II, de 2,0 a

5,0 eV; e III, de 5,0 a 8,0 eV.

Na região I, é notável a anisotropia do cristal com o ε1 assumindo valores próximo
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de 2ε0 para as radiações incidentes polarizadas nas direções (001) e (101̄), e valores em

torno 3,7ε0 nas direções (010) e (111). Os valores de ε1 para a radiação incidente polari-

zada normalmente ao plano molecular [direção (101̄)] são praticamente constantes, sem a

presença de picos proeminentes ao longo de todo o espectro mostrado, onde um compor-

tamento similar é notado também para a polarização (001). Os picos mais proeminentes

estão presentes na região II para a polarização (010) localizados em 3,3, 3,4 e 3,7 eV com

valores de 9,0, 10,9 e 6,38ε0, respectivamente. Ainda na região II, somente um mı́nimo

profundo é observado em 3,8 eV, com valor de -2,84ε0. Na região III, o comportamento da

função dielétrica assume um caráter mais complexo, porém ainda é observado um pico em

5,7 eV com valor de 6,0ε0 para as polarizações (100) e (111). Esse mesmo pico permanece

quando são consideradas as direções ao longo das ligações de hidrogênio, porém com um

valor um pouco inferior, 5,2ε0.
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lé
tr
ic
a
co
m
p
le
x
a,
ε
=
ε 1

+
iε

2
,
d
o
cr
is
ta
l
an

id
ro

d
a
ti
m
in
a.

A
d
es
cr
iç
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5.2 Sumário do Caṕıtulo

Suscintamente, neste caṕıtulo foram realizados cálculos DFT a partir dos dados ex-

perimentais do cristal anidro da citosina, usando a aproximação LDA para o funcional de

troca e correlação. Ondas planas foram utilizadas na expansão dos estados eletrônicos,

onde pseudopotenciais ultramacios e de norma conservada foram adotados na descrição da

interação coulombiana entre os núcleos e os elétrons na determinação das propriedades es-

truturais (Ecut = 610 eV) e optoeletrônicas (Ecut = 770 eV), respectivamente. As ligações

qúımicas covalentes apresentaram variações de até 0,049 Å em relação aos dados experi-

mentais, porém, devido a ausência dos comprimentos das ligações covalentes envolvendo

os átomos de hidrogênio, não foi posśıvel fazer a comparação entre os dados teóricos e ex-

perimentais. A partir da estrutura de bandas, o gap de energia foi estimado em 3,22 eV,

resultado de uma transição indireta α(-0,3 0 0,3) → B entre as bandas de valência e

condução, onde ambas tem caracteŕısticas 2p oriundas predominantemente dos átomos

de carbono (condução) e oxigênio (valência). No cristal anidro da timina, os átomos de

nitrogênio contribuem timidamente nos estados de fronteira. Em relação à dispersão dos

estados eletrônicos de fronteira, foi observada que a dispersão é maior na direção para-

lela ao plano molecular do que na direção normal. Essa observação o torna diferente de

todos os outros cristais das bases, já que os demais apresentaram comportamento oposto

nesse sentido. Por fim, foi observada uma forte anisotropia nas propriedades ópticas —

absorção e função dielétrica — especialmente quando consideradas as polarizações (010)

e (101̄), sendo esta última a direção normal ao plano molecular.
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6 Conclusões Gerais & Perspectivas

Neste tese, foram realizados cálculos DFT a partir dos dados experimentais dos cristais

anidros das bases do ADN (guanina, adenina, citosina e timina), usando a aproximação

LDA para o funcional de troca e correlação. Ondas planas foram utilizadas na expansão

dos estados eletrônicos, onde pseudopotenciais ultramacios e norma conservada foram

adotados na descrição da interação coulombiana entre os núcleos e os elétrons na deter-

minação das propriedades estruturais (Ecut = 610 eV) e optoeletrônicas (Ecut = 770 eV),

respectivamente.

Os gaps de energia desses cristais foram estimados a partir de medidas de absorção

ópticas. Os gaps obtidos por meios de cálculos LDA mostram valores menores do que

as medidas experimentais, como esperado, e os valores estimados a partir da absorção

óptica mostradas aqui são, em geral, menores do que os dados experimentais dispońıveis

na literatura (exceto a guanina). A ordem crescente dos gaps de energia teóricos (LDA) é

G < A < C < T, enquanto a sequência experimental não é consensual: a sequência obtida

nesta tese (a partir de medidas de absorção óptica) é A < G < C < T, em contraste com

as medidas espectrocópicas de raios-X que obtiveram a ordem G < C < A < T nos valores

dos gaps de energia. Para os elétrons e buracos se movendo ao longo de determinadas

ligações de hidrogênio (paralelas ao plano molecular do cristal de uma dada base), as

massas efetivas são geralmente elevadas, exceção feita à timina. Entretanto, quando os

mesmos elétrons se movem ao longo do eixo do empilhamento π − π, as massas efetivas

ficam entre os 4,0 e 6,3 vezes a massa do elétron livre (m0), sugerindo que as bases

nucleot́ıdicas empilhadas comportam-se como um semicondutor de gap largo para os

elétrons. O transporte de buracos perpendicular ao plano molecular também e favorecido

pelo empilhamento das bases, exceto a timina.

Guanina: As ligações qúımicas covalentes apresentaram variações de até 0,02 Å em

relação aos dados experimentais, exceto para aquelas envolvendo átomos de hidrogênio,
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que apresentaram variações de 0,202 Å. No entanto, essa diferença exagerada nos com-

primentos das ligações covalentes dos átomos de hidrogênio não foi observada quando

comparada com os dados teóricos obtidos para o cristal hidratado da guanina. A par-

tir da estrutura de bandas, é estimado o gap de energia de 2,68 eV, resultado de uma

transição direta B → B entre as bandas de valência e condução, onde ambas tem ca-

racteŕısticas 2p oriundas predominantemente dos átomos de carbono e nitrogênio. Além

disso, a dispersão dos estados eletrônicos de fronteira é maior na direção normal ao plano

molecular do que na direção paralela ao longo de uma ligação de hidrogênio. Por fim, foi

observada uma forte anisotropia nas propriedades ópticas — absorção e função dielétrica

— especialmente quando consideradas as polarizações (010) e (102), sendo esta última a

direção normal ao plano molecular.

Adenina: Os comprimentos das ligações covalentes apresentaram variações de até

-0,033 Å em relação aos dados experimentais, exceto para aquelas envolvendo átomos

de hidrogênio, que apresentaram variações de 0,239 Å. Por outro lado, considerando a

molécula isolada, a ligação N(9)–H(9) sofre uma aumento de apenas 1,39%, represen-

tando uma diferença de 0,014 Å em relação a dados produzidos por métodos ab initio

mais sofisticados (MP2). A partir da estrutura de bandas, é estimado o gap de energia

indireto de 2,83 eV, resultado da z → Γ entre as bandas de valência e condução, onde

ambas tem caracteŕısticas 2p oriundas predominantemente dos átomos de carbono e ni-

trogênio, onde o primeiro domina na banda de condução e segundo, na valência. Além

disso, a dispersão dos estados eletrônicos de fronteira é praticamente nula ao longo das

direções pertencentes ao plano molecular ao longo das ligações de hidrogênio, enquanto na

direção normal, é observado um forte encurvamento das bandas de energia. Em relação

às propriedades ópticas de absorção e da função dielétrica foi observada uma forte aniso-

tropia, especialmente quando consideradas as polarizações (010) e (101̄), sendo a primeira

ao longo de uma ligação de hidrogênio e a última, a direção normal ao plano molecular.

Citosina: Variações de até 0,019 Å em relação aos dados experimentais foram observa-

das para as ligações entre os átomos de oxigênio, carbono e nitrogênio. No entanto, para

aquelas envolvendo átomos de hidrogênio, exibiram variações de 0,18 Å. Essa diferença

exagerada nos comprimentos das ligações covalentes dos átomos de hidrogênio também

foi observada nos resultados teóricos obtidos para o cristais anidro da guanina e adenina.

A partir da estrutura de bandas, o gap de energia foi estimado em 3,30 eV, resultado de

uma transição direta Γ → Γ entre as bandas de valência e condução, onde ambas tem

caracteŕısticas 2p oriundas predominantemente dos átomos de carbono (condução) e ni-

trogênio (valência). Os átomos de oxigênio contribuem mais significativamente para a
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banda de energia imediatamente inferior à valência. Além disso, a dispersão dos estados

eletrônicos de fronteira ainda foi maior na direção normal ao plano molecular do que na

direção paralela ao longo das ligações de hidrogênio. No entanto, diferetemente dos ou-

tros cristais (guanina e adenina), as curvaturas destes estados se mostraram equiparáveis.

Nas propriedades ópticas, a anisotropia observada está associada exclusivamente as in-

tensidades dos picos, uma vez que a localização dos mesmos não muda para as diferentes

polarizações consideradas.

Timina: As ligações qúımicas covalentes apresentaram variações de até 0,049 Å em

relação aos dados experimentais, porém, devido a ausência dos comprimentos das ligações

covalentes envolvendo os átomos de hidrogênio, não foi posśıvel fazer a comparação entre

os dados teóricos e experimentais. A partir da estrutura de bandas, o gap de energia

foi estimado em 3,22 eV, resultado de uma transição indireta α(-0,3 0 0,3) → B entre as

bandas de valência e condução, onde ambas tem caracteŕısticas 2p oriundas predominan-

temente dos átomos de carbono (condução) e oxigênio (valência). No cristal anidro da

timina, os átomos de nitrogênio contribuem timidamente nos estados de fronteira. Em

relação à dispersão dos estados eletrônicos de fronteira, foi observada que a dispersão é

maior na direção paralela ao plano molecular do que na direção normal. Essa observação

o torna diferente de todos os outros cristais das bases, já que os demais apresentaram

comportamento oposto nesse sentido. Finalmente, foi observada uma forte anisotropia

nas propriedades ópticas — absorção e função dielétrica — especialmente quando con-

sideradas as polarizações (010) e (101̄), sendo esta última a direção normal ao plano

molecular.

Perspectivas

Esta tese gerou, além dos resultados apresentados, perspectivas diversas:

� Uracila: Estender a sequência de cálculos realizadas para as bases do ADN também

para a uracila, ou seja, a determinar da otimização de geometria e as propriedades

opto-eletrônicas, de modo que todas os cristais anidro das bases nucleot́ıdicas te-

nham suas propriedades básicas conhecidas teoricamente, gerando a expectativa de

que experimentos sejam realizados para que os dados teóricos e experimentais sejam

confrontados;

� Propriedades Vibracionais do Cristais : Uma outra vertente de interesse é o estudo

dos modos normais desses cristais, identificando aqueles que são ativos para medidas
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Raman e/ou IR. Na verdade, alguns cálculos preliminares já foram realizados, porém

ainda não foi realizada o assinalamento dos modos e nem os espectros Raman/IR

foram determinados;

� Hidratação dos Cristais : Investigar a hidratação dos cristais das bases nucleot́ıdicas

e identificar os efeitos das moléculas de água. Todos os cristais apresentam as duas

formas, anidro e hidratado;

� pH : Estudar os efeitos do pH nas moléculas das bases nucleot́ıdicas sobre as propri-

edades vibracionais e ópticas das moléculas. É posśıvel que a acidez/basicidade do

solvente modifiquem a estrutura da molécula através da tautomerização da mesma.

� Adsorção das Bases em Substratos : Investigar como as moléculas das bases nu-

cleot́ıdicas interagem com superf́ıcies metálicas e semicondutoras, assim como também

serão investigados outros materiais de interesse nanotecnológico (e.g., nanotubos de

carbono e grafeno).

� Dopagem: Utilização de diferentes elementos qúımicos na dopagem destes cristais,

iniciando com o fósforo (por este estar presente na molécula do ADN) a fim de

entender o seu papel na modificação da estrutura eletrônica dos cristais.

� Transporte no Eletrônico nos Cristais : Implementação de um modelo de transporte

eletrônico baseado na fórmula de Kubo para a condutividade, em que considera

tanto o transporte coerente (utilizando as bandas de energia) quanto o transporte

incoerente (“hopping” ativado termicamente)
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ANEXO A -- Metodologia Computacional

As principais referências bibliográficas sobre a teoria utilizada nos cálculos desta tese

e também como fonte para este breve anexo são [1, 2, 3, 4, 5, 6]

A.1 O Hamiltoniano Geral

Sistemas em ńıvel atômico e molecular são regidos pelos prinćıpios e leis da mecânica

quântica, cuja equação fundamental é a equação de Schrodinger. Entretanto, a solução

para ela ocorre de forma exata apenas para sistemas extremamente simples, e.g. em uma

part́ıcula sujeita a um potencial conhecido. Assim, sistemas com mais elétrons que átomos

hidrogenóides ou o átomo de hélio não apresentam solução anaĺıtica exata. Métodos

aproximados e soluções numéricas são as sáıdas inevitáveis para resolver os problemas

mais complexos, e o fazem, em geral, de maneira satisfatória.

Dado o Hamiltoniano para sistemas multi-eletrônicos, a equação de Schrödinger não-

relativ́ıstica dependente do tempo será:

i~
∂Ψ({r⃗i}; t)

∂t
= ĤΨ({r⃗i}; t) (A.1)

onde, de forma a simplificar a notação, definimos , em que as coordenadas de spin da

i-ésima part́ıcula estão inseridas no conjunto de coordenadas denotada por Ψ({r⃗i}; t) =
Ψ(r⃗1, r⃗2, ..., r⃗N ; t). Um hamiltoniano adequado para sistemas multi-eletrônicos e multi-

nucleares pode ser escrito no sistema de unidades atômicas, em que ~ = me = e =

4π/ε0 = 1, da seguinte forma:

Ĥ = T̂e + V̂Ne + V̂e + T̂N + V̂N

H = −1

2

∑
i

∇2
i −

∑
i,I

ZI∣∣∣r⃗i − R⃗I

∣∣∣ +
∑
i̸=j

1

r⃗i − R⃗I

− 1

2MI

∑
I

∇2
I +

∑
I ̸=J

ZIZJ∣∣∣R⃗I − R⃗J

∣∣∣ (A.2)
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onde usamos as letras minúsculas para variáveis relativas aos elétrons e as maiúsculas,

para os núcleos. De forma a buscar correlações eletrônicas descritas satisfatoriamente, as

interações coulombianas elétron-elétron são os termos de muitos corpos em que reside boa

parte das aproximações hoje utilizadas. Para um sistema atômico, podemos separar esse

hamiltoniano em duas partes: uma, levando em consideração a parte eletrônica e a outra,

a nuclear. Se levarmos em conta que a massa do núcleo é muito maior que a do elétron,

então o único termo suficientemente pequeno da Eq. A.2 para MI → ∞, e que pode ser

considerado como uma perturbação, é o termo de energia cinética. Assim,

Ĥ = Ĥele + V̂N (A.3)

onde,

Ĥele = T̂e + V̂Ne + V̂e (A.4)

A interpretação f́ısica dessa aproximação, conhecida como Aproximação de Born-

Oppenheimer, é de que ao menor movimento nuclear, os elétrons instantaneamente se

rearranjam de forma a recuperar a estrutura eletrônica para a nova configuração nuclear.

Por outro lado, as variações sentidas pelos núcleos devido o movimento eletrônico podem

ser negligenciadas, de modo que podemos considerar os núcleos “fixos” e desacoplar o

movimento eletrônico do nuclear. Dessa forma, resolve-se a equação de Schrödinger para o

hamiltoniano eletrônico, dada uma configuração nuclear, e se obtém um potencial efetivo,

que seria utilizado no cálculo do movimento nuclear, de maneira iterativa.

Em geral, sistemas quânticos ordinários se apresentam em estados estacionários, de

forma que a função de onda pode ser separada em duas partes, uma dependente das

coordenadas; e a outra, do tempo:

Ψ({r⃗i}; t) = ϕ({r⃗i})e−i(
E/~)t

De acordo com o prinćıpio variacional, a energia do sistema é um mı́nimo variacional

para a classe de funções |ϕ⟩ escolhida, assim E = E[ϕ], que é o limite superior para a

energia exata. Assim, para qualquer estado dinâmico, onde E0 é a energia do estado

fundamental teremos:

E[ϕ] ≥ E0 (A.5)
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em que a energia do sistema será dada pelo valor esperado do Hamiltoniano,

E[ϕ] ≡
⟨
Ĥ
⟩
=

⟨Ψ|H |Ψ⟩
⟨Ψ| Ψ⟩

(A.6)

e que o prinćıpio variacional leva à equação de auto-valor, que é a equação de Schrödinger

independente do tempo dada na notação de Dirac

Ĥ |Ψ⟩ = E |Ψ⟩ (A.7)

Dada a impossibilidade de se resolver analiticamente e de forma exata sistemas multi-

eletrônicos, e.g. moleculares, recorre-se constantemente a aproximações. Para o nosso

objetivo, a primeira aproximação geralmente usada para resolver a equação de Schrödin-

ger baseia-se na ideia de que a densidade eletrônica espacial dos átomos é muito baixa,

ou seja, o raio atômico é compreendido em sua maior parte por regiões sem ocupação

eletrônica, de forma que esse fato é utilizado para justificar a aproximação e conside-

rar as part́ıculas independentemente. Essa aproximação prevê que a função de onda do

sistema de N elétrons pode ser descrita como um produto de N funções de um elétron,

constrúıdas de forma que o prinćıpio de exclusão de Pauli seja satisfeito, o que ocorre pela

construção de uma função de onda totalmente anti-simétrica nas coordenadas eletrônicas

r⃗1,r⃗2,...,r⃗N , devido ao spin. Essas aproximações podem ser classificadas, basicamente, em

não-interagentes (Hartree) e Hartree-Fock, que se diferenciam pelo fato de a segunda le-

var em consideração explicitamente termos da interação coulombiana elétron-elétron na

energia, enquanto que o primeiro faz a corre≫c ao a partir de um potencial efetivo.

A.2 Hartree-Fock

Na aproximação de Hartree-Fock, a função de onda anti-simétrica é escrita como um

determinante formado por funções de estado de uma part́ıcula, e. g. orbital molecular

e spin (chamada aqui de spin-orbital molecular), que minimiza a energia total para o

hamiltoniano (Eq. A.2), usando o método variacional. A principal consideração feita

para o Método de Hartree-Fock restrito, se deve ao fato de que o número de elétrons é par

e a camada orbital molecular é “fechad”. Nos casos em que não há interação spin-órbita,

o determinante função de onda Φ pode ser escrito como o determinante de Slater:
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Φ =
1√
N !

∣∣∣∣∣∣∣∣∣∣∣

ϕ1(r1, σ1) ϕ1(r2, σ2) · · · ϕ1(rN , σN)

ϕ2(r1, σ1) ϕ2(r2, σ2) · · · ϕ2(rN , σN)
...

...
. . .

...

ϕN(r1, σ1) ϕN(r2, σ2) · · · ϕN(rN , σN)

∣∣∣∣∣∣∣∣∣∣∣
(A.8)

em que ϕi(rj, σj) são funções dos orbitais dependente de spin, onde cada part́ıcula é um

produto da função da posição ψσi (rj) e da função da variável de spin ξi(σj).

ξi(σj) =

{
α(j) ↑
β(j) ↓

(A.9)

Dado o operador anti-simetrizador Â, a função de onda Φ pode ser escrita como

Φ = (N !)
1/2Â{ϕ(1)

1 ϕ
(2)
2 ...ϕ

(N)
N } (A.10)

Â =
1

N !

∑
P

λP P̂ (A.11)

onde o ı́ndice inferior se refere ao estado eletrônico e o superior à part́ıcula em questão.

P̂ é o operador permutação e λP = (−1)ϵP , com ϵP o número de permutações de P̂ . A

energia do sistema é dada por

E =
⟨
Ĥ
⟩
=

∫
Φ∗HΦdτ ≡ E[Φ]

onde o operador hamiltoniano é dado pela Eq. (A.4). A equação acima resulta em:

E = 2
∑
i

hi +
∑
i,j

(2Jij −Kij) (A.12)

onde hi é a parte do hamiltoniano eletrônico relativo à energia cinética e à interação

elétron-núcleo. Os termos Jij e Kij são termos de muitos corpos relacionados com a

interação elétron-elétron e são dados por:

Jij =

∫ ∫
ϕ∗µ
i ϕ

∗υ
j ϕ

µ
i ϕ

∗υ
j

1

rµυ
dϑµυ (A.13)
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Kij =

∫ ∫
ϕ∗µ
i ϕ

∗υ
j ϕ

µ
j ϕ

∗υ
i

1

rµυ
dϑµυ (A.14)

em que ϕji representa a função de spin-orbital molecular para o estado eletrônico i do

elétron µ. A Eq. (A.13) representa a interação coulombiana entre as densidades |ϕi|2 e

|ϕj|2, enquanto que o termo Kij não tem análogo clássico, e é conhecido como energia de

troca, devido ao desacordo entre os estados eletrônicos da mesma part́ıcula, ou seja temos

o produto ϕ∗µ
i ϕ

∗µ
j . Podemos definir um operador de Coulomb Ĵi e um operador de Troca

K̂i dados por:

Ĵµi ϕ
µ =

(∫
ϕ∗υ
i ϕ

∗υ
i

rµυ
dϑυ

)
ϕµ (A.15)

K̂µ
i ϕ

µ =

(∫
ϕ∗υ
i ϕ

υ

rµυ
dϑυ

)
ϕµi (A.16)

onde

Jij =

∫
ϕ∗µ
i Ĵ

µ
j ϕ

µ
i dϑ

µυ

Kij =

∫
ϕ∗µ
i K̂

µ
j ϕ

µ
i dϑ

µυ

Se definirmos o operador de interação eletrônica total Ĝ e o operador de Fock F̂ por

F̂ = ĥ+ Ĝ

Ĝ =
∑
i

(
2Ĵi − K̂i

)
teremos que a equação a ser resolvida passa a ser

F̂ ϕi =
∑
j

ϕjϵji (A.17)

ou em notação matricial
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F̂ ϕ̄ = ϕ̄ϵ̄ (A.18)

notemos que a equação acima deve ser resolvida de maneira auto-consistente, uma vez

que o operador de Fock definido em termos dos operadores de Coulomb e de Troca (Eqs.

(A.13) e (A.14)) depende da própria função de onda que se está buscando saber. A Eq.

(A.18), também mostra que o problema de N elétrons se transformou em N problemas de

um elétron. Embora tenhamos descrito apenas para o método de Hartree-Fock restrito,

podemos ter uma ideia de como o método se desenvolve para os casos não-restritos, que é

uma generalização do primeiro. A principal consideração que fizemos no caso restrito, foi

devido ao fato de o número de elétrons ser par e a camada orbital molecular ser “fechada”,

assim a permuta≫c ao de linhas ou colunas no determinante de Slater considerado (Eq.

(A.10)) gera o mesmo resultado. No caso não-restrito devemos buscar uma formulação

em que a classe de funções de onda Φ é formada por monodeterminantes sem que haja

qualquer relação entre as partes espaciais dos spin-orbitais e as funções de spin α e β,

de forma que permutações nas linhas ou colunas desses determinantes levem a diferentes

resultados. O principal problema das aproximações do tipo Hartree-Fock é devido à

consideração inicial de que os elétrons são não-interagentes dada pela independência das

funções de estado spin-orbitais de cada elemento. Dessa forma, em prinćıpio, a energia de

Hartree-Fock (EHF ) diferencia-se da energia exata (Exata), pela ausência da correlação

eletrônica (Ecorr), assim

Eexata = EHF + Ecorr

A.3 Teoria do Funcional da Densidade

Na seção anterior descrevemos o método de Hartree-Fock restrito para resolução de

sistemas multi-eletrônicos a partir da equação de Schrödinger (Eq. (A.7)). O método

consistia, basicamente, em resolver um problema de N part́ıculas em N problemas de uma

part́ıcula, resultando em 4N equações a ser resolvidas, onde 3N se referiam às variáveis

espaciais e N, à variável de spin, para o caso não-restrito. Resolver o problema por esse

método consiste, portanto, em tarefa árdua, onde o acréscimo no número de part́ıculas

(elétrons) o torna praticamente proibitivo quando esse número é “grande” o suficiente ,

embora os avanços tecnológicos no poder computacional tenha permitido que o método

de Hartree-Fock seja utilizado em sistemas com até centenas de átomos.



A.3 Teoria do Funcional da Densidade 161

Nessa seção, mostraremos uma outra maneira de resolver o problema multi-eletrônico,

chamado de Teoria do Funcional da Densidade (DFT, na sigla em inglês de Density Func-

tional Theory), que tem como objeto fundamental a densidade eletrônica ρ(r). Basi-

camente, o método consiste em dada uma configuração nuclear encontrar a densidade

eletrônica que minimiza a energia do sistema. Dessa forma, em vez de resolvermos um

problema de N elétrons utilizando-se de 3N coordenadas espaciais e portanto obtendo 3N

equações, resolvemos a densidade eletrônica com dependência em 3 coordenadas espaciais!

Dessa forma, a teoria do funcional da densidade é atualmente o método escolhido para

o estudo de propriedades estruturais, eletrônicas e dinâmicas em ciência dos materiais,

pois fornece a possibilidade de que sistemas relativamente grandes (com 100 átomos ou

mais) sejam abordados em detrimento de outros métodos de primeiros prinćıpios, além de

fazê-lo em um grau de precisão que pode ser alcançado para diversos sistemas de maneira

sistemática.

Em 1964, Pierre Hohenberg e Walter Kohn publicaram o artigo entitulado “Inhomo-

geneous Electron Gas” [7] que lançou os alicerces da DFT e fez com que Walter Kohn fosse

agraciado com o Prêmio Nobel de Qúımica de 1998 [8]. Nesse trabalho, foi apresentado

dois teoremas que são os alicerces para o desenvolvimento da DFT.

Teorema A.1 O potencial externo v(r) sentido pelos elétrons é um funcional único da

densidade eletrônica ρ(r).

Demonstração: A demonstração desse teorema é baseada na indução por absurdo.

Imaginemos dois potenciais externos v(r) e v′(r) que levem à mesma densidade eletrônica

ρ(r). Assim, sejam ψ e ψ′ os estados fundamentais para sistema sem não-degenerados

caracterizados pelos hamiltonianos Ĥ e Ĥ ′, que apresentam a forma geral: Ĥ = T̂+Û+ V̂

(onde Û e V̂ são as energias de interação elétron-elétron e potencial, respectivamente)

relacionados com os potenciais externos acima citados.

Então, pelo prinćıpio variacional (Eq. A.5), temos que para o sistema caracterizado

pelo potencial externo v(r), a energia do sistema será dada por E0 = ⟨Ĥ⟩ = ⟨T̂ + Û + V̂ ⟩.
Se buscarmos o mı́nimo de energia para a classe de funções ψ′, teremos:

E[ψ′] ≥ E0

onde a igualdade só será satisfeita caso ψ′ seja a função de onda do estado fundamental,

o que contraria a nossa hipótese. Repetindo o procedimento que levou à equação acima

para o sistema caracterizado pelo potencial externo v′(r), teremos que a energia do estado
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fundamental para a classe de funções ψ resultará na seguinte desigualdade:

E ′[ψ] ≥ E ′
0

assim, para Ĥ = Ĥ ′ + V̂ − V̂ ′ chegaremos a seguinte conclusão:

E = ⟨ψ| Ĥ |ψ⟩ < ⟨ψ′| Ĥ |ψ′⟩ = ⟨ψ′| Ĥ ′ |ψ′⟩+ ⟨ψ′| V̂ − V̂ ′ |ψ′⟩ (A.19)

de maneira análoga, teremos

E ′ = ⟨ψ′| Ĥ ′ |ψ⟩′ < ⟨ψ| Ĥ ′ |ψ⟩ = ⟨ψ| Ĥ |ψ⟩+ ⟨ψ| V̂ ′ − V̂ |ψ⟩ (A.20)

Se definirmos a densidade eletrônica ρ(r) e o potencial V̂ , de maneira usual, tendo as

formas:

ρ(r) = ⟨ψ|
N∑
i=1

δ(r− ri) |ψ⟩ (A.21)

e

V̂ =
N∑
i=1

v(ri) (A.22)

então, teremos

⟨ψ| V̂ |ψ⟩ =
N∑
i=1

∫
d3r1...

∫
d3rNψ

∗(r1, ..., rN)v(ri)ψ(r1, ..., rN)

considerando,

v(ri) =

∫
d3rv(r)δ(r − ri)

resultará em:

⟨ψ| V̂ |ψ⟩ =
N∑
i=1

∫
d3r

∫
d3r1...

∫
d3riψ

∗v(r)δ(r− ri)ψ

∫
d3ri+1...

∫
d3rN



A.3 Teoria do Funcional da Densidade 163

⟨ψ| V̂ |ψ⟩ =
∫
ρ(r)v(r)d3r (A.23)

Substituindo Eq. (A.23) de maneira sistemática nas Eqs. (A.19) e (A.20), chegaremos

aos seguintes resultados:

E < E ′ +

∫
[v(r)− v′(r)]ρ(r)d3r

e

E ′ < E +

∫
[v′(r)− v(r)]ρ(r)d3r,

já que por hipótese, nós consideramos ambos potenciais v(r) e v′(r) levam à mesma

densidade ρ(r). Somando as duas últimas equações, chegaremos à conclusão que:

E + E ′ < E ′ + E (A.24)

que é o absurdo que hav́ıamos previsto que ocorreria, de acordo com a nossa hipótese

inicial, devido ao fato que ψ ̸= ψ′. Assim, esse teorema revela que a densidade ρ(r) do

estado fundamental deve conter as mesmas informações que a função de onda em questão.

De forma geral, podemos escrever a Eq. (A.21) na forma de um operador

ρ ≡
∑
i

|ψi⟩ ρii ⟨ψi| (A.25)

onde ρii é um “peso” que caracteriza a densidade dado pela medida de um observável

O, definido a partir do operador Ô, tal que a média, ou o valor esperado, desse operador

para funções de onda normalizadas, será:

⟨
Ô
⟩
=

∑
i

ρii ⟨ψi| Ô |ψi⟩

recorrendo à relação de fechamento
∑
b′
|b′⟩ ⟨b′|, teremos:
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⟨
Ô
⟩
=

∑
i

ρii
∑
b′′

∑
b′

⟨ψi| b′⟩ ⟨b′| Ô |b′′⟩ ⟨b′′| ψi⟩

⟨
Ô
⟩
=

∑
b′′

∑
b′

[∑
i

⟨b′′| ψi⟩ ρii ⟨ψi| b′⟩

]
⟨b′| Ô |b′′⟩

⟨
Ô
⟩
=

∑
b′′

∑
b′

⟨b′′| ρ̂ |b′⟩ ⟨b′| Ô |b′′⟩

⟨
Ô
⟩
=

∑
b′′

⟨b′′| ρ̂Ô |b′′⟩ →
⟨
Ô
⟩
= Tr

(
ρ̂Ô

)
(A.26)

em que Tr(ρ̂Ô) é o traço da matriz formada pelo operador densidade ρ̂ aplicado no

operador Ô, relativo ao observável O. Dessa forma, teremos que O = O[ρ(r)], que é uma

das grandes vantagens em se elaborar um formalismo baseado na densidade, pois a medida

do observável é um funcional da densidade.

Teorema A.2 A energia do estado fundamental E0[ρ] é mı́nima para a densidade ρ(r)

exata,

E[ρ] = ⟨ψ| T̂ + Û + V̂ |ψ⟩ (A.27)

Demonstração: A prova desse teorema é razoavelmente simples e está ancorada no

prinćıpio variacional. De acordo com a Eq. (A.26), temos que a energia é um funcional

da densidade, uma vez que E é o valor esperado do operador hamiltoniano Ĥ , onde E =

E[ρ] = Tr(ρ̂Ĥ). Pelo prinćıpio variacional (Eq. (A.5), temos para o estado fundamental

que

E[ρ] ≥ E[ρ0] (A.28)

onde a igualdade é satisfeita quando ρ = ρ0 que leva a ψ = ψ0, em que ρ0 e ψ0 são a

densidade exata e a função de onda do estado fundamental, reciprocamente.

Os teoremas acima apresentados constituem o arcabouço fundamental para a DFT,

uma vez que eles estabelecem: primeiro, a energia é um funcional da densidade, cujo

mı́nimo de energia do estado fundamental é dado quando a densidade ρ(r) equivale à
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exata; segundo, o potencial externo v(r) é funcional único da densidade eletrônica ρr,

ou seja, o potencial externo em questão determina a densidade. Assim, para um sistema

multi-atômico, a solução eletrônica — de acordo com a aproximação de Born-Oppenheimer

— será dada considerando um potencial “externo” gerado pela configuração nuclear. Por-

tanto, se unirmos os dois teoremas, temos que dada a relação única entre esse potencial

“externo” e a densidade ρ(r), que deve ser a densidade exata, consequentemente, en-

contraremos a energia mı́nima do sistema, ou seja a densidade eletrônica para um dado

arranjo nuclear que gera um mı́nimo de energia será a densidade exata. O grande pro-

blema da DFT consiste justamente no fato de que não se sabe como construir ab initio

a dependência do funcional da energia com a densidade ρr exata, portanto recorreremos

a métodos aproximados a saber os mais importantes: Aproximação Local da Densidade

(LDA, do inglês Local Density Approximation); e Aproximação do Gradiente Generalizado

(GGA, do inglês Generalized Gradient Approximation).

Para resolver o problema de encontrar a densidade para o sistema de muitos elétrons

interagentes, em 1965, Kohn e Sham [9] demostraram que existe uma equivalência entre as

densidades eletrônicas do sistema real e de um sistema modelo de elétrons não-interagentes

submetidos ao potencial efetivo, Vef . Dessa forma, obtém-se a densidade eletrônica desse

sistema não-interagente e a correlacionamos com o sistema real. A densidade pode ser

expressa em termos dos orbitais ψi(r⃗) para um elétron, que são conhecidos com os orbitais

de Kohn-Sham (KS),

ρ =
N∑
i

|ψi(r)|2 (A.29)

em que a soma é realizada para todos os N elétrons. Como não sabemos a densidade ρ(r)

exata, de acordo com o segundo teorema de Hohenberg e Kohn apresentado acima (Eq.

A.28), a energia será

EDFT = min
ρ(r)

E[ρ(r)] (A.30)

Além de expressarmos o funcional da energia em termos da densidade (Eq. (A.30)),

podemos fazê-lo em termos dos orbitais de um elétron, devido á Eq. (A.29):

EDFT = min
ψi(r)

EKS
[
{ψi(r)} ,

{
R⃗N

}]
(A.31)
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em que EKS pode ser escrito como

EKS =
N∑
i

∫
ψ∗
i (r⃗)

(
−∇2

2

)
ψi(r⃗)d

3r+

∫
V (r⃗)ρ(r⃗)d3r+

1

2

∫ ∫
ρ(r⃗)ρ(r⃗′)

|r⃗ − r⃗′|
d3rd3r′+Exc[ρ(r⃗)]

(A.32)

em que Exc[ρ(r)] contém as energias de troca e correlação de um sistema interagente com

densidade ρ(r). Esse termo não é universal, dependendo portanto do sistema em questão,

e sua forma funcional exata não é conhecida. Reescrevamos a Eq. (A.32), considerando

o funcional de energia da seguinte forma:

EDFT =

∫
V (r⃗)ρ(r⃗)d3r + T0[ρ] +

1

2

∫ ∫
ρ(r⃗)ρ(r⃗′)

|r⃗ − r⃗′|
d3rd3r′ +

∫
ρ(r⃗)Exc[ρ(r⃗)]d

3r (A.33)

e usemos o prinćıpio variacional, tomando a variação de E[ρ(r)], com o v́ınculo da con-

servação da carga total do sistema

∫
ρ(r⃗)d3r = N

De acordo com nossa proposição Eq. (A.30), de que a energia deve ser um mı́nimo e

tomando o v́ınculo acima, teremos:

δ

(
EDFT [ρ]− λ

[∫
ρ(r)d3r −N

])
= 0 (A.34)

que resulta em

∫
δρ(r⃗)

{
δT0
δρ

+
δV (r)

δρ
+ V (r) +

δExc
δρ

− λ

}
d3r

∫
δρ(r⃗)

{
δT0
δρ

+

∫
ρ(r⃗′)

|r⃗ − r⃗′|
d3r′ + V (r) + vxc − λ

}
d3r (A.35)

para o funcional dado por Eq. (A.33). vxc[ρ] é o potencial de troca-correlação, dado por

vex[ρ] =
δExc
δρ

(A.36)

Para uma variação arbitrária da densidade dada por Eq. (A.29), a solução da Eq.
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(A.35) pode ser obtida resolvendo a equação de Schrödinger para uma part́ıcula submetida

ao potencial efetivo de Kohn-Sham (vKS):

hKSψi(r⃗) = εiψi(r⃗) →
(
−1

2
∇2 + vKS[ρ]

)
ψi(r⃗) = εiψi(r⃗) (A.37)

ou

(
−1

2
∇2 +

∫
ρ(r⃗)

|r⃗ − r⃗′|
d3r + V (r⃗) + vxc[ρ]

)
ψi(r⃗) = εiψi(r⃗) (A.38)

Vemos das Eqs. (A.37) e (A.38) que vKS depende da densidade ρ e esta, por sua vez,

depende do potencial vKS, devido à definição da densidade dada pela Eq. (A.29). Dessa

forma, a solução da equação de Kohn-Sham se apresenta como um esquema autoconsis-

tente, que pode ser resumido pelo fluxograma mostrado na Fig. ??. Além dessa auto-

consistência, temos que vKS depende do potencial de troca-correlação vxc (Eq. (A.36)).

Todos os termos da Eq. (A.38) podem ser calculados de forma exata, exceto vxc[ρ(r⃗)]

obtido a partir de Eq. (A.36) para o qual a DFT não fornece uma forma expĺıcita, de-

monstrando apenas que existe uma expressão universal para a energia de troca-correlação

Exc

Exc[ρ(r⃗)] =

∫
ρ(r⃗)εxc[ρ(r⃗)]d

3r (A.39)

e é para a determinação desse termo que entram os métodos aproximados que serão

discutidos a seguir: LDA e GGA.

Para obtermos o valor da energia total do sistema em função dos autovalores εi,

faremos uso das equações de KS (A.37), de forma que multiplicando à esquerda da Eq.

(A.38) por ψ∗
i , integrando em todo espaço e somando sobre todos os orbitais ocupados,

teremos para função de onda normalizada (
∫
ψ∗
iψid

3r):

N∑
i

∫
ψ∗
i

(
−1

2
∇2 +

∫
ρ(r⃗)

|r⃗ − r⃗′|
d3r + V (r⃗) + vKS[ρ]

)
ψi(r⃗)d

3r =
N∑
i

∫
εiψ

∗
iψi(r⃗)d

3r

(A.40)

que resulta em
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T0[ρ(r⃗)] +

∫
V (r⃗)ρ(r⃗)d3r +

∫ ∫
ρ(r⃗)ρ(r⃗′)

|r⃗ − r⃗′|
d3rd3r′ +

∫
vxc[ρ]ρ(r⃗)d

3r =
N∑
i

εi (A.41)

Se compararmos a equação acima com o funcional de energia semelhante à Eq. (A.30):

E[ρ] =

∫
V (r⃗)ρ(r⃗)d3r + T0[ρ(r⃗)] +

1

2

∫ ∫
ρ(r⃗)ρ(r⃗′)

|r⃗ − r⃗′|
d3rd3r′ +

∫
ρ(r⃗)εxc[ρ]d

3r (A.42)

obteremos que a energia escrita em função dos autovalores εi será dada por:

E[ρ] =
N∑
i

εi −
1

2

∫ ∫
ρ(r⃗)ρ(r⃗′)

|r⃗ − r⃗′|
d3rd3r′ +

∫
ρ(r⃗){εxc[ρ]− vxc[ρ]}d3r (A.43)

A.3.1 Aproximação da Densidade Local

A base da LDA está em considerar a energia de troca-correlação Exc para um sistema

de densidade ρ(r⃗) como sendo a energia de troca-correlação para um gás de elétrons

uniforme com a mesma densidade, que é conhecida de forma precisa. Ainda, ela supõe

que a densidade ρ(r⃗) varia suavemente nas proximidades de r⃗, ou seja, a energia de troca-

correlação de um elétron em um dado ponto depende da densidade eletrônica nesse ponto,

em vez de depender da densidade eletrônica em todos os pontos do espaço. Dessa forma,

a energia de troca-correlação será escrita como:

Exc[ρ(r⃗)] =

∫
ρ(r⃗)εhxc[ρ(r⃗)]d

3r (A.44)

e o potencial vxc

vex[ρ(r⃗)] =
d

dρ(r⃗)

(
ρ(r⃗)εhxc[ρ(r⃗)]

)
(A.45)

Uma das sugestões para o cálculo da Exc, é separar os termos de troca (que para o

caso do gás homogêneo pode ser obtido facilmente) e de correlação, e assim teremos

Exc[ρ(r⃗)] ≈ ELDA
xc [ρ(r⃗)] =

∫
ρ(r⃗){εx[ρ(r⃗)] + εc[ρ(r⃗)]}d3r (A.46)
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Uma extensão da LDA para casos não restritos ou para sistemas de camadas abertas

(ou seja, sistemas em que a configuração eletrônica apresenta elétrons não-emparelhados)

leva à Aproximação da Densidade de Spin Local (LSDA, do inglês Local Spin-Density

Approximation). Para incluir esse efeito, consideraremos a função do spin ξ(σ), que pode

ser escrita como de forma semelhante à Eq. (A.9). Assim, a Eq. (A.44) fica:

ELSDA
xc [ρα(r⃗), ρα(r⃗)] =

∫
ρ(r⃗)εxc[ρα(r⃗), ρα(r⃗)]d

3r (A.47)

em que uma correção análoga a Eq. (A.46) pode ser feita. Ainda, pode-se usar a

distribuição de densidade de spin para descrever onde elétrons α(↑) e β(↓) estão localizados
em um dado sistema, ou seja, calcular a diferença ρα(r⃗) − ρβ(r⃗). Assim, em um sistema

em que todos os elétrons estão emparelhados, a densidade de spin é zero em todos os

pontos no espaço, enquanto que qualquer sistema que contenha elétrons desemparelhados

irá mostrar regiões de densidade de spin não nulas. A integral da densidade de spin em

todo o espaço

∫
[ρα − ρβ] d

3r

fornece o número total de elétrons desemparelhados (por exemplo, zero para o estado

singleto, um para o dubleto, dois para o tripleto, a assim por diante).

A.3.2 Aproximação do Gradiente Generalizado

Em sistemas que apresentam inomogeneidades significativas na densidade eletrônica

ρ, métodos baseados na aproximação local da densidade (LDA e LSDA) não oferecem

a precisão desejada (como ocorre para a maior parte das aplicações na qúımica e na

biologia), levando a erros de forma não sistemática, por exemplo, no comprimentos e nas

energias de ligação. Um avançoo no sentido de resolver essas pendências que a LDA deixa

consiste em introduzir a dependência com o gradiente da densidade ρ(r⃗) na expressão do

funcional dado pela Eq. (A.44). Para um sistema de camada aberta, esse funcional pode

ser genericamente escrito da seguinte forma:

EGGA
xc [ρα, ρβ] =

∫
f [ρα, ρβ,∇ρα,∇ρβ]d3r (A.48)

Também no formalismo da GGA, o funcional EGGA
xc é geralmente dividido em duas
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partes, uma contendo os termos do funcional de troca EGGA
x e a outra, do funcional de

correlação EGGA
c . No artigo de Filippi et. al. [10] é feita uma comparação entre funcionais

de densidade exatos e aproximados para um modelo que pode ser resolvido exatamente,

usando alguns dos funcionais mais utilizados.

Existem também os chamados funcionais h́ıbridos, que são formados a partir de uma

mistura de uma fração do termo de troca de Hartree-Fock no funcional de troca da DFT, a

partir de dados experimentais para sistemas moleculares conhecidos, contendo parâmetros

ajustáveis. O uso desses funcionais faz com que alguns autores questionem a DFT como

sendo uma teoria de primeiros prinćıpios ou ab initio. Para referência, podemos citar

alguns dos funcionais mais conhecidos:

� PBE - baseado nos trabalhos de Perdew, Burke e Erzenhof [11, 12];

� BLYP - combinação do termo de troca desenvolvido por Becke [13] com o de cor-

relação, por Lee-Yang-Parr [14];

� BP86 - combinação do termo de troca de Becke [13] e o de correlação dado por

Perdew [15];

� B3LYP - termo de troca exato desenvolvido por Becke [16];

� PW91 - aproximação do gradiente generalizado desenvolvido por Perdew-Wang

[17].

Embora o uso da GGA melhore consideravelmente a descrição de ligações (principal-

mente ligações de hidrogênio) quando comparado com a LDA sem que haja um aumento

proibitivo do custo computacional, a descrição de ligações fracas (e.g. interações de van

der Waals) permanece problemática.

A.4 Conjuntos de Bases

Nas seções anteriores, mostramos que os métodos aproximativos para solução do pro-

blema de um sistema multi-eletrônico e multi-nuclear levam a equações que são resol-

vidas de forma autoconsistente, Eqs. (A.17), (A.18), (A.37), (A.38) e Fig. ??. Uma

lacuna, entretanto, ficou aberta até aqui, pois o processo autoconsistente reside também

no fato de que os operadores (no caso do Hartree-Fock) e dos funcionais (no caso da DFT)

apresentam dependência com a função de onda, de forma que a situação é de que para
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construirmos esses operadores e funcionais para encontrarmos a função de onda, precisa-

mos conhecê-la de antemão. A autoconsistência também serve, então, para otimizarmos

a função de onda na medida em que se minimiza a energia, ou a densidade, no caso da

DFT.

Em geral, supõe-se que a função de onda para um dado sistema apresente alguma

simetria que possa facilitar os cálculos, de acordo com a simetria do próprio sistema. É

desejável, principalmente, que se possa escolher a função de onda com parâmetros que

sejam ajustáveis durante a autoconsistência. De acordo com cada metodologia, existem,

por exemplo para a DFT, duas formas de se estimar a função de onda: (i) Orbitais

Numéricos, em que se calcula previamente as funções de onda para os orbitais atômicos

e os utiliza para construir os orbitais moleculares, e.g. construção da densidade a partir

dos orbitais em Eq. (A.29); (ii) Conjuntos de Bases, em que as funções de onda ψi(r⃗) (ou

os orbitais de Kohn-Sham) são expandidas em um conjunto de base ϕij(r⃗),

ψi(r⃗) =
∑
j

cjϕij(r⃗) (A.49)

A expansão acima deve ser, em prinćıpio, realizada até o infinito, mas ela é sempre

truncada, de forma que apenas um conjunto limitado de funções de base é usado. Uma

das funções mais utilizadas em expansões desse tipo, são funções gaussianas, de forma

que a expansão (A.49) será dada por:

ψi(r⃗) =
∑
j

cje
−αjr

2

(A.50)

A precisão do cálculo dada pela expansão para um determinado conjunto de base,

e. g. a base gaussiana (A.50) depende do número de funções que são usadas para re-

presentar cada momentum angular atômico e do “espalhamento” da função gaussiana,

dado pelo valor do expoente α (valores grandes/pequenos de α resultam em funções com-

pactas/difusas). Várias notações são utilizadas para especificar um conjunto particular

funções atômicas gaussianas, tais como o conjunto de base de valência dividida de Pople

(e.g., 3− 21G, 6− 31G ou 6− 311++G(2d; 2p)) ou os conjuntos de base N-zeta valência

polarizada consistente-correlacionada de Dunning (N = duplo, triplo, etc., e.g., cc-pVDZ,

cc-pVTZ) dentre outros.

Outra forma de se determinar os orbitais de KS, está no conjunto de base obtido com

a expansão em ondas planas (OP) para sistemas periódicos (cristais),
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ψi(r⃗) =
1

Ω1/2

Gmax∑
G

GeiG⃗·R⃗, (A.51)

onde Ω é o volume da célula e G é o momentum de ondas. Conjuntos de bases de

OP são denotadas por um valor de energia Ecut relacionado com o máximo valor de G da

expansão (A.51).

As ondas planas, diferentemente das funções gaussianas, não são centralizadas nos

átomos, mas se estendem por todo o espaço. De maneira a reduzir o grande número de

ondas planas necessárias para encontrar uma descrição confiável dos orbitais de KS, os

efeitos dos elétrons de caroço são usualmente descritos em termos de pseudopotenciais

[18, 19, 20]. Com o uso de pseudopotenciais, as funções de onda são analisadas de forma

diferente, em que os átomos são descritos por elétrons de valência ligados a um núcleo

iônico e nesse formalismo é considerado que as propriedades de moléculas e sólidos são

calculadas partindo do prinćıpio que os núcleos iônicos não estão envolvidos em ligações

qúımicas e não se modificam com mudanças estruturais.

De forma a contornar o fato de que o conjunto de base aumenta consideravelmente

quando todos os elétrons são tratados explicitamente, a aproximação por pseudopotenciais

substitui os elétrons de caroço e o potencial Coulombiano forte por um pseudopotencial

fraco que atua em um conjunto de pseudo-funções de onda, e que podem ser representados

por um número baixo de coeficientes de Fourier. Na realidade, pseudopotenciais são

constrúıdos de forma a reproduzir com alta fidelidade as propriedades de espalhamento

do potencial iônico completo. De forma geral, os pseudopotenciais podem ser descritos

na forma:

VNL =
∑

|lm⟩Vl |lm⟩ (A.52)

onde |lm⟩ são os harmônicos esféricos e Vl é o pseudopotencial para o momento angu-

lar l. Pseudopotenciais são usualmente classificados quanto à dureza, relacionado com o

número de componentes de Fourier que são necessários para descrevê-los, de forma que

quanto menor for esse número mais “macio” é considerado o pseudopotencial. De forma

geral, espera-se que esse tipo de aproximação reproduzam a densidade de cargas associ-

ada com ligações qúımicas exatamente e, para isso é necessário que as funções de onda

tanto pseudo quanto para todos os elétrons sejam idênticas a partir de um raio de corte

(relacionado com o “tamanho” do núcleo iônico). Para isso é necessário que as integrais

de amplitude quadrada das duas funções sejam as mesmas, ou seja, a norma da pseudo
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função de onda seja conservada. Na linha contrária a essa abordagem, Vanderbilt [50]

sugeriu um formalismo em que a condição de conservação da norma seja relaxada de

forma a se obter pseudopotenciais bem mais macios. Nesse esquema, as pseudo funções

de onda são permitidas de serem as mais macias posśıveis, resultando em uma diminuição

dramática nas energias de corte necessárias. Essas são basicamente as duas abordagens

de pseudopotenciais que foram utilizadas nessa tese.

A precisão da DFT não depende, em prinćıpio, do tipo de conjunto de base utilizado

(gaussiana, ondas planas, ou qualquer outra), uma vez que a expansão é suficientemente

completa para descrever as propriedades relevantes do sistema sob investigação.
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We present the structural, electronic and optical properties of anhydrous crystals of DNA nu-

cleobases (guanine, adenine, cytosine and thymine) found after DFT (Density Functional Theory)

calculations within the local density approximation (LDA), as well as experimental measurements

of optical absorption for powders of these crystals. Guanine and cytosine (adenine and thymine) are

predicted from the DFT simulations to be direct (indirect) band gap semiconductors, with experi-

mentally estimated band gaps of 3.7 eV and 3.8 eV (3.5 eV and 4.0 eV), respectively. Calculations of

the electronic effective masses at the band extremes suggest that these crystals behave like wide gap

semiconductors for electrons moving along the nucleobases stacking direction, while the calculated

electronic dielectric functions parallel and perpendicular to the stacking planes exhibit a high de-

gree of anisotropy for all ACrs, except cytosine. The stacking of identical DNA bases in anhydrous

crystals is directly responsible for their semiconductor character. On the other hand, the stacking of

dissimilar DNA bases should not change radically the charge transport character of a hypothetical

crystal formed from them. Such a reasoning can be extending to the stacking of several distinct

nucleobases in any arrangement, which confers a semiconductor character to DNA strands.
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I. INTRODUCTION

Guanine (G), adenine (A), cytosine (C), and thymine (T) nucleotide bases are the essential building blocks of

DNA (deoxyribonucleic acid), which contains the genetic information used to build living cells. DNA strands are also

promising candidates to fabricate molecular nanodevices, since they are stable polymers easy to replicate. Almost

ten years after the elucidation of the helical DNA structure in the landmark work of Watson and Crick [1], where the

coupling of nucleobases through hydrogen bonds and van der Walls forces has a fundamental role, Eley and Spivey

[2] argued that π − π interactions between stacked base pairs in double-stranded DNA could provide a pathway

for rapid, one-dimensional charge separation. This early suggestion of the possibility of using DNA as a nanoscale

conductor drove considerable research efforts, unfortunately without arriving to a definitive conclusion. As resumed

by Gervasio et al. [3], recent experiments have provided contradictory results, with works suggesting that DNA is a

highly conducting wire [4], a proximity induced superconductor [5], a semiconductor [6] or even an insulator [7, 8].

Notwithstanding that, it is believed that wet DNA is a charge carrier when its length is shorter than ≃ 20 Å [8], while

DNA helices longer than ≃ 40 Å or in dry conditions are generally found to be insulator or wide gap semiconductors

[9].

London dispersion forces originated from electron correlation in π stacking [10–17] and hydrogen bonding [18–20]

of DNA nucleobases affect the structural, electronic, optical, and transport properties of DNA strands and derived

nanostructures, being determinant to obtain the features required for technological applications. The DNA nucleobases

were mainly studied in vacuum [10–20] and aqueous environments [13, 21–24], with few works being published on

their crystals, some focusing on the structural, electronic, and transport properties of guanine hydrated crystals

[25, 26] and another investigating the dielectric function of anhydrous DNA films [27]. Recently, a new generation of

exchange-correlation functionals within the density functional theory (DFT) approach has been employed to provide

an improved description of hydrogen bonding and van der Waals interactions in π-stacked DNA systems [28–31].

In vacuum, MP2/6-31G* ab initio calculations predict that the most stable stacked pair of DNA nucleobases is the G

. . . G dimer, while the least stable is the T . . . T dimer [10], a result which was obtained considering a vertical separation

between bases of 3.3 – 3.4 Å and which agrees with the 3.3 – 3.5 Å value observed in crystals of DNA constituents [32]

and in high-resolved oligonucleotide crystals [33]. The orientational dependence of the stacking energy is dominated by

twist and rise contributions [10, 14]. DFT calculations for guanine dimers in a supercell revealed that dimers connected

by hydrogen bonds have dispersionless bands, which is not good for electronic transport, while stacked dimers have

dispersive bands originated from π−π interactions (dispersive bands create channels for charge migration) [11]. Band
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transport may also be partially responsible for the charge mobility in nucleotide aggregates characterized by a large

base-base superposition. This mechanism is probably complemented by a hopping mechanism connecting spatially

different regions where such base superposition occurs [11]. The ab initio Hartree-Fock crystal orbital method with

a basis of atomic orbitals was employed by Ladik et al [13] to study the electronic structure of stackings made from

the four DNA nucleobases. For the valence bands, thymine and guanine (adenine and cytosine) stackings exhibited

the widest (narrowest) band widths, favoring (unfavoring) the band transport of holes. For the conduction bands the

picture is somewhat different, with the band widths of guanine and cytosine (adenine and thymine) stackings being

the largest (smallest), aiding (opposing) the band transport of electrons. The DFT estimated energy gap of stacked

guanine nucleobases is 7.20 eV, larger than the gap of stacked adenine nucleobases (6.87 eV), but smaller than the

gaps for cytosine and thymine (both equal to 7.41 eV) [13].

Sugar-phosphate chains, water structures and counterions contribute to enhance DNA structural stability, and

promote the formation of energy levels inside the energy gap of stacked nucleobases which strongly affect DNA

electronic, optical, and charge transport properties [13, 21–24]. DFT calculations within the generalized gradient

approximation (GGA) for the exchange-correlation energy using the BLYP functional were performed for A-type

DNA with 11 base pairs and B-type DNA with 10 base pairs [34]. The geometries of the A- and B-DNA crystals used

in these computations were estimated through classical molecular mechanics/molecular dynamics. The electronic band

structures of A-DNA showed valence (conduction) band widths of 0.081 eV for the Poly(dG)·Poly(dC) configuration

and 0.244 eV for Poly(dA)·Poly(dT) (0.771 eV for Poly(dG)·Poly(dC) and 0.779 eV for Poly(dA)·Poly(dT)) [34]. In

the case of B-type DNA with 10 base pairs, the widths of the valence and conduction bands were estimated as 0.045 eV

(0.421 eV) and 0.120 eV (0.143 eV), respectively, for Poly(dA)·Poly(dT) (Poly(dG)·Poly(dC)) strands. The calculated

energy gaps were 1.249 eV (A-Poly(dA)·Poly(dT)), 0.824 eV (A-Poly(dG)·Poly(dC)), 2.743 eV (B -Poly(dA)·Poly(dT)),

and 1.448 eV (B -Poly(dG)·Poly(dC)) [34]. On the other hand, other first principles studies suggest that significant

charge transport in van der Waals bonded layered guanine monohydrated crystals is possible along the stacking

direction [25, 26] due to a dispersive band energy along the π − π stacking axis with predicted valence band width of

0.83 eV and a direct gap of 2.73 eV, much smaller than the 3.90 eV HOMO-LUMO energy gap of the gas-phase guanine

molecule. Finally, spectroscopic ellipsometry measurements were performed using synchrotron radiation to obtain the

dielectric functions of G, A, C, T films grown on hydrogen terminated Si(111) surfaces under ultra-high vacuum

conditions. Guanine and adenine films exhibited strong optical anisotropy, with the ordinary (⊥ [111]) component of

the dielectric function being larger compared to the extraordinary (∥ [111]) component, while cytosine and thymine
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dielectric functions were shown to be isotropic [27].

Although the crystal structures of anhydrous thymine [35, 36] and cytosine [37, 38] were determined several years

ago, it is remarkable that the crystal structures of anhydrous guanine and adenine were not obtained until recently

due to the lack of good quality crystals [39, 40]. In this work, we use the published crystallographic data for anhydrous

DNA nucleobase crystals (ACrs): guanine, adenine, cytosine and thymine, to carry out, using DFT computations, a

comparative study of their structural, electronic, and optical properties, obtaining for the first time the effective masses

of electrons and holes along directions parallel and perpendicular to the π-stacking planes. In fact, considering that

the carrier effective masses could be very useful to model the carrier transport in DNA-based films and nanostructures,

it is surprising to note the absence in the literature of any estimates on their values for crystals of DNA nucleobases.

Our computations also allowed us to predict the nature of the energy band gaps of the four DNA nucleobase ACrs (if

they are direct or indirect). Experimental measurements of optical absorption for each ACr were also performed and

allowed us to obtain estimates of their band gaps, showing that they resemble wide gap semiconductors. Finally, the

dielectric function of each crystal was obtained for different polarization planes of incident radiation and compared

with available experimental data.

II. COMPUTATIONAL DETAILS

Anhydrous guanine crystals are monoclinic with space group P21/c [39], four C5H5N5O molecules per unit cell, and

molecular stacking along (1 0 2) planes. The anhydrous adenine crystals, on the other hand, are monoclinic with eight

C5H5N5 molecules per unit cell, space group P21/c [40] and (1 0 −1) stacking planes. The anhydrous cytosine crystals

are orthorhombic with four C4H5N3O formulae in each unit cell, space group P212121 [37, 38], and two intercalated

stacking planes which are symmetrically equivalent: (2 0 1) and (-2 0 1). Finally, anhydrous thymine crystals have four

C5H6N6O2 molecules in each unit cell, being monoclinic with space group P21/c [35, 36] and (-1 0 1) stacking planes.

Guanine and adenine molecules appear twisted along the stacking direction, cytosine molecules are slided and the

thymine molecules are slided and shifted, as shown in the top part of Fig. 1. The orientation of the stacked bases in

these crystals has an important role on their physical properties [14].

The computational simulations of the present work were performed using the CASTEP code [41, 42], which is based

in the DFT approach [43, 44]. The LDA exchange-correlation potential developed by Ceperley and Alder [45] and

parametrized by Perdew and Zunger [46] was adopted as well. With respect to our choice of functional, a note of

caution must be made: in anhydrous DNA bases crystals, van der Waals interactions along the molecular stacking
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axis and hydrogen bonding between molecules in the same stacking plane are relevant to explain their structural

features, and it is well known that pure DFT methods are unable to give a good description of dispersive forces

[28–31]. Besides, the LDA approximation is not the best option to provide an accurate account of hydrogen bonds.

However, some DFT studies of layered crystals such as graphite as well as guanine hydrated crystals [25, 47, 48] have

shown that the local density approximation (LDA) gives reasonable values for atomic distances, notwithstanding the

limitations of this functional. This and the relatively low cost of LDA computations have motivated us to adopt LDA

instead of more sophisticated (and computationally expensive) means.

Vanderbilt ultrasoft pseudopotentials were used to describe the core electronic states of each atomic species [49],

and the Kohn-Sham orbitals were evaluated using a plane wave basis set with a converged energy cutoff of 610

eV. Each unit cell was relaxed to attain a total energy minimum allowing for lattice parameter and atomic position

adjustments. Convergence thresholds selected for all geometry optimizations were: total energy variation smaller than

0.10× 10−4 eV/atom, maximum force per atom smaller than 0.03 eV/Å, maximum displacement smaller than 0.001

Å, and maximum stress component smaller than 0.05 GPa. A two steps convergence tolerance window was employed,

and the optimization method used the BFGS minimizer [50]. The basis set quality was kept fixed throughout unit

cell volume changes. The self-consistent field steps have taken into account tolerances of 0.1 × 10−5 eV/atom for

total energy and 0.4979× 10−6 eV for the electronic eigenenergies. From the valence band (VB) and conduction band

(CB) curves at their critical points (maxima for VB and minima for CB) we have estimated the effective masses for

electrons and holes for the anhydrous DNA bases crystals as follows: first, we take a band curve starting at some

extremum in reciprocal space along a k direction of interest, and perform a parabolic fitting of this curve, which

allows the determination of the corresponding effective mass through the relation E(k) = ~2k2/2m. For the band

structure computations, paths formed from a set of high symmetry points in the first Brillouin zone were chosen, as

shown in Fig. 2. However, we present here only the band structures near the valence band maxima.

Nucleobase powders (guanine 98% (G11950), adenine 99% (A8626), cytosine 99% (C3506), thymine 99% (T0376))

were purchased from sigma-Aldrich and used with no further purification and mixed with KBr to form pellets.

Experimental measurements of the UV absorption spectra for the anhydrous crystals were carried out on these pellets

using a Varian Cary 5000 UV-visible NIR spectrophotometer, equipped with solid sample holders. The absorption

spectrum of the samples was recorded in the wavelength range between 200 and 800 nm (50000-12500 cm−1). The

optical absorption measurements were accomplished by transmittance and the background removal was accomplished

by comparison with the absorption spectrum of a KBr pellet. Baseline corrections were made when necessary.
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III. RESULTS AND DISCUSSION

A. Geometry optimization

From the LDA-DFT calculations, we have obtained the following formation energies for the anhydrous DNA base

crystals: -60.5 kcal/mol for guanine, -42.8 kcal/mol for adenine, -47.6 kcal/mol for cytosine and -39.4 kcal/mol for

thymine, which suggests that the stability of these crystals obeys the sequence G> C > A> T. This must be put

in contrast with the result of Šponer et al. [10, 12] for guanine, adenine, cytosine and uracil stacked dimers, which

predicts a G . . . G dimer as the most stable stacked DNA base pair in vacuum. Moreover, stacked adenine dimers have

slightly larger binding energy in comparison with stacked cytosine dimers [12], while our results point that anhydrous

cytosine crystals rank in second place of stability in comparison with the other crystals of DNA nucleobases (references

[10, 12] have not dealt with thymine).

The calculated lattice parameters of the ACrs are shown in Table I together with experimental data. In order

to perform an analysis of these results, we define here the relative difference between theory (LDA) and experiment

(Exp) for a given parameter X, ∆(LDA-Exp) = 100× (X LDA−X Exp)/(X Exp). It is usual for LDA computations

to predict lattice parameters smaller (in comparison with Exp) by about 5% for organic crystals [51], and the figures

presented in this work follow this trend. The guanine crystal has the smaller values for ∆(LDA-Exp), with LDA

lattice parameters being at worst 2.9% smaller (for the a length) than the measured value. In the case of adenine,

∆(LDA-Exp) is more pronounced for the c length, which has a computed value ∆(LDA-Exp) of approximately -

6.5%. For cytosine, the most pronounced difference between LDA and experiment is approximately -5.5% along c,

while thymine presents the worst figures, with ∆(LDA-Exp) of -16.9% for the a parameter (a result due to the LDA

overestimation of the interaction energy between thymine molecules along a direction where van der Waals forces are

dominant). Also for thymine, one observe that the c parameter predicted by the LDA computations is about 2.5%

larger than the experimental value, in contrast with the typical overbind trend observed for this exchange-correlation

functional.

The β angle for guanine, adenine and thymine (cytosine is orthorhombic) exhibit ∆(LDA-Exp) variations of 0.5%, -

0.7%, and -7.6%, respectively (again, the worst figures are for thymine), while the unit cell volume V has ∆(LDA-Exp)

of -7.3% for guanine, -12% for adenine, -11% for cytosine and -14% for thymine. The distance between stacking planes

d for each crystal has ∆(LDA-Exp) of -2.3% for guanine, -6.3% for adenine and thymine (both have practically the

same value of d), and -6.4% for cytosine. The calculated d values are in general smaller than the 3.29-3.30 Å interplanar
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spacing between stacked G, A, C, T dimers of < 100 nm thick films grown on hydrogen terminated Si(111) surfaces

under ultra-high vacuum conditions [27] and the 3.15 Å in LDA and 3.64 Å in GGA calculated intermolecular plane

spacings of monohydrated guanine crystals [25], whose experimental value is 3.30 Å [52]. Furthermore, they are

practically in the range defined by the average interplanar distance of 2.56 Å and 3.38 Å in A- and B-type DNA,

respectively [34]. Thus, the role of interplanar base coupling in anhydrous crystals of DNA bases on their physical

properties is as relevant as in the case of stacked DNA bases, non-relaxed thick nanofilms of DNA bases, and A,B -DNA

strands.

B. Band structures

In the middle of Fig.3 one can see a set of closeups of the ACrs electronic band structures near their valence band

extremes. Two directions in reciprocal space were chosen to plot these closeups: parallel (∥) and perpendicular (⊥)

to the plane define by a nucleobase in an unit cell. The parallel directions were selected to be along some specific

hydrogen bonds: N7-H...O6 for guanine (atomic numbering following reference [39]), N9-H...N3 for adenine (atomic

numbering of [40]), N4-H4...O2 for cytosine (atomic numbering of [37]), and N3-H...O1 for thymine (atomic numbering

of [36]). Table II presents the energy gaps obtained from the LDA calculations. Guanine and cytosine have direct

band gaps, a B → B transition for the G crystal, and a Γ → Γ transition for the C crystal. Adenine has its main band

gap from a maximum at the valence band, very near to the Z point, to its conduction band minimum at the Γ point

(not shown in Fig. 3), while thymine has its valence band maximum at the B point and conduction band minimum

in a point in reciprocal space situated along the Γ − −D direction (not shown in Fig. 3 and denoted here using the

greek letter α), both crystals being indirect band gap materials. The main contributions for the uppermost valence

bands for guanine, adenine and cytosine originate from N 2p orbitals, while for thymine, the electronic states at the

top of the valence band are formed mainly from C 2p states. All nucleobases have the bottom of the conduction band

formed mainly from C 2p states, with small contributions from H 1s orbitals.

Table II presents the LDA band gaps for the nucleobase crystals, together with the results of three sets of exper-

imental results. It is necessary to remember that, as Kohn-Sham eigenvalues do not give correct excitation energies

[53, 54], DFT exchange-correlation functionals predict band gaps very different from experimental values. The LDA

exchange-correlation functional tends to underestimate the main gap of semiconductors and insulators by about 40%.

However, some papers suggest that a rigid shift in the LDA conduction bands is just enough to provide a reasonable

agreement with the more sophisticated quasi-particle GW approximation [53, 55–57]. Thus, we believe that our band
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gap analysis is meaningful, specially regarding the shape of band curves (and effective masses). The ACrs ordered by

increasing band gap, according with the LDA calculations, are G < A < C < T, ranging from 2.68 eV (guanine) to

3.32 eV (thymine). Thymine and cytosine have very close band gaps, with a difference of only 20 meV.

X-ray absorption and soft X-ray emission spectroscopy of the DNA nucleobases powders were performed by Mac-

Naughton et al. [58], being obtained a HOMO-LUMO energy gap of 2.6 eV for guanine, 3.6 eV for cytosine, 4.7 eV for

adenine, and 5.2 eV for thymine, leading to a G < C < A < T ordering of increasing band gaps for the ACrs, which

agrees with the LDA calculations for the lowest and highest band gap crystals, guanine and thymine, respectively,

but with a change of order for cytosine and adenine. On the other hand, a survey of experimental measurements of

DNA nucleobase films performed by Silaghi et al. [27] points to an energy gap of guanine in the 4.31-4.59 eV range,

cytosine in the 4.40-4.70 eV range, adenine in the 4.45-4.63 eV range, and thymine in the 4.5-4.8 eV range. As the

energy ranges obtained for these films are overlapped, it is not possible to present a list of crystals ordered by band

gaps.

The absorption spectra of the anydrous nucleobase crystal powders obtained in this work are shown in Fig. 4. One

can see that all ACrs present two broad maxima in the energy range between about 4 and 6 eV, with sharpest onset

for guanine and thymine, both predicted to be direct band gap crystals from the LDA calculations, while adenine and

cytosine have smoother absorption onsets, which suggest indirect band gaps (in agreement with the LDA results).

In order to estimate the energy gaps from absorption experiments, one must perform a linear fitting of the square

(square root) of the absorption coefficient near the absorption onset for direct (indirect) band gap materials [59].

The values obtained from this interpolation (also shown in Table II) are, in increasing order: 3.5 eV for adenine,

3.7 eV for guanine, 3.8 eV for cytosine, and 4.0 eV for thymine (A < G < C < T). Comparing this result with the

LDA computations, we see a reversal in the ordering of guanine and adenine. All experimental and theoretical data,

however, are consistent in pointing that thymine is the largest band gap ACr. LDA gaps are always smaller than the

optical absorption estimates (as expected), by 1 eV, at most, for guanine. We must note the gap value of [58] for

guanine is slighty smaller than the LDA prediction, and much smaller than the values from optical absorption and

the energy range proposed by Silaghi et al. [27].

Tight-binding transport models depend on the interaction of adjacent orbitals and the resulting band dispersion. In

this approach, the description of band transport along DNA nucleobase stackings must take into account the bandwidth

of the valence and conduction bands near the respective band extremes [25]. Figure 3 presents, at its bottom part,

the valence (∆V ) and conduction (∆C) bandwidths, calculated for the uppermost and lowermost overlapping valence
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and conduction bands, respectively. Nevertheless, an adequate description of the charge transport, even for organic

crystals, can be also given through the effective mass approximation [60]. Indeed, there is a relationship between

effective mass (m) and bandwidth (∆E): the larger the first, smaller the later (effective mass is inversely proportional

to band curvature and, therefore, to band dispersion). Starting from the conduction band minimum along a direction

parallel to the plain of each nucleobase, we have calculated the smallest electron effective mass for thymine (3.8 units

of the free electron mass, m0) and the largest for adenine (> 40m0). All in all, it seems that the hopping of electrons

along hydrogen bonds is very small for anhydrous crystals of guanine, adenine and cytosine. In the perpendicular

direction (along the π-stacking axis), however, all nucleobase crystals exhibit electron effective masses in the range

4.0–6.3 m0, signaling the possibility of semiconducting electronic transport in stacked nucleobases (for comparison,

doped SrTiO3 can achieve electronic effective masses as high as 7.7 m0 [61]). Hole transport along the parallel

direction involves very large effective masses for guanine, adenine and cytosine, while thymine has the smallest hole

mass for hopping across hydrogen bonds: 6.9 m0. For the perpendicular effective mass, this situation is reversed, with

guanine, adenine and cytosine exhibiting hole effective masses in the 3.5-4.0 m0 range while thymine has an effective

mass of 15 m0. In general, one can presume from the results here presented that stacked nucleobases in anhydrous

crystals (and possibly for linear chains) behave like wide gap semiconductors for electrons moving along the stacking

direction, while the hole transport is somewhat limited in stackings involving thymine nucleobases.

The stacking of identical DNA bases in anhydrous crystals is directly responsible for their semiconductor character.

On the other hand, the stacking of dissimilar DNA bases will not change radically the charge transport character of a

hypothetical crystal formed from them. By extending this reasoning to three, four, etc. stacking of any arrangement

of DNA bases, we can conclude that it is mainly the stacking of DNA bases that confers a semiconductor character

to DNA strands, a remarkable result. Deviations from the semiconductor character can be assigned to the influence

of sugar-phosphate chains, water structures as well as counterions [9]. A direct band gap of 2.73 eV was obtained

for monohydrated guanine crystals through LDA first-principles calculations [25, 26], a little higher than the direct

band gap of 2.68 eV we have obtained for anhydrous guanine crystals. In this case, we can not suggest yet that water

molecules contribute to increase the energy gap because details on the calculations procedures and figures, as wells

well as the different softwares employed by us and Ortmann et al. [25, 26] can change easily the estimated value of the

band gap of monohydrated guanine crystals. However, our study points that a sound picture of the role of water can

be achieved by comparing the structural, electronic and optical properties of monohydrated and anhydrous crystals

of DNA nucleobases through the same computational methodology, a work already being undertaken by the authors.
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IV. DIELECTRIC FUNCTION

Figure 5 depicts the complex dielectric function for the ACrs for incident light with distinct polarizations, the

real part (ε1) being calculated from the imaginary part (ε2) via the Kramers-Kronig relationship [62, 63]. The

work of Lebègue et al. [64] suggests that LDA dielectric functions, in comparison with more sophisticated methods,

differ mainly by a scaling factor plus some energy shift. For guanine, there is a very pronounced anistropy for

both ε1 and ε1 along the polarization planes 010 (parallel to the plane of a guanine molecule), 102 (perpendicular),

and 12̄8̄ (which contains the N7-H...O6 hydrogen bond). For adenine, the dielectric function components for light

polarized along the parallel (010) and perpendicular (101̄) molecular planes are very anisotropic as well, with the

perpendicular components exhibiting very small variation as the energy increases (thus, optical absorption for light

polarized along the 101̄ plane must be very small). The cytosine crystal dielectric function components, on the

other hand, are practically the same for light polarized along the parallel (911, containing the N4-H4...O2 hydrogen

bond) and perpendicular (201̄) molecular planes. Finally, the thymine crystals show a pronounced anisotropy for the

dielectric function components when one compares the cases where the incident light is polarized parallel (010) and

perpendicular (101) to the molecular plane, and parallel to the 55̄2 plane (which contains the N3-H...O1 hydrogen

bond).

V. CONCLUSIONS

In summary, we have performed DFT calculations to obtain optimized geometries for the anhydrous crystals of the

four DNA nucleobases, guanine (G), adenine (A), cytosine (C) and thymine (T) using the local density approximation

(LDA) for the exchange-correlation functional, and have estimated the band gaps of these crystals from optical

absorption measurements. The LDA optimized crystals have lattice parameters smaller than experimental values,

with the smallest (b parameter, -1.7%) and largest (a parameter, ≈ −17%, resulting from the LDA overestimation of

the interaction along a direction where van der Waals forces are preponderant) differences observed for the thymine

crystal. The distance between molecular planes d is 2.3$ smaller than experiment for guanine and 6.4% smaller for

cytosine. The difference between experimental data and the optimized unit cell volumes increases in this order: G

< C < A < T. This same ordering is followed by the formation energies of the crystals, suggesting that guanine is

the most stable structure, while thymine is the less stable. Analysis of the electronic band structures of the ACrs

revealed that guanine and cytosine are direct band gap materials, while adenine and cytosine have indirect band gaps.
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LDA figures for the energy gaps are smaller than experimental values, as expected, and the gaps estimated from the

optical absorption measurements presented in this work are in general smaller than experimental data available in

the literature (except for guanine). The LDA ordering of increasing band gaps is G < A < C < T, while the ordering

obtained from the optical absorption measurements is A < G < C < T. Band dispersions, which are crucial to model

the electronic transport using the tight-binding approach, are related with the effective masses, which were are also

calculated in this work. For electrons and holes moving along selected hydrogen bonds (parallel to the molecular plane

of a given nucleobase), effective masses are in general large, exception made to thymine. When the same electrons

move along the π-stacking axis, however, effective masses stay between 4.0 and 6.3 free electron masses (m0), which

suggests that stackings of nucleobases behave like wide gap semiconductors for electrons. The transport of holes is

also favored for nucleobase stackings without thymine. Finally, the complex dielectric function was calculated for each

ACr, and a very pronounced anisotropy was observed for polarized incident light in the cases of guanine, adenine,

and thymine, but not for cytosine.
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[33] J. Šponer, J. Kypr, J. Biomol. Struct. Dyn. 11, 277 (1993).

[34] M. Taniguchi, T. Kawai, Phys. Rev. E 70, 011913 (2004).

[35] K. Ozeki, N. Sakabe, J. Tanaka, Acta Crystallogr. B 25, 1038 (1969).

[36] G. Portalone, L. Bencivenni, M. Colapietro, A. Pieretti, F. Ramondo, Acta Chem. Scand. 53, 57 (1999).

[37] R. J. McClure, B. M. Craven, Acta Crystallogr. B 29, 1234 (1973).

[38] D. L. Barker, R. E. Marsh, Acta Crystallogr. 17, 1581 (1964).

[39] K. Guille, W. Clegg, Acta Cryst. C62, o515 (2006).

[40] S. Mahapatra, S. K. Nayak, S. J. Prathapa, T. N. Guru Row, Crys. Growth Design 8, 1223 (2008).

[41] M.C. Payne, M. P. Peter, D.C. Allan, T.A. Arias, J.D. Joannopoulos, Rev. Mod. Phys. 64, 1045 (1992).

[42] M.D. Segall, P.J.D. Lindan, M.J. Probert, C.J. Pickard, P.J. Hasnip, S.J. Clark, M.C. Payne, J. Phys: Cond. Matter 14,



13

2717 (2002).

[43] P. Hohenberg, W. Kohn, Phys. Rev. B 136, 864 (1964).

[44] W. Kohn, L. J. Sham, Phys. Rev. A 140, 1133 (1965).

[45] D.M. Ceperley, B.J. Alder, Phys. Rev. Lett. 45, 566 (1980).

[46] J.P. Perdew, A. Zunger, Phys. Rev. B23, 5048 (1981).

[47] F. Ortmann, W.G. Schmidt, F. Bechstedt, Phys. Rev. Lett. 95, 186101 (2005).

[48] F. Ortmann, F. Bechstedt, W.G. Schmidt, Phys. Rev. B 73, 205101 (2006).

[49] D. Vanderbilt, Phys. Rev. B 41, 7892 (1990).

[50] B. G. Pfrommer, M. Cote, S. G. Louie, M. L. Cohen, J. Comput. Phys. 131, 233 (1997).
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TABLE I. Calculated lattice parameters a, b, c, β angle, unit cell volume V , and distance between successive stacked molecular

planes d for the guanine, adenine, cytosine, and thymine anhydrous crystals. The experimental values are indicated between

parentheses and were obtained from: guanine, ref. [39]; adenine, ref. [40], cytosine, refs. [37, 38], and thymine, refs. [35, 36].

a (Å) b (Å) c (Å) β (deg.) V (Å3) d (Å)

G 3.45 (3.55) 9.46 (9.69) 16.03 (16.35) 96.23 (95.75) 519.01 (560.08) 2.53 (2.59)

A 7.66 (7.89) 21.52 (22.24) 6.97 (7.45) 112.44 (113.19) 1057.86 (1201.57) 2.99 (3.19)

C 12.60 (13.04) 9.24 (9.50) 3.60 (3.81) - 419.01 (472.42) 3.21 (3.43)

T 10.70 (12.87) 6.71 (6.83) 6.87 (6.70) 97.00 (105.00) 489.88 (568.88) 2.99 (3.19)
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TABLE II. Anhydrous crystals of DNA nucleobases: LDA

and experimental energy gaps Eg with corresponding valence

band → conduction band transition assigned, and effective

masses of electrons and holes along directions parallel and

perpendicular to the stacking planes (in units of the free

electron mass m0).

Eg Eg Transition me mh

(LDA, eV) (Exp, eV) (LDA) ∥ ⊥ ∥ ⊥

3.7a

G 2.68 2.6b B → B 11.5 4.0 9.2 4.0

4.3-4.6c

3.5a

A 2.83 4.7b ≈ Z → Γ > 40 5.4 > 40 3.8

4.5-4.6c

3.8a

C 3.30 3.6b Γ → Γ > 20 5.8 12 3.5

4.4-4.7c

4.0a

T 3.32 5.2b B → α 3.8 6.3 6.9 15

4.5-4.8c

a This Work.

b Reference [58]

c Reference [27]
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FIG. 1. Unit cells of the guanine, adenine, cytosine, and thymine anhydrous crystals.
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FIG. 2. First Brillouin zones of guanine, adenine, cytosine, and thymine crystals. High-symmetry points are shown.
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FIG. 3. Top: Viewing stacked layers in the anhydrous crystals of DNA nucleobases: G (guanine), A (adenine), C (cytosine),

and T (thymine). Middle: close-up of the G, A, C, and T band structures at the corresponding valence band maxima along

directions parallel and perpendicular to the stacking planes. Bottom: G, A, C, and T valence (∆V ) and conduction (∆C)

bandwidths. In gray (black), bandwidths along the parallel (perpendicular) direction. The top two bars indicate ∆V and the

two bottom bars indicate ∆C.
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FIG. 4. Measured optical absorption spectra of the nucleobase anhydrous crystals (in arbitrary units): guanine (G), adenine

(A), cytosine (C) and thymine (C).
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FIG. 5. Complex dielectric function, ε = ε1 + iε2, of the anhydrous crystals of DNA bases. Solid lines: incident light with

polarization plane perpendicular to the molecular plane of a single nucleobase in each ACr unit cell; dotted lines: incident light

with polarization plane parallel to the nucleobase plane. Dashed lines correspond to light polarization along the 12̄8̄ plane

for guanine (which contains the N7-H...O6 hydrogen bond) and along the 55̄2 plane for thymine (containing the N3-H...O1

hydrogen bond).
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Adsorption of ascorbic acid (AsA) on C60 is investigated using classical molecular mechanics and density
functional theory (DFT). Classical annealing was performed to explore the space of molecular configurations
of ascorbic acid adsorbed on C60, searching for optimal geometries. From the structure with the smallest total
energy, 10 initial configurations were prepared by applying rotations of 90° about three orthogonal axes.
Each one of these configurations was optimized using DFT (for both LDA and GGA exchange-correlation
functionals), and an estimate of their total and adsorption energies was found. Different configurations have
minimal adsorption energies (defined here as the total energy of the adsorbate minus the total energy of the
separate molecules) from -0.54 to -0.10 eV, with distinct optimal distances between the AsA and C60 centers
of mass. According to a Hirshfeld population analysis, AsA is, in general, an acceptor of electrons from C60.
Our results demonstrate the feasibility of noncovalent functionalization of C60 with AsA and provide minimal
energy values for the several different configurations investigated. These results should be considered in
reactions as a possible way to prevent against the oxidative damage and toxicity of C60. The beneficial effects
of using AsA-C60 includes its action when administered together with levodopa, against the neurotoxicity
generated by levodopa isolated, which opens new strategies for the Parkinson’s disease treatment.

I. Introduction

Following the buckminsterfullerene C60 discovery,1,2 it was
soon acknowledged that its poor solubility in polar solvents
(which has implications in the formation of aggregates in
aqueous solutions) is detrimental for biological applications. To
circumvent this difficulty, several routes to attach chemical
groups to C60 have been proposed,3,4 leading to a wide variety
of derivatives with distinct physical and chemical properties.
Numerous experiments have established prospective applications
for C60 derivatives in many fields such as enzymatic inhibition,
anti-HIV activity, neuroprotection, antibacterial, DNA cleavage,
and photodynamic therapy.5 Photodynamic therapy with fullerenes
either pristine or functionalized with various solubilizing groups
was recently reviewed, outlining the viability of several ap-
plications.6 It is the functional group that makes the fullerene-
derivatized soluble and therefore able to interact with biological
systems.

The functionalization of fullerenes is achieved through
covalent bonding or physical interaction of foreign species. It

has been demonstrated that the covalent bonding of amino acids,
hydroxyl and carboxyl groups, and so forth through the
replacement of some of the CdC double bonds improves the
C60 ability to interact with the biological environment.7 An
alternative nondestructive method for solubilization is based on
noncovalent binding, as observed for carbon nanotube solubil-
ization in organic compounds for which the weaker binding
ability is described in terms of van der Waals interactions.8

Although many prospective applications for fullerene-soluble
complexes exist, their cytotoxicity effects on living cells should
be brought into balance.

As the cytotoxicity is a sensitive function of surface
derivatization,9-11 the existence of a wide range of biologically
compatible solvents improves the versatility of functionalization,
thereby minimizing cytotoxicity effects. In this aspect, ascorbic
acid (AsA) is timely; with the chemical formula C6H8O6, whose
L-enantiomer is popularly known as vitamin C, it is an organic
acid with antioxidant properties. In addition, it has an essential
role as an enzymatic cofactor for the synthesis of biologically
important molecules such as collagen, carnithine, catecholamine,
myelin, and neuroendocrine peptides.12,13 AsA is absolutely
essential for human existence,14 but it is not synthesized by* To whom correspondence should be addressed.
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human cells. It has been shown that the combination of this
antioxidant with C60 completely prevents the oxidative damage
and resultant toxicity of nano-C60 (sparingly underivatized
fullerene colloids).15 Moreover the C60-ascorbic acid complex
was found to protect cultured chromaffin cells against levodopa
toxicity,16 thus suggesting the beneficial use of AsA-C60,
associating it with levodopa, as an efficient treatment of
Parkinson’s disease.16 It is also believed that AsA-C60 should
be more effective in preventing oxidative damage than C60 alone,
both being potent antioxidants. Consequently, focus on a detailed
picture of the AsA bonding to C60 is of fundamental importance
for biological applications of AsA -functionalized C60. Whether
AsA can bind covalently or not to C60 has yet to be demon-
strated, prior to considering water effects.

The purpose of this work is to give a complete description
of ascorbic acid interaction with buckminsterfullerene, including
the effect of different spatial orientations of AsA relative to the
C60 molecule. With the help of classical molecular dynamics,
the best molecular geometry corresponding to the strongest
binding of AsA adsorbed on C60 was found. Molecular dynamics
simulations are the most indicated computer program for systems
involving a large number of atoms. The alternative ab initio
methods in such cases require much more computational time,
making the task impossible in several cases. Therefore, for
reasons of computational economy, we ran our first-principles
simulations using the classically optimized geometries. Quantum
ab initio density functional theory (DFT) simulations, in both
the local density and generalized gradient approximations,
LDA17 and GGA,18 respectively, were carried out to estimate
the AsA-C60 binding energy. Afterward, the electron transfer
between the AsA and C60 molecules was calculated to assess
the noncovalent nature of their interaction.19

II. Computational Details and Classical Calculations
Results

As depicted in Figure 1a, the ascorbic acid molecule is
relatively small, with four -OH and two -CO groups that
confer its antioxidant characteristics. Nine stable AsA structures
were found experimentally in AsA crystals at low temperature,20

while full optimizations for 36 AsA conformers have been

reported through ab initio calculations using different theory
levels and basis sets, RHF/6-31G, RHF/6-31G(d,p), RHF/6-
311+G(d,p), and MP2/6-31(d,p).21 The conformations of pro-
tonated and deprotonated AsA, as well as that of oxidized AsA,
were studied recently.22,23 Figure 1b shows the calculated
electron density projection onto an electrostatic potential iso
surface of a possible conformation of isolated AsA. As expected,
oxygen atoms present the highest electron density (darker
regions) due to their stronger electronegativity in comparison
with carbon and hydrogen.

In order to find the best geometry for the AsA-C60 adsorp-
tion, a classical annealing simulation was carried out using the
Forcite Plus code. The Universal force field was adopted to
perform this simulation. The cutoff radius was chosen to be
18.5 Å. We carried out the annealing as follows; a total of 100
annealing cycles was simulated with an initial (midcycle)
temperature of 200 K (300 K) and 50 heating ramps per cycle,
with 100 dynamic steps per ramp. Using the NVT ensemble,
we performed the molecular dynamics with a time step of 1 fs
and a Nosé thermostat. After each cycle, the smallest energy
configuration was optimized. Only the atoms of the AsA
molecule were allowed to move during the calculations, the C60

atomic positions being kept fixed.
The best geometry that we found after the annealing/geometry

optimization procedure is shown in Figure 2. The non-hydrogen
atoms belonging to the AsA molecule closest to the C60 center
of mass are O1 (6.37 Å), C4 (6.74 Å), C1 (6.80 Å), and O6 (6.85
Å). The two hydrogen atoms bound to the C4 atom have the
smallest distances to the C60 center of mass, 6.13 and 6.31 Å,
followed by H4 (6.41 Å) and H1 (6.58 Å). On the other hand,
the O3, C5, C3, and O5 are the farthest ones, with distances of
8.77, 8.17, 8.08, and 7.88 Å, respectively. To obtain the distance
between a given atom and the approximately spherical surface
of C60, we should subtract 3.56 Å (the distance between any
carbon atom belonging to the simulated C60 and the molecular
center of mass).

Using the configuration of Figure 2, namely, Γ(0,0,0), we have
built a set of inputs for a quantum first-principles geometry
optimization. These inputs were generated by rotating the
classically optimized Γ(0,0,0) AsA molecule about three arbitrary
orthogonal axes (labeled x, y, and z), passing through its center
of mass, and keeping the C60 atoms fixed. Only rotations of
90° about each axis were allowed. For example, the configu-
ration obtained by rotating the molecule by 90° around the x
axis was labeled Γ(90,0,0). Only 10 inputs were chosen through

Figure 1. (a) Ascorbic acid (C6H8O6) molecule with atom labels used
in this work; (b) electron density projected onto an electrostatic potential
isosurface.

Figure 2. Atomic configuration with the lowest total energy for the
AsA molecule adsorbed on C60 obtained after classical annealing and
geometry optimization. O1, O6, C1, and C4 are the non-hydrogen atoms
with the smallest distances relative to the C60 center of mass. O3, C3,
and C5 are the farthest ones.
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this method, Γ(0,0,0), Γ(90,0,0), Γ(180,0,0), Γ(270,0,0), Γ(0,90,0), Γ(0,180,0),
Γ(0,270,0), Γ(0,0,90), Γ(0,0,180), and Γ(0,0,270). We have considered these
as a representative sampling of the space of initial configurations
to investigate the trends of AsA adsorption on C60 using the
quantum ab initio approach.

All quantum calculations were carried out using the DMOL3
code24 in the density functional theory (DFT) framework. Core
and valence electrons were considered explicitly, and a double
numerical basis set (DNP) was chosen to expand the electronic
eigenstates with an orbital cutoff radius of 3.7 Å. The
exchange-correlation potential was considered in both the local
density and generalized gradient approximations, LDA and
GGA, respectively. The LDA exchange-correlation functional
is the one parametrized by Perdew and Wang;17 in the GGA
approach, the Perdew-Burke-Ernzerhof18 exchange-correlation
functional was adopted. To study the interaction between AsA
and C60, we let the geometry of the isolated AsA molecule relax
up to a total energy minimum to be attained.

III. Features of the Adsorption

The results of the first-principles optimizations are shown in
Figures 3 and 4 and are also available as.mol files for download;
see Supporting Information available at http://www.placesite-
here.com. On the left side of each figure, it is possible to check
the final molecular geometries obtained after the LDA simula-
tions. GGA results have qualitatively the same general features
of the LDA approach, differing only by the interatomic and
intermolecular distances, tending to underestimate the strength
of covalent and noncovalent bonds, leading to larger lengths in
comparison to LDA. In order to give a more quantitative view
of the optimized geometries, we have plotted a distance profile
for each conformation of AsA adsorbed on C60. The plots take
into account only the non-hydrogen atoms (carbon and oxygen)
of the AsA molecule, displaying their distances to the C60 center
of mass and revealing the most relevant details of the atomic
geometries of each AsA adsorbate. The distance between a given
atom (A) and the C60 center of mass (CM) is denoted by
d(A-CM), and the distance between the AsA and C60 CMs is
d(CM-CM).

The total energy for all AsA-C60 configurations is presented
in Table 1. The structure optimized from the geometry with
minimal total energy after the classical annealing, Γ(0,0,0), has
the smallest total energy also in both LDA and GGA first-
principles calculations (for simplicity, we will use here the same
Γ indexes to label structures from both classical and quantum
results). The other geometries, however, have total energies very
close to the Γ(0,0,0) case, being larger in comparison by 0.74 eV
(0.49eV)atmostforΓ(0,270,0)iftheLDA(GGA)exchange-correlation
functional is used. LDA total energies for the other Γ adsorbates
relative to Γ(0,0,0) show a variation larger than that observed for
the GGA ones, from 0.42 to 0.74 eV (in contrast, GGA results
vary from 0.42 to 0.49 eV). It is known that for various systems,
like hydrogen-bonded complexes, some of van der Waals type
and others with strong dipole-dipole character, using the local
density approximation leads to better results in comparison to
the GGA approximation. In these types of systems, introducing
a dependence on the electron density derivatives leads to worse
interaction energies.25 In fact, it was shown that the LDA
approach describes well the distance between the layers of
graphite,26,27 rare-gas atoms adsorbed on graphite surfaces,28,29

the intermolecular distance in a face-centered cubic crystal of
C60,30,31 and the intermolecular interaction potentials of the
methane dimer.32 It is reasonable, we believe, to assume that
DFT-LDA calculations can describe nonbonding interactions

in carbon systems such as AsA-C60 as well. Thus, the focus
of our attention was mainly directed to the computationally less
expensive LDA results, using the GGA data only to check for
structural differences between the geometries predicted from
both methods. In systems with strong charge-transfer effects
(not the system studied in this work, as our population analysis
indicates), however, the introduction of contributions from
electron density derivatives in the exchange-correlation func-
tional improves the accuracy.

The lowest-energy geometry, Γ(0,0,0), for both LDA and GGA
calculations is qualitatively similar to the original classically
optimized geometry, with the same pattern of atomic distances
from the C60 center of mass, C1, C4, O1, and O6 being the
nearest, and C3, C5, O3, and O5 being the farthest atoms (see
Figure 3a). As stated before, the GGA data follow very closely
the LDA curves in general, with the most pronounced difference
observed for the Γ(0,0,90) (Figure 4c) followed by the Γ(0,270,0)

(Figure 4b) structure. The second lowest LDA total energy
conformation, Γ(0,0,180) (Figure 4d), has C3, C5, O3, and O5 closest
to the C60 center of mass and C1, C4, O1, and O6 as the

Figure 3. Left: LDA-optimized geometries obtained from the Γ(0,0,0)

(a), Γ(90,0,0) (b), Γ(180,0,0) (c), Γ(270,0,0) (d), and Γ(0,90,0) (e) initial
configurations. Right: Atomic distances d(A-CM) to the C60 center of
mass (CM) for each geometry obtained in the LDA (solid lines) and
GGA (dashed lines) approximations. Atoms 1-6 (7-12) correspond
to C1-C6 (O1-O6). The d(CM-CM) is the distance between the AsA
and C60 CMs.
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outermost. The d(CM-CM) is maximum for the Γ(0,270,0)

configuration, 8.78 (LDA) and 9.76 Å (GGA). The smallest
values of d(CM-CM), on the other hand, are observed for Γ,:
6.67 (LDA) and 7.23 Å GGA. It can be seen that Γ(0,0,0), Γ(90,0,0),
Γ(180,0,0), and Γ(270,0,0) resemble one another very closely (Figure
3a-d). For the other Γ geometries, no similarities were found.

Looking now to the strength of the AsA-C60 interaction, we
define the adsorption energy EA as

where E(C60) is the total energy for the isolated C60, E(AsA) is
the total energy of the AsA molecule, and E(AsA + C60) is the
total energy for the AsA-C60 geometry. The basis set super-
position error was neglected by us due to the high quality of
the basis set chosen.33 The LDA adsorption energy for each
optimized structure was investigated by translating the AsA
atoms (with no change of molecular geometry) along lines
parallel to the axis formed by joining the AsA and C60 CMs,
thus changing d(CM-CM). The LDA adsorption energies are
presented in Figure 5. Some caution must be exerted in
analyzing EA for each case due to the trend of overbinding
observedinthelocaldensityapproximationoftheexchange-correlation
functional. One can see that the Γ(0,0,0) geometry, again, has
the smaller minimum at -0.54 eV in comparison with the other
Γ structures, corresponding to the strongest binding. The results
for the Γ(90,0,0), Γ(180,0,0), and Γ(270,0,0) are not shown in the figure
due to their structural similarity with Γ(0,0,0). The second lowest
value of EA is observed for the Γ(0,0,90) structure, -0.31 eV,
followed by Γ(90,0,0) (-0.28 eV), Γ(0,90,0) (-0.25 eV), Γ(0,0,180)

(-0.23 eV), Γ(0,180,0) (-0.10 eV), and Γ(0,270,0) (-0.10) eV. It
can be noted that EA does not have the same ordered minimal
energy configuration as that observed for the total energy,
E(Γ(0,0,0)) < E(Γ(0,270,0)) < E(Γ(0,0,270)) < E(Γ(0,0,90)) < E(Γ(0,90,0))
< E(Γ(0,0,180)) < E(Γ(0,180,0)).

Finally, the charge transfer between the AsA and C60

molecules was estimated by using the traditional Mulliken
population analysis (MPA),34 as well as the Hirshfeld population
analysis (HPA)35 and an electrostatic fitting of electric charges.36

The first method has some problems attributed mainly to the
arbitrary division of the overlap population. In cases where the
electron transfer tends to zero, Fukui function indices obtained
using MPA are unpredictable.37 Hirshfeld charge assignment,

Figure 4. Left: LDA-optimized geometries obtained from the Γ(0,180,0)

(a), Γ(0,270,0) (b), Γ(0,0,90) (c), Γ(0,0,180) (d), and Γ(0,0,270) (e) initial
configurations. Right: Atomic distances d(A-CM) to the C60 center of
mass for each geometry obtained in the LDA (solid lines) and GGA
(dashed lines) approximations. Atoms 1-6 (7-12) correspond to C1-C6

(O1-O6). The d(CM-CM) is the distance between the AsA and C60

CMs.

TABLE 1: Total Energy of the AsA-C60 Adsorbates
Optimized Using the LDA and GGA Exchange-Correlation
Functionalsa

starting total energy (eV)

geometry LDA GGA

Γ(0, 0, 0) -80145.7 -80746.3

total energy relative to the Γ(0,0,0) (eV)

LDA GGA

Γ(90,0,0) +0.52 +0.44
Γ(180,0,0) +0.45 +0.44
Γ(270,0,0) +0.52 +0.43
Γ(0,90,0) +0.70 +0.45
Γ(0,180,0) +0.88 +0.48
Γ(0,270,0) +0.74 +0.49
Γ(0,0,90) +0.67 +0.44
Γ(0,0,180) +0.42 +0.48
Γ(0,0,270) +0.72 +0.42

a The respective initial geometries, as obtained from classical
annealing, are indicated.

Figure 5. LDA adsorption energy of AsA on C60 as a function of
d(CM-CM) for the geometries optimized from Γ(0,0,0) (solid line only),
Γ(0,0,180) (solid squares), Γ(0,0,90) (solid circles), Γ(0,90,0) (solid triangles),
Γ(0,0,270) (open squares), Γ(0,270,0) (open circles), Γ(0,180,0) (open triangles).

EA ) E(AsA + C60) - E(C60) - E(AsA) (1)
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on the other hand, has been the object of interest in the last
years due to its accuracy in comparison with other schemes. It
was shown that HPA leads to nonnegative condensed Fukui
function indices that are more realistic.38,39 It was also estab-
lished that charges obtained from HPA predict more reliably
trends of reactivity within a molecule in comparison to MPA,34

natural bond orbital (NBO) analysis,40-43 and methods based
on the molecular electrostatic potential.44 The stockholder
character of HPA is the main cause of its advantages over other
population analysis schemes.45 Finally, it was also demonstrated
that HPA has minimum loss of information when atoms are
joined to form a molecule.46-50 The intramolecular reactivity
sequence of some chosen alkali halides was recently studied
using HPA by Roy,51 who has shown that the descriptors of
local reactivity evaluated through this method correctly repro-
duce the strongest electrophilic center in all systems studied.
Thus, in analyzing our results, we will pay more attention to
the charges calculated through the Hirshfeld scheme, followed
by ESP and MPA.

The population analysis for each AsA adsorbate is shown in
Table 2. Hirshfeld charges are, in general, negative, except for
the Γ(0,270,0) case, which has a slight positive charge (0.0551 e).
The lowest-energy geometry Γ(0,0,0) is negatively charged with
-0.1070 e. The largest amount of electron transfer is observed
for the Γ(270,0,0) (-0.1160 e), followed by Γ(180,0,0) (-0.1125 e)
and Γ(90,0,0) (-0.1072 e). All of these structures are qualitatively
very similar to Γ(0,0,0), as was pointed out before. The other
configurations have smaller electron transfers, probably due to
the larger distance to the C60 molecule in comparison to that
for the Γ(0,0,0)-like structures. ESP population analyses have the
same trend, being negative for all Γ geometries and with more
intense charge transfers than that predicted through HPA.
Mulliken charges, on the other side, are very small and positive,
in general. The largest electron transfer is observed for Γ(0,0,180)

(0.0440 e) and Γ(0,180,0) (0.0440 e). The trend of increasing
charge with the increase of the AsA adsorbate proximity toward
C60 is not perceived in MPA. Only the Γ(0,90,0) has a negative
(and very small) electron transfer of -0.0010 e.

IV. Concluding Remarks

Many molecules noncovalently bound to carbon fullerenes
and nanotubes have simple electric charge distributions, with a
negative and/or a positive center, as in the case of amino acids,
for example. In this case, the adsorption energy as a function
of intermolecular distance has a single minimum related to a
unique spatial configuration of the adsorbed molecule on the
carbon nanostructure, and it is straightforward to calculate the
binding energy. This is not the case of AsA, which has four
-OH groups plus two oxygen atoms in a ring, all of them

contributing to the AsA-C60 noncovalent bonding in several
ways. In this system, the classical annealing simulation of a
single AsA molecule interacting with C60 was found by us to
be a very suitable method to obtain different initial geometries
for studying AsA adsorption. This strategy could also predict
the equilibrium structures for other complexes or molecules of
interest with several negative and/or positive charged centers.

In this work, 10 lowest total energy geometries of AsA
adsorbed on C60 were probed, the main structural features and
charge transfer for each adsorbate being also determined. The
lowest-energy configuration, Γ(0,0,0), corresponds to a geometry
where two carbon atoms (denoted by C1 and C4) and two oxygen
atoms (O1 and O6) are nearest to the C60 surface. This geometry
results in a distance of 6.67 Å (7.23 Å) between the molecules’
CMs according to the LDA (GGA) computations. The other
optimized geometries have total energies very close to the value
obtained for Γ(0,0,0), being larger by an average value of
approximately 0.65 eV (0.45 eV) in the LDA (GGA). The
adsorption energy (EA) varies from -0.54 to -0.10 eV in the
LDA data, and the sequence of configurations with increasing
adsorption energy does not follow the corresponding sequence
for increasing total energy. The adsorbate with the strongest
interaction is also the closest to C60. Adsorption energy as a
function of the distance between the molecules CMs was plotted,
showing characteristic curves of binding with a single minimum.
Electron transfer was calculated using three different approaches,
Mulliken, Hirshfeld, and ESP population analysis. The Hirshfeld
scheme shows that the AsA molecule tends to be negatively
charged (about -0.1 e for the lowest total energy adsorbates)
for all configurations, except Γ(0,270,0). ESP charges are always
negative and larger in magnitude, with an average value of
approximately -0.3 e. There is a correlation between the
distance between the molecules’ CMs and the electron transfer
for both methodologies, but no such correlation was observed
when using Mulliken analysis, which also predicts very small
and positive charges for all adsorbates.

A shortcoming of this work is that the calculations were
performed only in vacuum. Water effects would probably
decrease the strength of the AsA-C60 noncovalent interaction,
and therefore, it is not certain that in the biological aqueous
medium AsA should bind to C60. A previous fullerene func-
tionalization with NH2, amide, or amine groups52,53 could
probably increase the binding energy of AsA with these
decorated fullerenes. The demonstration of noncovalent AsA-
functionalized C60 in biological media suggests that the admin-
istration of this complex should be more effective to prevent
the oxidative damage and toxicity of C60.15 As a consequence,
it is possible that the AsA-C60 associated with levodopa reduces
the neurotoxicity generated by isolated levodopa.16 In the latter
case, new strategies for Parkinson’s disease treatment by
combining the clinical use of levodopa and potent antioxidants,
that is, noncovalent AsA-functionalized C60, should be envis-
aged. The results of this work come opportunely to stimulate
further research in this direction, such as the development of
chemical procedures for AsA-C60 noncovalent functionalization
and the assessment of its oxidative damage and toxicity.
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Abstract

We study band structure anisotropy effects on the electron transport transient in 4H-SiC subjected to electric fields parallel and perpendicular
to the c-axis direction. Coupled Boltzmann-like energy–momentum balance transport equations are solved numerically within a single equivalent
isotropic valley picture in the momentum and energy relaxation time approximation. The electron drift velocity is shown to be higher in the
direction parallel to the c-axis than that perpendicular to it, due to the electron effective mass being larger in the former direction. The ultrafast
transport regime develops on a subpicosecond scale (.0.2 ps) in both directions, during which an overshoot in the electron drift velocity is
observed at 300 K for sufficiently high enough electric fields (>60 kV/cm).
c© 2007 Elsevier Ltd. All rights reserved.
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The silicon carbide polytype 4H-SiC is a potential candidate
for applications in high-speed devices [1], high temperature
power switching, and high-frequency power generation [2]. It
has the advantage of having an electron mobility almost two
times larger and a much smaller band structure anisotropy
than the polytype 6H-SiC, as well as a band energy gap and
breakdown field higher than that of the 3C-SiC polytype.
The modelling of 4H-SiC-based field effect transistors has
highlighted effects of nonstationary carrier transport on high-
frequency domain operation [1], but without considering the
band structure anisotropy. Electronic effective masses differ
significantly for orientations parallel and perpendicular to the
c-axis [3], with 4H-SiC having an anisotropy ratio (the ratio
between the parallel and perpendicular electron mobilities) of
0.8 [4,5]. Effects of band structure anisotropy on the steady-
state electron transport in 4H-SiC have been studied through
Monte Carlo simulations [3,6,7] and hydrodynamic balance
equations [8]. The calculated electron drift velocity for steady-
state transport parallel to the c-axis was shown to be higher than
∗ Corresponding author. Tel.: +55 84 30860803; fax: +55 85 33669903.
E-mail address: alzamir@fisica.ufc.br (J.A.P. da Costa).

0038-1098/$ - see front matter c© 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ssc.2007.11.005
that in the perpendicular direction and, for electric fields of the
same intensity, has a stronger negative differential resistivity.
This is due to the fact that the electron effective mass is
smaller (0.29m0) in the direction parallel to the c-axis than in
the perpendicular direction (0.42m0) [9]. m0 is the free space
electron mass.

Due to the trend of reducing the size of transport channels
in silicon carbide devices to submicron scales, in particular
for high-speed/high-field switching applications, nonstationary
physical conditions will often be imposed upon carrier transport
mechanisms in silicon carbide polytypes, leading to transients
in the carrier drift velocity and in the mean energy occurring
mainly at the beginning, for example, of the source–drain
length. High-field transport transient of electrons in 6H- and
3C-SiC during the subpicosecond regime has been modeled
within parabolic and nonparabolic band schemes, taking into
account high lattice temperature effects [10,11]. The transient
regime was predicted to be shorter than 0.2 ps, having an
overshoot in the electron drift velocity for sufficiently high
(>300 kV/cm) electric fields. This effect is more pronounced
when band nonparabolicity is considered. An increase in the
lattice temperature ∆T was shown to reduce the electron
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drift velocity, and was even able to eliminate the overshoot
effect in the electron drift velocity in 4H- and 3C-SiC, when
∆T ∼ 400 K, depending on the applied electric field strength.
Recently, high lattice temperature effects on the ultrafast
electron transport parallel to the c-axis direction in 4H-SiC
has been studied [12]. It was demonstrated that the ultrafast
transport regime follows a subpicosecond scale (.0.5 ps),
during which an overshoot in the electron drift velocity occurs
for high electric fields (&60 kV/cm), depending on the lattice
temperature. When the electric field strength is sufficient, an
increase in the lattice temperature cannot eliminate the electron
drift overshoot effect, although it can reduce it considerably due
to the stronger electron–phonon scattering, while at the same
time shifting the overshoot peak of the electron drift velocity to
earlier times. However, band structure anisotropy effects on the
electron transport transient properties in 4H-SiC have not been
investigated.

The purpose of this work is to present results on how
the band structure anisotropy in 4H-SiC changes the electron
transport during the ultrafast transient regime. A partially
compensated n-type material with NA = 1016 cm−3 and
ND = 6 × 1016 cm−3 is assumed in the calculations,
and numerical solutions were obtained considering electric
fields applied in directions parallel and perpendicular to the
c-axis; me‖c = 0.29m0 and me⊥c = 0.42m0 [9]; the
band nonparabolicity factor is 0.323 ev−1; the other 4H-SiC
parameters are taken from Ref. [6]. All the calculations were
performed for a lattice temperature of 300 K. The evolution
of the mean electron drift velocity v(t) and mean energy ε(t)
towards the steady state is studied by solving numerically the
following coupled Boltzmann-like energy–momentum balance
transport equations, within the single equivalent valley picture
of Tsukioka, Vasileska, and Ferry [13], and considering the
momentum (τp) and energy (τε) relaxation time approximation:

dv(t)

dt
=

q E

mc
−

v(t)

τp(ε)
; (1)

dε(t)

dt
= qv(t)E −

ε(t) − εL

τε(ε)
, (2)

where εL = 3kBTL/2 is the average electron thermal
energy at the lattice temperature TL ; τp(ε) and τε(ε) are
the momentum and energy relaxation times, respectively; kB
is the Boltzmann constant, q is the electric charge of the
electron, and mc is the electron effective mass in the band.
The relaxation times τp and τε are estimated taking full
advantage of the stationary state data of Quan, Weng, and
Cui [8], i.e. acoustic deformation potential scattering, polar-
optical phonon scattering, and ionized impurity processes are
taken into account. However, nonpolar optical phonon, alloy
and impact ionization scattering, and band-to-band tunneling
are not considered [7], which is a drawback of our work.
These mechanisms seem to contribute strongly to the existence
of a negative differential resistance (NDR) in 4H-SiC for
electric fields higher than 3 kV/cm [7]. However, the recent
transport measurements of Ardaravičius et al. [14] in 4H-SiC
at 293 K indicate the absence of NDR for electric fields up to
280 kV/cm.
The momentum and energy relaxation time strategy follows
the scheme originally proposed by Shur [15], Rolland et al.
[16], Carnez et al. [17], and Nougier et al. [18]. This approach
was used by Alencar et al. [19] to investigate the high-
field transport transient of minority carriers in p-GaAs, and
by Caetano et al. [20] to study high magnetic field effects
on the terahertz mobility of hot electrons in n-type InSb.
Recently, Foutz et al. [21] compared transient electron transport
results in wurtzite GaN, InN, and AlN calculated using Monte
Carlo simulations and using the energy–momentum balance
approach, finding a quite reasonable overall agreement. The
great advantage of the approach used in this work is that it
requires a shorter computation time when compared with the
full Monte Carlo method. It is important to remark that a
possible way of taking into account nonpolar optical phonon,
alloy and impact ionization scattering, as well as band-to-band
tunneling indirectly, in order to study their influence on the 4H-
SiC transient transport regime, is to use the steady state v × E
and ε × E obtained by Hjelm et al. [7] for the calculation of
the momentum and energy relaxation times to be used in the
coupled Boltzmann-like energy–momentum balance transport
equations.

Fig. 1 presents the ultrafast transient behavior of the electron
drift velocity v(t) in the parallel (solid lines) and perpendicular
(dashed lines) directions with respect to the c-axis in 4H-
SiC subjected to electric field intensities of (a) 66 kV/cm,
(b) 360 kV/cm, (c) 660 kV/cm, and (d) 960 kV/cm. For a
given electric field, ve‖c(t) is always higher than ve⊥c(t) at
any instant in time t , due to the fact that me‖c < me⊥c. For
electric field intensities smaller than 100 kV/cm, the transient
regime of the electron drift is longer than 0.2 ps; however,
when electric field strength increases, the ultrafast electron drift
velocity transient becomes faster, arriving in less than 0.08 ps
for electric fields stronger than 660 kV/cm. The onset of the
drift velocity overshoot effect is weakly dependent on the band
structure anisotropy, as can be observed in Fig. 1(a): a weaker
electric field is necessary for the overshoot effect to occur in
the direction parallel to the c-axis than that perpendicular to
it. From Fig. 1(b)–(d), the overshoot effect is slightly stronger
and occurs earlier in the direction parallel to the c-axis than
in the perpendicular direction. The electric field dependence
of the instant tpeak,ve‖c (tpeak,ve⊥c ) at which the peak of the
electron velocity vmax,e‖c (vmax,e⊥c) occurs is plotted in Fig. 2,
showing that tpeak,ve‖c < tpeak,ve⊥c for a given electric field. The
difference between them becomes smaller when the electric
field strength increases.

The evolution towards the steady state of the energy
of the electron accelerated in the parallel (solid lines) and
perpendicular (dashed lines) directions with respect 4H-SiC c-
axis is depicted in Fig. 3. The transient regime of the electron
energy is always shorter and reaches higher-steady state values
in the former direction than in the latter, due to the fact that
the overall electron scattering mechanisms are weaker in the
parallel than in the perpendicular direction. In a similar way
to that which occurs in the case of the transient regime of
the electron drift velocity, the transient regime of the electron
energy is longer than 0.2 ps for electric field intensities smaller
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Fig. 1. Time evolution of the electron drift velocity in 4H-SiC at 300 K for
electric fields applied in the directions parallel (solid line) and perpendicular
(dashed line) to the c-axis with intensities: (a) 60 kV/cm; (b) 360 kV/cm; (c)
660 kV/cm; and (d) 960 kV/cm.

Fig. 2. Electric field behavior of the time in which the electron drift velocity
overshoot peak occurs in 4H-SiC at 300 K for electric fields applied in the
directions parallel (solid line) and perpendicular (dashed line) to the c-axis for
tpeak,ve‖c and tpeak,ve⊥c , respectively.

than 100 kV/cm; however, when the electric field strength
increases, the ultrafast electron energy transient becomes faster,
arriving in less than 0.12 ps for electric fields stronger than
660 kV/cm.
Fig. 3. Time evolution of the electron energy in 4H-SiC at 300 K for electric
fields applied in the directions parallel (solid line) and perpendicular (dashed
line) to the c-axis with intensities: (a) 60 kV/cm; (b) 360 kV/cm; (c)
660 kV/cm; and (d) 960 kV/cm.

In conclusion, results concerning band structure anisotropy
effects on the ultrafast transient properties of electrons in
4H-SiC subjected to electric fields in the directions parallel and
perpendicular to the c-axis have been presented. The anisotropy
was shown to be able to change the characteristics of the
overshoot effect in the electron drift velocity (the strength and
instant at which the velocity peak occurs) and to alter the
transient regime of the electron energy. Although the theoretical
scheme used to describe the electron transport transient regime
in 4H-SiC is recognized as very effective computationally, it has
the drawback of not taking into account detailed characteristics
of the band structure, like mixing and crossing points [7]. A
possibility of indirectly taking these scattering mechanisms
into account, in order to study their influence on the 4H-SiC
transient transport regime, is to use the steady state v × E
and ε × E calculated by Hjelm et al. [7] to determine the
momentum and energy relaxation times. However, improved
measurements of the 4H-SiC band structure have not yet been
performed, which is a limiting factor for taking into account the
detailed band structure in transport calculations. The theoretical
methods used at present for band structure calculations also
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have their own problems if a detailed description is sought
(the problems related to the calculation of the valence band
are well known, for example). Despite the drawbacks of the
theoretical approach used in this work, it should stimulate state-
of-the-art transport calculations based on detailed experimental
band structure results in order to confirm the band structure
anisotropy effects on the ultrafast electron transport in 4H-
SiC presented here. With regard to measurements of the 4H-
SiC transient transport properties, this difficult task has not yet
been accomplished. However, optical-based techniques have
been used recently to measure velocity-field characteristics and
transient velocity overshoot in III-nitrides [22–25], overcoming
the difficulties of classical transport measurement methods, and
show promise for probing transport properties in silicon carbide
polytypes.
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Confinement features of excitons in Si-SiO2-Si and Si-CaCO3-Si spherical nanoparticles �NPs� with
a core–double-shell structure are studied in this work. In order to compute carrier and exciton
ground-state energies, we estimate electron and hole effective masses in CaCO3 calcite using
first-principles calculations. A comparison is made between the recombination energies and
oscillator strengths of excitons in SiO2 and CaCO3 NPs as a function of diameter and barrier �middle
shell� thicknesses. The recombination energy spans the energy range of the visible spectrum by
changing the barrier width. The excitonic oscillator strength is orders of magnitude larger for
Si-CaCO3-Si NPs in comparison to Si-SiO2-Si NPs. The results allow us to suggest that
Si-CaCO3-Si nanoparticles emitting light in any wavelength between the infrared and ultraviolet can
be fabricated, and are more efficient than SiO2-based ones. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2756057�

I. INTRODUCTION

For a long time silicon has been kept away from opto-
electronic applications due to its indirect band gap, which
drastically decreases light emission efficiency. This situation
changed, however, when light emission and optical devices
based on nanostructured porous silicon1–3 and silicon quan-
tum dots4–11 were achieved. Binding electrons and holes in-
side these structures greatly increases the probability of ra-
diative recombination. Light emission from silicon was
experimentally obtained in a range covering infrared to blue
light �in the case of smaller wavelengths, the emission is
assigned to defects and impurities�, the fabrication being
common of Si quantum dots in a matrix of SiO2 using avail-
able complementary metal-oxide-semiconductor �CMOS�
technology. Photons emitted by Si dots in this SiO2 substrate
have energies that do not increase as the size of the dots
decreases due to the appearance of localized levels inside the
gap created by the double bounds between oxygen and sili-
con atoms in the matrix.12,13

Quantum-dot quantum wells �QDQWs� are nanohetero-
structures, with a quantum-well region embedded in the
quantum dot. Reports on quantum-dot quantum-well nano-
particles indicate that they exhibit higher quantum efficien-
cies of photoluminescence �PL� and absorption in the visible
to infrared wavelength range than single-material-based
nanoparticles, due to the tighter quantum confinement effect
of the carriers.14,15 Therefore, QDQW nanoparticles can be

used in many applications involving optical devices,16 such
as photodetectors and photovoltaic cells. Kim et al.17 mea-
sured the optoelectronic characteristics of CdTe/HgTe/CdTe
QDQW nanoparticles synthesized by the colloidal method
and observed strong exciton bands in absorption and PL
spectra taken for the CdTe/HgTe/CdTe QDQW nanopar-
ticles. In comparison with CdTe and HgTe nanoparticles, the
energy difference between the exciton absorption and PL
bands is larger. Braun et al.18 prepared multilayer quantum-
well structures in semiconductor quantum dots by precipita-
tion of HgS, CdS, HgS, and again CdS, obtaining a nano-
structure with two HgS quantum wells separated by a double
layer of CdS. ZnS/CdS QDQWs were grown also,19,20 and
some theoretical works have explored the use of tight-
binding methods,21,22 effective mass approximation, and k ·p
multiband methods23–28 to describe the quantum confinement
of carriers and excitons in QDQWs.

On the other hand, calcium carbonate �CaCO3� is a
cheap material with a wide range of applications as a mineral
filler to improve the mechanical performance of polymers,29

in the manufacturing of polarizers, beam splitter elements,
laser shutters, and other optical units, as well as an additive
to lubricating oil.30 CaCO3@SiO2 core-shell nanoparticles
were created considering a surface precipitation procedure
using cubic calcite as seeds on which a silica layer was
grown.31 There is a lot of interest in core-shell nanoparticles
due to their potential applications in various branches of sci-
ence and technology. In the field of drug delivery, for in-
stance, it was proposed as a method to use calcium carbonate
nanoparticles to incorporate hydrophilic drugs and bioactivea�Electronic mail: ewcaetano@gmail.com

JOURNAL OF APPLIED PHYSICS 102, 023712 �2007�

0021-8979/2007/102�2�/023712/6/$23.00 © 2007 American Institute of Physics102, 023712-1

Downloaded 08 Jan 2011 to 200.17.35.1. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1063/1.2756057
http://dx.doi.org/10.1063/1.2756057
http://dx.doi.org/10.1063/1.2756057


proteins.32 CaCO3 was also reported to be useful as an intra-
nasal carrier of insulin and hydrophilic compounds, because
of its easy production and slow biodegradability.33 To the
knowledge of the authors, however, there is up to now in the
scientific literature no study of the carrier confinement prop-
erties of CaCO3 nanoparticles and how they affect light
emission. It is also unknown how the replacement of a SiO2

barrier by a CaCO3 barrier will change the confinement fea-
tures of their core–double-shell NPs. In order to partially fill
up this research gap, we present here theoretical results on
excitons inside Si-CaCO3-Si and Si-SiO2-Si core–double-
shell spherical nanoparticles, as well as some suggestions on
how to use CaCO3 in nanostructures to achieve a more effi-
cient light emission in the infrared-ultraviolet range.

II. THEORETICAL MODELING

A. Ab initio calculations and CaCO3 effective masses

Due to the lack of experimental and theoretical data on
the effective masses of electrons and holes in CaCO3 calcite,
we first obtained its electronic band structure through ab
initio calculations using the CASTEP code,34 which imple-
ments the density functional theory �DFT� formalism.35,36

Electronic valence states for calcite were computed using
both the local density approximation �LDA, Perdew-Zunger
exchange term and Ceperley-Alder parametrization37,38� and
the generalized gradient approximation �GGA, Perdew-
Burke-Ernzerhof exchange-correlation functional39� disre-
garding relativistic effects. Volume and atomic internal coor-
dinates were optimized for a calcite CaCO3 unit cell using a
set of ultrasoft pseudopotentials,40 a plane-wave basis set
with energy cutoff of 500 eV, and a Monkhorst-Pack integra-
tion scheme with a 6�6�6 sampling of the first Brillouin
zone.41 The total energy/atom convergence tolerance for the
self-consistent field was 5�10−6 eV/atom. The same
energy/atom threshold was adopted to reach geometry opti-
mization, together with maximal tolerances for ionic forces,
stress components, and ionic displacements of, respectively,
0.01 eV/Å, 0.02 GPa, and 0.5�10−3 Å. The cutoff energy
chosen for the electronic properties calculations was also 500
eV. The valence electronic configurations are 3s23p64s2 �cal-
cium�, 2s22p2 �carbon�, and 2s22p2 �oxygen�. More details
on the geometry optimization results, as well as calculated
optoelectronic properties for calcite, should be published
elsewhere.

Both LDA and GGA results suggest that calcite is an
indirect wide-gap insulator, with valence band maximum at
D and a conduction band minimum along the �→Z direction
very close to the doubly degenerate conduction bands with
local minimum at Z �see Fig. 1�. The energy gaps are
Eg

LDA�D→Z�=4.95 eV and Eg
CGA�D→Z�=5.07 eV, a result

to be compared with the experimental value 6.0±0.35 eV
�Ref. 42� �error of 15.7%�, and are in good agreement with
previous theoretical results.43,44 The carrier effective masses
of calcite for the main valence and conduction band extrema
�including the existence of a degeneracy at Z in the case of
electrons, me

I �II��Z→�� and me
I �II��Z→D�, with I and II rep-

resenting the degenerate states in the conduction band� are
given in Table I. It can be noted that there is a very pro-

nounced anisotropy in the bands and that the LDA and GGA
estimates of the carriers effective masses are for the most
part close. We have adopted the GGA effective mass esti-
mates to calculate the quantum confinement of electrons and
holes inside the Si-CaCO3-Si nanoparticles. Due to the elec-
tronic degenerate bands at Z, we have chosen the “heavy”
electron mass I along the Z→� direction. Since experimen-
tal results on the carriers effective masses of calcite are still
lacking, a direct evaluation of our theoretical estimates is not
possible, but they can stimulate experimental investigations.

B. Quantum confinement and exciton energy

In this work we consider the effective-mass Hamiltonian
for each confined carrier given by

Ĥi = −
�2

2
� · � 1

mi
��ri�

� �i�ri�� + Vi�ri��i�ri� , �1�

where i=e ,h denotes the type of carrier �electron or hole�.
mi

��ri� is the position-dependent effective mass. As the nano-
particles are spherically symmetric, mi

� depends only on the
radial coordinate ri. This effective mass is estimated for each
material by averaging effective masses along different direc-
tions. For Si and SiO2, electron and heavy-hole effective
masses were taken from Ref. 42. Vi�ri� is the nanoparticle
confinement potential, also spherically symmetric, obtained
according to

FIG. 1. Electronic band structure calculated for CaCO3 calcite: GGA �solid
line� and LDA �dashed line� results.

TABLE I. Carrier effective masses of CaCO3 calcite along different sym-
metry directions. All masses are relative to the free electron mass m0. The
index I indicates the “heavy” electron state in the conduction band along the
Z→�direction and II the “light” state.

me
I�II��Z→�� me

I�II��Z→D� me�D→A�

LDA 2.4 �1.6� 1.3 �3.0� 28.5
30 �1.8� 1.4 �3.3� 10.4

mh�D→Z� mh�D→A�
LDA 1.4 3.6
GGA 1.5 4.2
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Vi�ri� =�
Vcore

i if ri � �R − ��/2,

Vmiddle shell
i if �R − ��/2 � ri � �R + ��/2,

Vouter shell
i if �R + ��/2 � ri � R ,

� if ri 	 R .
�
�2�

R is the nanoparticle radius, while � is the thickness of the
middle shell. We have chosen the confinement potential in
such a way that the core radius is equal to the outer-shell
thickness. In the case of the Si-X-Si �X=SiO2,CaCO3�
spherical NPs we study here, Vcore

i =Vouter shell
i �Vmiddle shell

i ,
and we have two wells of Si separated by a barrier �middle
shell� made of SiO2 or CaCO3 and thickness given by �. We
considered, for each carrier, that Vcore

i =Vouter shell
i =0. On the

other hand, Vmiddle shell
i is given by

Vmiddle shell
e = Qe

X/Si�Eg
X − Eg

Si� ,

Vmiddle shell
h = �1 − Qe

X/Si��Eg
X − Eg

Si� , �3�

where Eg
Si=1.12 eV is the band gap of bulk silicon45 and Eg

X

is the band gap for the X material �SiO2 or CaCO3�. Here we
adopt Eg

SiO2 =9.0 eV �Ref. 45� and Eg
CaCO3 =6.0 eV.42 Qe

X/Si is
the conduction band offset for the X /Si heterojunction. There
are no experimental data on the valence and conduction band
alignment in CaCO3/Si interfaces. Notwithstanding, it was
possible to estimate the conduction band offsets through the
differences of electron affinities between these materials.46,47

In the case of a CaCO3/Si heterojunction, Qe
CaCO3/Si=0.59.

For the SiO2/Si heterojunction, we have Qe
SiO2/Si=0.38.

To evaluate the 1s exciton binding energy, we calculated
the Coulomb interaction energy to first approximation, which
can be written as

EB = −
e2

4
�0�
	 	 dredrhre

2rh
2 
�e�re�
2
�h�rh�
2

max�re,rh�
. �4�

The �i�ri� which appears in this integral is the ground-state
wave function for the ith carrier obtained by diagonalizing
the one-carrier Hamiltonian. EB is an estimate of the 1s ex-
citon binding energy. � is the relative dielectric constant of
the nanoparticle. We obtain � by averaging the dielectric
functions of the Si and X materials using a volume-based
weighting:

� =
�SiVSi + �XVX

VSi + VX
, �5�

where VSi and VX are, respectively, the volumes of Si and X
in the nanoparticle. The CaCO3 dielectric constant relative to
the vacuum is 8.19. To perform the confinement computa-
tions we have adopted the dielectric parameters recom-
mended in Ref. 45 for silicon and amorphous silicon oxide,
�Si=11.9 and �SiO2

=3.9. Diagonalization of Schrödinger
equation for each carrier was performed using the classical
finite-differences scheme, with a meshing of at least 10 000
points to achieve convergence in the ground-state eigenen-
ergy with a threshold of 0.001 meV. The exciton total energy
is given by Eexc=Eg

Si+Ee+Eh+EB, where Ee and Eh are, re-
spectively, the electron and hole ground-state energies.

III. RESULTS AND DISCUSSION

A. Carrier confinement

The nanoparticles we study here have a single quantum
barrier placed where usually QDQW nanoparticles have a
single quantum well and two quantum wells where the quan-
tum barriers are commonly located.23–28 The SiO2 �CaCO3�
barrier height is 2.99 eV �2.87 eV� for the electron and 4.89
eV �2.00 eV� for the hole. So the electron potential energy
profile is practically the same for both Si-SiO2-Si and
Si-CaCO3 NPs, while the hole potential energy barrier is
highest if the barrier is made of SiO2. In presenting the fol-
lowing results, we must take some caution with data involv-
ing scales smaller than 2 nm due to the well-known limits of
the effective mass approximation. However, as effective
mass theory predictions were validated in many circum-
stances beyond the theory’s domain of applicability, we take
them into account in our discussions.

Figure 2 shows the ground-state density of probability
for the electron and the hole in Si-SiO2-Si and Si-CaCO3

NPs with the same radius of 3 nm. In Si-SiO2 NPs, the den-
sity of probability for the electron when the barrier �middle-
shell� thickness is �=0.3 nm �Fig. 2�a�� has two peaks, one
at the NP core and the other one at the outer shell, the latter
being more pronounced. On the other hand, the density of
probability for the hole has a peak at the core which is much
higher than the peak at the outer shell. The probability of
finding the electron or the hole at the barrier is very small.
When the SiO2 barrier thickness increases to 1.2 nm �Fig.
2�b��, the smaller peaks of probability practically disappear,
and the electron becomes located mainly at the outer shell
while the hole stays for the most part of time at the core,
leading to an electron-hole separation which contributes to
decrease the odds for the carriers to recombine. When the

FIG. 2. Electron �solid line� and hole �dotted line� ground-state densities of
probability for Si-SiO2-Si �plots at left, �a�, �b�, �c�� and Si-CaCO3-Si �plots
at right, �a��, �b��, �c��� nanoparticles of radius R=3 nm. The barrier
�middle shell, shaded� thickness varies from 0.3 nm to 2.5 nm. Plots in the
same row have the same barrier thickness.
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SiO2 barrier is 2.5 nm �Fig. 2�c��, with Si core and outer-
shell radii of 0.25 nm, the hole is squeezed at the core and its
density of probability curve penetrates approximately 0.3 nm
inside the middle shell. The electron density of probability,
on the other hand, spreads out across the SiO2 barrier.

In the case of a Si-CaCO3-Si NP, independently of the
barrier thickness, as Figs. 2�a��, 2�b��, and 2�c�� show, the
electron and hole densities of probability are always peaked
at the core, which means that the probability of carrier re-
combination is larger in comparison with the Si-SiO2-Si NP.
The reason which explains the discrepancy between the car-
rier confinement for nanoparticles as the barrier material is
altered �from SiO2 to CaCO3� can be tracked down to the
differences between the effective mass profiles along r. In
the case of a single electron in the Si-SiO2-Si NP, effective
masses vary �in units of the fundamental charge� from 0.43
�Si core� to 0.3 �SiO2 barrier� to 0.43 �Si outer shell� again,
while for the Si-CaCO3-Si NP the electron effective mass
profile is 0.43 �Si core�–2.2 �CaCO3� barrier–0.43 �Si outer
shell�. In a Si-CaCO3-Si NP, therefore, the electron effective
mass at the barrier is much larger than the electron effective
mass at the core and outer shell, while in a Si-SiO2-Si NP the
electron mass at the barrier is the smallest. The hole effective
mass profile, on the other side, has the same qualitative be-
havior for both Si-SiO2-Si �hole mass profile 0.33–1.0–0.33�
and Si-CaCO3-Si �hole mass profile 0.33–2.84–0.33� NPs,
with the hole mass larger at the barrier in comparison to the
masses at the core and at the outer shell. This is what ex-
plains the same qualitative behavior observed for the hole
density of probability, always peaked at the core even if we
switch from a SiO2 to a CaCO3 barrier.

Figure 3 presents the probabilities of finding electrons
and holes at the core, barrier and outer shell. Curves for the
hole are similar when we compare SiO2 and CaCO3 barriers,
but the curves related to the probability of finding the elec-

tron in different regions are remarkably distinct as we change
the barrier material. In the CaCO3 case, electron probabilities
follow closely the curves for the hole ones, and the probabil-
ity of finding the electron at the core equals the probability of
finding the electron at the barrier when the barrier thickness
is 2.5 nm. Nevertheless, for a SiO2 barrier the probability of
finding the electron at the outer shell is initially higher than
the probability of finding the electron at the core, the first
increasing to a maximum at �=1.2 nm, the second decreas-
ing to practically zero for �	1.3 nm. For �	1.9 nm, the
probability of finding the electron at the outer shell decreases
sharply, and its curve crosses the curve of the probability of
finding the electron at the barrier when ��2.25 nm.

Using the ground-state wave functions, it is possible to
calculate the root-mean-square distance between the electron
and the hole both confined in the nanoparticle. As can be
seen in Fig. 4, for R=3,4 ,5 nm the Si-SiO2-Si nanoparticles
have larger distances between the carriers, varying from 1.7
nm to almost 5 nm, in comparison to Si-CaCO3-Si NPs. The
curves obtained for different values of R are qualitatively
similar, initially with a sharp increase as � is augmented,
then increasing in a linear fashion, and, finally, when the core
radius�outer shell thickness is close to 0.5 nm, decreasing
sharply �this is due in most part to the spreading of the elec-
tron wave function across the barrier as the core and outer-
shell regions become smaller�. The electron-hole distance for
Si-CaCO3-Si practically decreases linearly as � increases,
increasing sharply only for �	2.6 nm and R=3 nm. These
electron-hole distance curves are useful, as we will see, to
interpret the figure of the exciton binding energy as a func-
tion of �.

B. Exciton confinement

Figure 5 depicts the nanoparticles exciton binding en-
ergy �top� and exciton total energy �bottom�. In the case of
Si-SiO2-Si NPs, the binding energy is comprised in the 36–
210 meV range for the values of R studied in our work. The
EB curves can be related to the root-mean-square ones pre-
sented in Fig. 4, because the exciton binding energy is pro-
portional to the inverse of the distance between the electron
and the hole. Indeed, the EB plots follow closely the behavior
of the mean distance plots. The Si-CaCO3-Si nanoparticle
exhibits larger values for the exciton binding energy, in the
80–610 meV range, due to the smaller mean distance be-
tween the confined carriers or, which turns to be equivalent,

FIG. 3. Solid lines: probability of finding the electron in the ground state at
the NP core �solid circles�, at the barrier �solid squares�, and at the outer
shell �solid triangles�. Dashed lines: probability of finding the hole in the
ground state at the NP core �open circles�, at the barrier �open squares�, and
at the outer shell �open triangles�.

FIG. 4. Mean value of the electron-hole distance for different values of R
for both Si-SiO2-Si and Si-CaCO3-Si nanoparticles. Solid lines: R=3 nm.
Dashed lines: R=4 nm. Dotted lines: R=5 nm.
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to the much larger overlap between their wave functions. For
the sake of comparison, Feng et al.48 obtained �80 eV for
the exciton binding energy in a Si nanoparticle with R
=3 nm. We note also that larger values of the binding energy
tend to increase the probability of electron-hole recombina-
tion.

The exciton total energy, shown at the bottom of Fig. 5,
is in general larger for Si-SiO2-Si nanoparticles in compari-
son to Si-CaCO3-Si ones for the same values of R and �. In
the case of a R=3 nm nanoparticle, the SiO2 barrier in-
creases the total energy from 1.8 eV ��=0.3 nm� to 8.9 eV
��=2.7 nm�, covering the energy range corresponding to the
visible, and deep into the ultraviolet spectrum. With R
=3 nm, on the other side, the Si-CaCO3-Si nanoparticle ex-
hibits Eexc varying from 1.5 eV ��=0.3 nm� to 5.6 eV ��
=2.7 nm�, covering the whole visible spectrum, part of the
infrared, and part of the ultraviolet �notwithstanding the
smaller maximum energy in comparison to its Si-SiO2-Si
counterpart�. This raises the question of whether or not it is
possible to use these nanoparticles for optoelectronic appli-
cations. Indeed, to explore this possibility we present, in Fig.
6, the relative excitonic oscillator strength, defined by

f� =

��e
�h


2

Eexc
, �6�

where 
�e
 and 
�h
 are, respectively, the electron and hole
ground-state wave functions. In the case of Si-SiO2-Si NPs,
f� decreases abruptly as � increases, being very close to zero
for �	1.3 nm. For Si-CaCO3-Si NPs, however, f� de-
creases much more smoothly and its minimum value is 0.17.
The value of f��CaCO3/SiO2� for a CaCO3 barrier in com-
parison to a SiO2 barrier is shown at the bottom of Fig. 6.
For the smallest radius �R=3 nm�, f��CaCO3/SiO2� in-
creases from �1 for �=0.3 nm to 4400 for �=1.9 nm, de-
creasing for larger values of �. Changing R to 5 nm, we have
a maximum f��CaCO3/SiO2��5�109 for �=3.7 nm. For
the energy range 1.8–3.5 eV �visible spectrum�,

f��CaCO3/SiO2� for a 5 nm radius varies from 35 000 to
�5�109, indicating that 5-nm Si-CaCO3-Si NPs are much
more efficient for light emission �and absorption� in the vis-
ible and near ultraviolet than 5-nm Si-SiO2-Si ones. This
should be compared with theoretical and experimental calcu-
lations for Si NPs,48 emitting in the visible only for R
�1.6 nm. We note that the relative oscillator strength de-
fined in Eq. �6� is not the full excitonic oscillator strength
because it lacks a term which depends on the specific mate-
rials used to build the NP. Notwithstanding, we believe that
this relative oscillator strength allows us to assess the prob-
ability of electron-hole recombination in the studied systems,
especially if we keep in mind the huge values assumed by
f��CaCO3/SiO2�. The emission wavelength in Si-CaCO3-Si
NPs could be controlled, in theory, by varying the CaCO3

barrier thickness, leading to potential applications in the
fields of optoelectronics and biological labeling �in the latter
case, overcoming biocompatibility problems due to the bio-
logically inert nature of the nanoparticle components�.

IV. CONCLUSIONS

In conclusion, quantum confinement features of carriers
and excitons in Si-SiO2-Si and Si-CaCO3-Si core–double-
shell nanoparticles were calculated. First-principles compu-
tations were performed to estimate effective masses and en-
ergy band gaps for CaCO3 calcite within the LDA and GGA.
There is a discrepancy between the electron confinement fea-
tures for nanoparticles as we switch from one barrier mate-
rial to another �from SiO2 to CaCO3�: the electron in
Si-SiO2-Si tends to stay in the outer shell while the hole is
more easily located inside the core; in Si-CaCO3-Si NPs,
electrons and holes both stay mainly in the core with strong
overlap. The electron-hole spatial separation in Si-SiO2-Si
NPs drastically decreases the relative oscillator strength.
Such a difference in the electronic confinement observed for
distinct barrier materials is caused by the different effective
mass profiles along r when SiO2 and CaCO3 are used. It was

FIG. 5. Exciton binding �top� and total �bottom� energies for Si-SiO2-Si and
Si-CaCO3-Si nanoparticles. Solid lines: R=3 nm. Dashed lines: R=4 nm.
Dotted lines: R=5 nm.

FIG. 6. Top: exciton oscillator strength in Si-SiO2-Si and Si-CaCO3-Si
nanoparticles. Bottom: ratio between the oscillator strengths of nanoparticles
with CaCO3 and SiO2 barriers. Solid lines: R=3 nm. Dashed lines: R
=4 nm. Dotted lines: R=5 nm.
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also shown that the exciton recombination energy in
Si-SiO2-Si and Si-CaCO3-Si NPs can be controlled by
changing the barrier thickness and covers the energy range
from the infrared to the ultraviolet. Our calculations indicate
that both kinds of NPs should emit and absorb visible light
by tuning the barrier thickness, but with the CaCO3 barrier
nanoparticle optically more effective than the SiO2 barrier
one. Hence, we suggest the use of Si-CaCO3-Si NPs to ob-
tain light emission in an energy range covering the entire
visible spectrum, with possible applications in optoelectron-
ics and biological labeling.
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High lattice temperature effects on the electron transport transient in the 4H-SiC c-parallel direction
are studied within a single equivalent isotropic valley picture in the momentum and energy
relaxation time approximation. The ultrafast transport regime occurs in a subpicosecond scale
��0.2 ps�, during which an overshoot in the electron drift velocity starts to be evident for high
electric fields ��60 kV/cm�, depending on the lattice temperature. An increase of the electric field
strength shifts the overshoot peak of the electron drift velocity to an earlier time. For a strong
enough electric field, a higher lattice temperature cannot eliminate the electron drift overshoot
effect, but can reduce it considerably due to a stronger electron-phonon scattering. © 2007
American Institute of Physics. �DOI: 10.1063/1.2769334�

I. INTRODUCTION

The ongoing development of SiC-based devices for ap-
plications in high-frequency and high-power domains1–3 is
driving efforts for an improved understanding of the high
field transport properties of several silicon carbide polytypes,
as 3C-SiC �cubic symmetry�, 4H- and 6H-SiC �hexagonal
symmetry�, the most studied. Although 4H-SiC has a com-
plex band structure with anisotropic carrier effective masses,
its electron mobility is almost two times larger, and its an-
isotropy ratio is six times smaller that of 6H-SiC. 4H-SiC
has also a band gap and breakdown field higher than 3C-SiC,
which considerably favors its use for technological applica-
tions. Despite the advantage of 4H-SiC for use in devices
operating in high-temperature environments and the present
trends toward device downscaling, most of the developed
theoretical investigations have focused on its steady state
transport properties at room temperature,4 with considerable
attention to details of the 4H-SiC band structure. However,
recent measurements on n-type 4H-SiC samples have dem-
onstrated changes of more than one order of magnitude in
the Hall mobility within 33–900 K the temperature range.5

On the other hand, simulations of high-frequency 4H-SiC
metal-semiconductor field-effect transistors �MESFETs� are
pointing to the existence of nonstationary transport in submi-
cron channels oriented parallel to the c axis,6 with a six times
increase of the electron temperature in the source-drain dis-
tance.

In a pioneering work, Joshi7 performed Monte Carlo cal-
culations on the steady state temperature- and field-
dependent electron mobilities, drift velocities, and diffusion
coefficients in 4H-SiC within the single equivalent isotropic
valley picture of Tsukioka et al.8 For electric fields of
�10 kV/cm, they obtained an order of magnitude decrease
�from �10�107 to �0.1�107 cm/s� in the electron drift
velocity for a variation in the sample temperature from

77 to 600 K; for stronger electric fields of �103 kV/cm,
they obtained only a 20% decrease in the electron drift ve-
locity for the same temperature variation. Quan et al.9 have
investigated anisotropy effects on the electron transport in
4H-SiC at lattice temperatures of 300, 673, and 1073 K
within a hydrodynamic model. They obtained an order of
magnitude decrease in the electron drift velocity and a 50%
magnitude increase of the electron temperature for an electric
field intensity of 10 kV/cm; for stronger electric fields �
�103 kV/cm�, they obtained only a 20% decrease in the
electron drift velocity for the same temperature variation, in
agreement with the results of Joshi.7 Nilsson et al.10 per-
formed Monte Carlo simulations of electron transport in
4H-SiC using a two-band model with multiple minima, in-
cluding band bending at the Brillouin zone boundaries. They
have obtained a lower saturation velocity in the c-axis direc-
tion �peak velocity of 1.8�107 cm/s� than in perpendicular
directions �peak velocity of 2.1�107 cm/s�, the former be-
ing 33% smaller than that predicted by Joshi.7 Nilsson et
al.10 estimated energy relaxation time constants of the orders
of 0.02 and 0.03 ps in the parallel and perpendicular c-axis
directions, respectively.

Seeking to contribute to a better understanding of the
4H-SiC transport properties in the submicron scale, a theo-
retical investigation of the ultrafast electron transport in
4H-SiC along the c-axis direction at lattice temperatures of
300, 673, and 1073 K is undertaken in this work. The calcu-
lations are performed by solving Boltzmann-like energy-
momentum balance equations for the electron drift velocity
and mean energy in the momentum ��p� and energy ���� re-
laxation time approximation, within the single equivalent
isotropic valley picture of Tsukioka et al.8

II. COMPUTATIONAL DETAILS

The transport equations are solved numerically follow-
ing the scheme originally proposed by Shur,11 and adopted
by several authors.12–16 Recently, Foutz et al.17 compared
transient electron transport results in wurtzite GaN, InN, and
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AlN using a Monte Carlo calculation with the Boltzmann-
like energy-momentum balance approach, finding a quite
reasonable overall agreement. The great advantage is that the
solution strategy used here requires a shorter computation
time in comparison with the full Monte Carlo method. A
partially compensated n-type material with NA=1016 cm−3

and ND=6�1016 cm−3 is assumed in the calculations. The
stationary state data of Quan et al.9 are fully considered to
obtain the momentum and energy relaxation times at 300,
673, and 1073 K, i.e., acoustic deformation potential scatter-
ing, polar-optical phonon scattering, ionized impurity pro-
cesses are taken into account. From cyclotron resonance
measurements,18 the 4H-SiC electron effective mass in the
c-axis direction is m� =0.29m0, where m0 is the free electron
mass; the band nonparabolicity factor is 0.323 eV−1; the
other 4H-SiC parameters are taken from Ref. 10.

III. RESULTS AND DISCUSSION

The transient transport regime in 4H-SiC follows in a
subpicosecond scale ��0.2 ps�, during which an overshoot
in the electron drift velocity parallel to the c axis is found for
high enough electric fields, depending on the lattice tempera-
ture. It is of the same order of the ultrafast transient regime
��0.2 ps� of electrons in 3C-SiC submitted to high electric
fields applied in the �111� direction.19 As a matter of fact,
Fig. 1�a� shows that 60 kV/cm is the electric field intensity
for a weak electron velocity overshoot to occur when the
lattice temperature is 300 K; at lattice temperatures of 673
and 1073 K, the same electric field strength does not produce

an overshoot effect, i.e., the electron drift velocity increases
monotonously toward the steady state. When the electric
field intensity is higher, an increase in the lattice temperature
is not enough to eliminate the electron drift velocity over-
shoot effect in the c-parallel direction of 4H-SiC, although it
is able to reduce it considerably due to the stronger electron-
phonon scattering, while at the same time shifts the over-
shoot peak of the electron drift velocity to an earlier time.
Figure 1�b� shows that this is the case for a 360 kV/cm
electric field strength, e.g., lattice temperatures of 300, 673,
and 1073 K give rise to decreasing peak/steady state velocity
ratios of 1.5, 1.3, and 1.2, respectively.

An important aspect resulting from the lattice tempera-
ture increase is the variation of the time tpeak at which the
electron drift velocity reaches its maximum value vmax. It is
clearly shown in Fig. 1�b� that an increase in the lattice tem-
perature shifts the electron drift velocity peak toward earlier
times, i.e., tpeak becomes smaller. In the case of a 360 kV/cm
electric field strength, a �400 K increase in the lattice tem-
perature reduces tpeak by �0.01 ps. The dependence of tpeak

and vmax on the electric field strength in the 50–1000 kV/cm
range is depicted in Fig. 2. While tpeak becomes smaller for
higher electric fields, vmax increases. However, both vmax and
tpeak decrease for higher lattice temperatures, which is in
agreement with the temperature-dependent weakening of the
velocity overshoot effect. One can see that the observed tpeak

shift due to an increase of 50 kV/cm in the applied electric
field strength is equivalent to that due to a 400 K increase in
the lattice temperature.

The evolution of the average electron energy toward the
steady state in 4H-SiC subjected to 60 and 360 kV/cm elec-
tric fields applied in the c-axis direction is presented in Figs.
3�a� and 3�b�, respectively, for three lattice temperatures. In
the weaker electric field case, the electron energy increases
very slowly, even after �0.1 ps; when the electric field is
stronger, the electron energy increases faster, giving rise to a
steady state around �0.05 ps. Finally, the growth rate of the
electron energy is larger when the lattice temperature is
small, which is due to the fact that more energy is transferred
by the electric field �and at a faster rate� to warm the elec-
trons when the lattice temperature is smaller.

FIG. 1. Time evolution of the electron drift velocity in 4H-SiC at 300 K
�solid line�, 673 K �dashed line�, and 1073 K �dotted dashed line�. The
electric fields applied in the c-parallel direction are 60 kV/cm �top� and
360 kV/cm �bottom�.

FIG. 2. Dependence on the electric field of the time tpeak in which the
electron drift velocity overshoot peak occurs in 4H-SiC at 300 K �solid
line�, 673 K �dashed line�, and 1073 K �dotted dashed line�. Also depicted is
the value vmax of the electron drift velocity at tpeak. The electric field was
applied in the c-parallel direction.
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IV. CONCLUSIONS

The results obtained in this work point to a considerable
decrease in the performance of submicron 4H-SiC-based de-
vices when operating at higher temperatures. This is due not
only to the overall decrease of the electron drift velocity
when the lattice temperature is higher but also due to the
weakening of the electron drift velocity overshoot effect.
Consequently, the mean electron drift velocity in the device
channels will be smaller when the lattice temperature in-
creases. Although the theoretical scheme used to describe the
electron transport transient regime in 4H-SiC is recognized
as very effective computationally, it has the drawback of dis-
regarding detailed characteristics of the band structure, such
as mixing and crossing points.4 However, improved mea-
surements of the 4H-SiC band structure have not been per-
formed yet, which is a limiting factor for a detailed band
structure picture to be considered in transport calculations.
The theoretical methods used nowadays for band structure
calculations have also their own problems since they under-
estimate the energy gap and predict inaccurate carrier effec-
tive masses for several materials, for example, Refs. 20–23.
Despite the drawbacks of the approach used in this work, it
should stimulate state of the art transport calculations based
on detailed band structure to confirm the high lattice tem-
perature effects on the ultrafast electron transport in 4H-SiC

presented here. Concerning measurements of the 4H-SiC
transient transport properties, this difficult task was not ac-
complished yet. However, optical-based techniques were
used recently to measure velocity-field characteristics and
transient drift velocity overshoot in III-nitrides,24–27 over-
coming difficulties of classical transport measurements
methods. They are very promising for probe transport prop-
erties in silicon carbide polytypes.
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a Departamento de Fı́sica Teórica e Experimental, Universidade Federal do Rio Grande do Norte, 59072-970 Natal, Rio Grande do Norte, Brazil
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Abstract

First-principles calculations are performed within the density functional theory (DFT) for the CaCO3 vaterite polymorph considering
exchange-correlation potentials in the local density approximation (LDA) and generalized gradient approximation (GGA). The crystal
structure of vaterite is considered to be orthorhombic, although there is considerable debate in the literature about a possible hexagonal
cell with disordered carbon and oxygen atoms. After convergence, the calculated orthorhombic lattice parameters are demonstrated to be
in good agreement with experimental results. The direct energy gap for vaterite is preview to be wide and estimated in LDA and GGA to
be ELDA

GðC!CÞ ¼ 4:68 eV and EGGA
GðC!CÞ ¼ 5:07 eV, but should underestimate the actual value yet to be measured. The optical absorption inten-

sity is previewed to be relevant for energies larger than 6.2 eV.
� 2007 Elsevier B.V. All rights reserved.
1. Introduction

Calcium carbonate (CaCO3) has three polymorphs: cal-
cite, aragonite, and vaterite. Calcite is thermodynamically
the most stable form at room temperature and pressure,
with promising industrial (plastic, rubbers, papers, paints
etc.), implants, and bio-optoelectronics applications. Ara-
gonite is metastable, transforming to calcite at 300–
400 �C in biogenic samples, and at 660–751 �C as fast
transformation in natural (abiogenic) crystals. Together
with a low amount (1–5% by weight) of a organic matrix
formed by proteins, glycoproteins and chitin, aragonite
constitutes the nacreous inner portion of mollusk shells,
having an important role in geochemistry and biomineral-
ization. Vaterite is the least stable CaCO3 form, and conse-
quently was not studied thoroughly. It was argued that
vaterite is rare and undergoes recrystallization owing to
its instability [1]. However, it was demonstrated by Malkaj
and Dalas [2] that the presence of aspartic acid in supersat-
urated CaCO3 solutions stabilizes the growth of vaterite
0009-2614/$ - see front matter � 2007 Elsevier B.V. All rights reserved.

doi:10.1016/j.cplett.2006.12.051
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polymorph crystals. Vaterite thin films were also prepared
by Xu et al. [3] and Ajikumar et al. [4] by different methods.
Theoretical calculations on the structural and electronic
properties of the CaCO3 calcite were performed by Skinner
et al. [5] and Medeiros (a) et al. [6], and of the CaCO3 ara-
gonite by Medeiros (b) et al. [7]. No first-principles calcula-
tions were undertaken for the CaCO3 vaterite polymorph
yet.

Calcite and aragonite occurs in a rhombohedral and
orthorhombic structure, respectively (see Refs. in [5–7]).
However, in the case of vaterite there are two crystalline
structure proposed in the literature. Meyer [8] was the first
to determine the vaterite crystalline structure by X-ray,
reporting an orthorhombic cell with the dimensions
a = 4.13 Å, b = 7.15 Å, c = 8.48 Å, space group Pnma,
and the following structure: Ca in (4a), with x = 0.0,
y = 0.0, z = 0.0; C in (4c) with x = 0.67, y = 1/4,
z = 0.157; O(1) in (4c) with x = 0.67, y = 1/4, z = 0.471;
O(2) in (8d) with x = 0.67, y = 0.118, z = 0.0. In 1960,
Meyer [9] proposed an orthorhombic cell for vaterite, but
with space group Pbnm due to the considerable disorder
of the carbonate molecules, which leads to partial occupan-
cies of different carbonate sites. However, Kamhi [10]

mailto:valder@fisica.ufc.br


60 S.K. Medeiros et al. / Chemical Physics Letters 435 (2007) 59–64
found a hexagonal cell with dimensions a = 4.13 Å,
c = 8.49 Å, space group P63/mmc, and the following struc-
ture: Ca in (2a) with x = 0.0, y = 0.0, z = 0.0; C in (6h)
with x = 0.29, y = 2x, z = 1/4–1/3; O(1) in (6h) with
x = 0.12, y = 2x, z = 1/4–1/3; O(2) in (12k) with
x = 0.38, y = 2x, z = 0.12–1/3. In this case, two carbon
atoms are randomly distributed over six positions and six
oxygen atoms over eighteen positions. Meyer [11] and
Lippmann [12] also proposed a hexagonal unit cell for vate-
rite, with carbonate groups disposed along planes parallel
to the c-axis (in calcite and aragonite, on the other hand,
the carbonate planes are perpendicular to the c-axis), but
with distinct space group and carbonate site symmetries.

Meyer’s 1969 structure [11] is fairly consistent with
Kamhi’s 1963 proposal [10] in its unit-cell dimensions,
but not in its atomic positions, especially in the site symme-
try of the carbonate ion. The average Meyer’s 1969 struc-
ture [11] agrees in general with Kamhi’s 1963 structure
[10], but the CO3 group has to be centered around (j) of
the space group P63/mmc, with an occupancy of one sixth
only. Details of this hexagonal structure (a = 7.148 Å,
c = 16.949 Å) are: Ca with x = 0.0, y = 0.0, z = 0.0; C with
x = 0.3134, y = 0.3806, z = 1/8; O(1) with x = 0.2911,
y = 0.5255, z = 1/8; O(2) with x = 0.3245, y = 3081,
z = 0.0548. Note, however, that the oxygen atoms form
distorted cubes around the calcium atoms, and for a more
exact treatment one has to consider the deformations of the
primitive hexagonal partial lattice array of calcium atoms
also. It is evident that such structure (specially the partial
occupancy) is difficult to simulate, and may justify the
use of an orthorhombic model for the vaterite structure.
Further, there is considerable difference in the arrangement
of CO2�

3 ions in the lattices since not conclusive experi-
ments suggest that in vaterite they are aligned perpendicu-
lar to the ab plane, while in calcite and aragonite they are
aligned parallel [9,10,13]. Together with the different types
of the lattice structures, the arrangement of CO2�

3 ions can
give rise to singular electronic characteristics for each cal-
cium carbonate polymorph.

De Leeuw [14] reported results of atomistic simulations
to investigate the effect of molecular adsorption of water on
the low-index surfaces of calcite, aragonite, and vaterite.
These simulations were performed using the orthorhombic
cell (space group Pbnm) proposed by Meyer [9] in 1960 due
to the considerable disorder of the carbonate molecules in
vaterite which leads to partial occupancies of different car-
bonate sites. However, Gabrielli et al. [15] determined the
Raman spectrum of vaterite prepared by electrochemical
scaling in carbonically pure water. Further analysis using
group theory revealed that only one of the previous crystal-
lographic determinations outlined above, the one proposed
by Meyer [11], with carbonate anions in a Cs site of the D4

6h

(P63/mmc) group, is consistent with the Raman measure-
ments. Recently, high resolution synchrotron radiation dif-
fraction (HRSRD) was employed to analyze calcium
carbonate samples grown in the presence of mono-L-glu-
tamic (GLU) and mono-L-aspartic (ASP) acid [16]. The
main phases of CaCO3 produced in this way were calcite
and vaterite, with some structural variability in both phases
leading to varying unit cell parameters. The HRSRD mea-
surements [16] showed that the structure of vaterite is dif-
ferent from hexagonal structures reported in the
literature, but very close to the orthorhombic structure ini-
tially proposed by Meyer [9], with a remarkable presence of
stacking faults.

In this work we present structural, electronic, and opti-
cal absorption properties for the calcium carbonate vaterite
polymorph, by the first time to the knowledge of the
authors. The quantum chemical first-principle calculations
were performed within the density functional theory (DFT)
framework, with the exchange-correlation potential consid-
ered in both the local density and generalized gradient
approximations, LDA and GGA, respectively, the former
for the sake of comparison. The LDA exchange-correlation
energy is obtained by adding the Perdew–Zunger [17]
exchange term to the Ceperley–Alder [18] correlation
energy; in the GGA approach, the Perdew–Burke–Ernzer-
hof [19] exchange and correlation terms were taken into
account. Despite the controversial aspects outlined before
in the introduction on the actual structure of CaCO3 vate-
rite, we consider here an orthorhombic model for its struc-
ture, without considering the random distribution of
carbon and oxygen atoms over all the potential sites.

2. First-principles structural results

The computer calculations were performed with the
CASTEP code, [20] using a plane-wave basis and ultrasoft
Vanderbilt pseudopotentials [21]. For the pseudopoten-
tials, the valence electron configurations were Ca-
3s23p64s2, C-2s22p2, and O-2s22p4. The Monkhorst-Pack
scheme for integration in the Brillouin zone with a
6 · 4 · 3 grid was adopted [22,23]. We have used the ortho-
rhombic cell as given by Meyer [9] for the initialization,
without considering the random distribution of carbon
and oxygen atoms over all the potential sites. Geometry
optimization was carried out using the Broyden–
Fletcher–Goldfarb–Shannon algorithm [24] enabling to
obtain the unit cell parameters (lattice parameters, unit cell
angles, internal atomic coordinates). Table 1 presents the
starting and the final (both LDA and GGA) optimized
internal coordinates for the orthorhombic CaCO3 vaterite.
We adopted a 500 eV energy cutoff for the plane-wave basis
set, and a tolerance of 5 · 10�7 eV/atom for the self-consis-
tent field calculations. In order to find the lowest energy
structure of vaterite, we observed the following conver-
gence thresholds for geometry optimization: total energy
variation smaller than 5.0 · 10�6 eV/atom in three succes-
sive self-consistent steps, 0.01 eV/Å for maximum force,
0.02 GPa for maximum pressure, and 5 · 10�4 Å for max-
imum displacement. After the optimization, the electronic
and optical properties were calculated. The density of
states (DOS) was computed by means of a scheme devel-
oped by Ackland [25], while the partial density of states



Table 1
The starting [9] and the final (both LDA and GGA) optimized internal
coordinates for the orthorhombic CaCO3 vaterite

x/a y/a z/a Occupancy

LDA

0.000 0.000 0.000 Ca
0.028 0.631 0.250 C
0.233 0.532 0.250 O(1)
�0.098 0.680 0.117 O(2)

GGA

0.000 0.000 0.000 Ca
0.022 0.636 0.250 C
0.273 0.545 0.250 O(1)
�0.102 0.682 0.117 O(2)

Experimental

0.000 0.000 0.000 Ca
0.157 0.670 0.250 C
0.471 0.670 0.250 O(1)
0.000 0.670 0.118 O(2)

Table 2
Lattice parameters of the vaterite unit cell after geometry optimization
within the DFT-LDA and DFT-GGA approaches

a (Å) b (Å) c (Å)

LDA 4.341 6.432 8.424
GGA 4.531 6.640 8.477
Experimental 4.130 7.150 8.480

The experimental data is from Meyer [9].
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(PDOS) calculation was based on a Mulliken population
analysis with the relative contribution of each atom
[26,27]. To obtain the carriers effective masses, parabolic
fittings to the Eð k

!Þ curves along the main high-symmetry
directions were performed, and the effective mass m for
each band was found by using the relation E = �h2k2/2m.
After reaching the geometry convergence, the final average
pressure obtained was 0.0043 GPa, and the symmetrized
stress tensor components (also in GPa) were �xx =
0.009661, �yy = �0.002981, �zz = �0.019662 (hydrostatic
stress).

The primitive vaterite orthorhombic unit cell contains
20 atoms (four CaCO3 molecules) [10,13], space group
Pbmn [9,28], consisting of alternating (111) planes of Ca
atoms and carbonate groups. Experimental results [9,10]
indicate that the plane defined by the carbonate ions are
perpendicular to the ab plane (differently from the parallel
alignment in calcite), as shown at the left of Fig. 1. How-
ever, in the optimized unit cell obtained from the calcula-
tions, the plane defined by carbonate ions is inclined by
Fig. 1. The primitive vaterite orthorhombic unit cell showing the
perpendicular arrangement of the carbonate ions to the ab plane according
experimental data (left), and the primitive vaterite orthorhombic unit cell
after geometry optimization by DFT-GGA (right).
67� with respect to the ac plane, as presented in the right
of Fig. 1. The same result was obtained when we replaced
the pseudopotentials by norm-conserved pseudopotentials
[29,30]. Varying the basis set energy cutoff from 380 eV
to 500 eV (ultrasoft pseudopotentials) and from 600 eV to
660 eV (norm-conserved pseudopotentials) did not change
this picture.

As we have seen above, the crystalline structure of vate-
rite is debated [9,10,13]. This was clearly highlighted by
Behrens et al. [13] in his work about the Raman-spectra
of vateritic calcium carbonate. Consequently, our result
indicates that improved X-ray diffraction data for highly
pure vaterite is still necessary to allow for a definitive con-
clusion whether the plane defined by carbonate ions is par-
allel or inclined with respect to the ac plane. The structural
parameters of vaterite we obtained are presented in Table
1, together with the experimental values of Meyer [9]. A
good agreement with the experimental data is obtained in
general, with LDA and GGA approaches overestimating
the lattice parameter a, probably due to the inclination of
the plane defined by carbonate ions in respect to the ac

plane. The lattice parameters b and c are underestimated
by LDA as usual in this approximation. The GGA results,
which are often expected to be larger than the experimental
ones, are smaller in our calculations. Table 2 shows that the
LDA and GGA calculated lattice parameters of the vate-
rite unit cell after geometry optimization are in good agree-
ment with experimental data.

3. Electronic and optical properties

The band structure and partial density of states for
CaCO3 vaterite is depicted in Fig. 2, covering a wide range
of energy levels, from �4.0 eV to 8.0 eV. Levels below 0 eV
correspond to valence electronic states, while the levels
above are associated to conduction states. The valence
bands have mainly O-2p state contributions. Above
6.0 eV, the conduction bands are mainly due to Ca-3d
and C-2p orbitals contributions. Both LDA and GGA sug-
gest that vaterite is a wide direct gap insulator, with the
conduction band minimum and valence band maximum
occurring at the C point, with ELDA

GðC!CÞ ¼ 4:68 eV and
EGGA

GðC!CÞ ¼ 5:07 eV. However, both the LDA and GGA val-
ues we have calculated must be recognized as estimates,
being about 20–30% smaller (we guess) than the actual
vaterite energy gap, to be measured yet. We hope that
our work will stimulate new experiments in this direction.



Table 3
Energy band gaps for the three CaCO3 crystalline structures

Crystal Energy gaps

Calcite EG(D!Z) = 4.4 ± 0.35 eV [5]
Experimental = 6.0 ± 0.35 eV
[31]
EG(F!Z) = 5.06 eV [6]

Aragonite [7] ELDA
GðX!CÞ ¼ 4 eV ELDA

GðC!CÞ ¼ 4:01 eV

EGGA
GðX!CÞ ¼ 4:29 eV EGGA

GðC!CÞ ¼ 4:27 eV

Vaterite (this
work)

ELDA
GðC!SÞ ¼ 5 eV ELDA

GðC!CÞ ¼ 4:68 eV

EGGA
GðC!SÞ ¼ 5:19 eV EGGA

GðC!CÞ ¼ 5:07 eV

Table 4
Electron and hole effective mass of vaterite

me(C!Z) me(C!R) me(S!X) me(S!Y) mh(C!Z) mh(C!R)

LDA 1.20 1.68 3.28 4.35 1.11 4.33
GGA 1.08 1.77 1.70 1.95 1.35 4.54

They are given in term of the free electron mass m0.

Fig. 2. Electronic band structure of CaCO3 vaterite calculated within
DFT-LDA (dashed lines) and DFT-GGA (solid lines) frameworks. The
partial density states for vaterite showing contributions of s (solid), p
(dashed), and d (points) orbitals is shown in the right side of the figure,
with DFT-LDA (gray lines) and DFT-GGA (black lines).
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A better estimate of the energy gap can be obtained
through an improved description of electronic correlation
effects beyond GGA, which is however very numerically
demanding and beyond our present computational
resources.

For the sake of comparison with other CaCO3 crystal-
line structures, we mention here a theoretical study on
the structure and bonding of calcite performed by Skinner
et al. [5]. They have obtained an indirect energy gap
EG(D!Z) = 4.4 ± 0.35 eV for calcite, which is well below
the experimental value 6.0 ± 0.35 eV as measured by reflec-
tion electron energy-loss spectroscopy [31]. Recently, the
present authors performed ab initio calculations within
the density functional theory (DFT) for the CaCO3 calcite
polymorph [6], taking into account the exchange correla-
tion potential in the generalized gradient approximation
(GGA), obtaining an indirect energy gap EGGA

GðF!ZÞ ¼
5:059 eV in considerably better agreement with the experi-
mental value than the obtained by Skinner et al. [5]. We
have also performed LDA and GGA calculations for the
CaCO3 aragonite polymorph, [7] and both have predicted
very close indirect ½ELDA

GðX!CÞ ¼ 4:00 eV and EGGA
GðX!CÞ ¼

4:29 eV� and direct ½ELDA
GðC!CÞ ¼ 4:01 eV and EGGA

GðC!CÞ ¼
4:27 eV� energy gaps, preventing a definitive conclusion
on the aragonite band gap character. A comparison
between the main energy band gaps of all three crystals,
calcite, aragonite and vaterite, is shown in Table 3. For
both calcite and aragonite, the conduction and valence
bands were shown to be very flat and anisotropic at high
symmetry points, leading to heavy carriers effective masses
with a significant directional dependence.

While it was not possible to conclude whether aragonite
is a direct or indirect gap oxide by the LDA and GGA
results, this is not the case for vaterite since the possible
indirect gap ½ELDA

GðC!SÞ ¼ 5:00 eV and EGGA
GðC!SÞ ¼ 5:19 eV� is

considerably higher than the direct gap in the C point. Elec-
tron and hole effective masses in CaCO3 vaterite were
obtained by selecting, in the valence band, the lines formed
from the C point: C! Z, C! R. Other directions were not
taken into account due to the flatness of the corresponding
curves. At the conduction band, the chosen lines for effec-
tive mass calculations start from the C and S points:
C! Z, C! R, S! X, S! Y. In Table 4 we see the effec-
tive mass values given in terms of the free electron mass,
m0. Electron and hole effective mass reveal very little
anisotropy for the selected directions, except for mh(C!R).
Considering the band curves neglected due to excessive
band flatness, we must conclude that vaterite is anisotropic
for carrier transport. The largest value of mh(C!R) is prob-
ably due to the strong ionic bonding of electrons along this
direction. We note also that the LDA and GGA estimates
of the carriers effective masses are very close. Considering
the lack of experimental results on the carriers effective
mass of vaterite, a direct evaluation of our theoretical esti-
mates is not possible, but they can stimulate experimental
investigation.

The optical absorption of CaCO3 vaterite for polarized
incident radiation and a polycrystalline sample was also
calculated. Polarization vectors are denoted using the crys-
tal axis directions. A 100 polarization direction, for
instance, indicates that the incident light has its polariza-
tion aligned to the crystal axis a. Five polarization planes
were taken into account, as well as the absorption for a
polycrystalline sample. In Fig. 3 the results obtained using
the GGA exchange-correlation functional are depicted.
The absorption intensity is very weak for energies smaller
than 6.0 eV (but above the direct band gap). This is due
to the selection rule that forbids p! p first order dipole
transitions. For energies larger than 6.0 eV, we witness
the onset of a new absorption regime ruled by p! d tran-
sitions. It is possible then, to distinguish two absorption
regimes in this figure. First, for energies below 6.0 eV, the
onset of absorption starting from 5.0 eV is dominated by



Fig. 3. Calculated optical absorption of CaCO3 vaterite considering
incident radiation polarized in the directions 101 (dashed), 001 (dotted),
010 (dash-dotted), 110 (short-dashed), 100 (short-dotted), and in a
polycrystalline sample (solid).
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transitions between mainly O-2p valence bands and mainly
C-2p conduction bands. Above 6.0 eV, transitions between
p-like valence states and Ca-3d related states prevail, with
more pronounced peaks around 6.5 eV, 6.66 eV, 6.98 eV,
7.18 eV, 7.48 eV, and 7.85 eV for all polarizations. Absorp-
tion is stronger along the 101 and 110 polarization axis due
to the strongest coupling of the electric field to the electric
dipoles formed by Ca2+ and CO2�

3 ions in these directions.
The polycrystalline sample exhibits an absorption pattern
more similar to the observed for 100 and 110 polarizations.

4. Concluding remarks

In conclusion, ab initio DFT calculations of the struc-
tural, electronic (band structure and carriers effective
masses), and optical properties of CaCO3 vaterite were per-
formed using the LDA and GGA exchange-correlation
potentials. Although the calculated lattice parameters are
in good agreement with experimental results, there is a dif-
ference between experiment and calculations with respect
to the spatial orientation of the plane defined by carbonate
ions. Our results show that these carbonate ions are
inclined by 67� with respect to the ac plane. We hope this
discrepancy will stimulate experimental investigations to
obtain more accurate diffraction data to characterize vate-
rite crystals. The electronic structure of vaterite reveals that
the highest valence band and lowest conduction bands are
formed mainly from contributions of O-2p and Ca-3d, C-
2p states, respectively. The quantum chemical first-princi-
ples calculations allow us to suggest that CaCO3 vaterite
is a wide direct energy gap material, with
ELDA

GðC!CÞ ¼ 4:68 eV and EGGA
GðC!CÞ ¼ 5:07 eV. Note that both

the LDA and GGA values we have calculated must be rec-
ognized as estimates, being about 20–30% smaller (we
guess) than the actual vaterite energy gap, to be measured
yet. We hope that our work will stimulate experimental
work in this direction. Electron and hole effective masses
were also obtained, but no confirmation of their values
was possible due to the lack of experimental data. The
intensity of optical absorption was predicted to be more
pronounced only for energies larger than 6.0 eV. We high-
light the usefulness of the results presented here pointing to
two applications: (i) the investigation of the optical proper-
ties of porous CaCO3 vaterite [32,33]; and (ii) the study of
confinement features of excitons in Si@CaCO3(vaterite)
and CaCO3(vaterite)@SiO2 spherical quantum dots
(QDs) [34], and hollow calcium carbonate vaterite nano-
particles [35]. Finally, a drawback of this Letter is that
we have considered that vaterite is orthorhombic, while
its crystalline state is today a matter of debate. However,
work is in development by the present authors to obtain
by quantum chemical calculations the structural, elec-
tronic, and optical properties of vaterite considering a hex-
agonal structure.
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Abstract
Density functional theory calculations of the electronic and optical
properties of the CaCO3 calcite polymorph were performed within both the
local density (LDA) and generalized gradient (GGA) approximations,
respectively. The carriers effective masses are estimated, and the energy gap
is shown to be indirect, with ELDA

G(D→Z) = 4.95 eV and EGGA
G(D→Z) = 5.07 eV

(for comparison, the experimental value is 6.0 ± 0.35 eV). Two optical
absorption regimes are predicted, and the dielectric function does not change
considerably with the light polarization. The confinement features of
excitons in Si@CaCO3 and CaCO3@SiO2 spherical core-shell quantum dots
are also presented.

1. Introduction

Among the CaCO3 polymorphs (calcite, aragonite and
vaterite), calcite is thermodynamically the most stable form
at room temperature and pressure, with promising industrial
(plastic, rubbers, papers, paints, etc) [1] and implant
applications [2, 3]. Besides, CaCO3 calcite is a wide band
gap insulator with rhombohedral unit cell, space group R3c

(D6
3d ) [4], dielectric constant 8.19 [5] and first-principles

estimated indirect energy gap EG(D → Z) = 4.4 ± 0.35 eV [6],
which is well below the experimental value of 6.0 ± 0.35 eV,
as measured by reflection electron energy-loss spectroscopy
in surface [7]. The theoretical study on the structure and
bonding of calcite was performed by Skinner et al [6]. They
have calculated the structural and ground state electronic
properties of bulk calcite using density functional theory (DFT)

4 Author to whom any correspondence should be addressed.

[8, 9], and the full-potential linearized augmented plane wave
method (FLAPW). The lattice parameters were reproduced to
within 5% of their experimental equilibrium values, and the
mixed ionic and covalent bonding in calcite was demonstrated.
Neither the optical properties nor the carriers effective masses
were calculated. Valezano et al [14] carried out a detailed
study on the influence of the basis set size and the choice of
different Hamiltonians on the ab initio calculated structural
properties and dielectric functions using the CRYSTAL03
code. Hamiltonians within the Hartree–Fock [10] and DFT
[8, 9] frameworks were chosen, with three different DFT
approximate exchange-correlation (xc) functionals being taken
into account, namely, LDA [11], PBE [12] and B3LYP [13].
They showed that the variation of the lattice parameters
when improving the basis set quality is always smaller than
0.003 Å using the B3LYP xc functional. Considering the
LDA xc functional approach, an underestimation of the lattice
parameters by 0.03 Å along the crystal a axis and by 0.64 Å
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along the c axis were obtained. The PBE and B3LYP
xc functionals, on the other hand, overestimate the lattice
parameters by 0.04 Å (a axis) and 0.3 Å (c axis), respectively.

Recently, structural, electronic and optical properties of
the CaCO3 polymorphs aragonite [15] and vaterite [16] were
calculated using ab initio approaches. The estimated indirect
(ELDA

G(X→�) = 3.956 eV and EGGA
G(X→�) = 4.229 eV) and direct

(ELDA
G(�→�) = 3.968 eV and EGGA

G(�→�) = 4.233 eV) energy gaps
for CaCO3 aragonite were smaller than the measurement [7]
and the value estimated theoretically for CaCO3 calcite [6]. In
the case of vaterite, first-principles calculations [16] suggest
that CaCO3 vaterite is a wide direct energy gap material, with
ELDA

G(�→�) = 4.68 eV and EGGA
G(�→�) = 5.07 eV. The optical

absorption intensity of CaCO3 vaterite was predicted to be
more pronounced only for energies larger than 6.0 eV. In both
cases, electron and hole effective masses were also obtained,
but no confirmation of their values was possible due to the lack
of experimental data for the carriers effective masses in CaCO3

aragonite and vaterite.
On the other hand, there are considerable efforts for

the production and characterization of CaCO3 micro- and
nanoparticles [17–19] due to their promising applications:
the former in drug delivery systems (DDS) [20–22]; the
latter as biological markers [23] (for a good introduction
on how quantum dots (QDs) are fabricated and applied
to optoelectronics, see [24]). Sato and Ikeya [25] have
demonstrated the possibility of using CaCO3 doped with
vitamin C as an absorber in the 280–315 nm range (UVB).
It was suggested that the luminescence signal of CaCO3–
based drug delivery systems may present peaks in the visible
region (due to the drug molecules) that superimpose with the
ultraviolet luminescence from porous CaCO3, forming a broad
signal in the visible–ultraviolet region [26]. The knowledge of
the CaCO3 band energy structure is fundamental to understand
light absorption and emission of CaCO3 porous materials when
tracking of these DDS is envisaged [26]. In the case of CaCO3

nanoparticles, the quantum confinement of carriers is the root
of their biological applications as optical markers, in which
knowledge of physical parameters like energy band gap, band
offset with another material and carriers effective masses are of
paramount importance. However, as in the case of most oxide
materials [27], the CaCO3 polymorphs optical properties are
poorly known, which is a drawback for the development of
new applications.

The purpose of this work is to present results for the
ab initio calculations of the electronic and optical properties
of CaCO3 calcite polymorph within the DFT formalism.
Xc potentials were used within two approaches: the local
density approximation (LDA) and the generalized gradient
approximation (GGA), the former for the sake of comparison.
With respect to the electronic properties, our work provides
a new (the second one) calculation. By using a different
methodology and software, the obtained electronic data, after
stabilizing the unit cell, show a quantitative improvement as
compared with the work of Skinner et al [6], confirming the
indirect band gap they reported previously, but finding the gap
energy (ELDA

G(D→Z) = 4.95 eV and EGGA
G(D→Z) = 5.07 eV) closer

to the actual experimental value of 6.0 ± 0.35 eV [7]. The
carriers effective masses are obtained from the band structure,
which were calculated for the first time in this work, allowing

Table 1. Lattice parameters of the calcite unit cell after geometry
optimization. The experimental data are taken from de Leeuw [36],
and the theoretical B3LYP values are from Valenzano et al [14].

LDA PBE B3LYP Experimental

a(Å) 4.957 5.03 5.037 4.990
c(Å) 16.416 17.172 17.330 17.061
V (Å3) 349.4 376.7 380.8 367.9
dC−O 1.287 1.289 1.287 1.294
dCa−O 2.311 2.380 2.390 2.354

optoelectronic calculations to be performed. The optical
absorption and dielectric function of this important material
are calculated and show a similar behaviour with the other
CaCO3 polymorphs. As a direct application of the results, the
effective masses are used to investigate the confined excitons
in Si@CaCO3 and CaCO3@SiO2 spherical core-shell QDs5.

The outline of this paper is as follows: in section 2
we present the first-principle calculations based on two ap-
proaches: the LDA and the generalized gradient approxima-
tion (GGA). The complex dielectric function (real and imag-
inary parts) is discussed in section 3. Section 4 is devoted to
the study of the carrier and the exciton ground state energies
for Si(core)@CaCO3(shell) and CaCO3 (core)@SiO2(shell)
spherical nanoparticles. The conclusions of this paper are sum-
marized in section 4.

2. First-principle Calculations

We have adopted the Perdew–Zunger [11] exchange term
with the Ceperley–Alder [28] parametrization in our LDA
calculations. For the GGA one, the Perdew–Burke-
Ernzerhof [12] exchange and correlation terms were taken into
account. The computer calculations were performed with the
software CASTEP [29] using a plane-wave basis and ultrasoft
pseudopotentials [30]. Geometry optimization with a 500 eV
energy cutoff and a total energy/atom convergence tolerance
for the self-consistent field of 5×10−6 eV/atom was performed.
The same energy/atom threshold was adopted to reach
geometry optimization, together with maximal tolerances for
ionic forces, stress components and ionic displacements of
0.01 eVÅ−1, 0.02 GPa, and 0.5 × 10−3 Å, respectively. The
cutoff energy for the electronic properties calculations was also
500 eV. The 3s2, 3p6 and 4s2-Ca; 2s2, 2p6-C and -O electron
states were treated as valence states. The Monkhorst–Pack
scheme for integration in the Brillouin zone with a 6 × 6 × 6
grid was used [31, 32]. The density of states (DOS) was
calculated by means of a scheme developed by Ackland [33],
while the partial density of states (PDOS) calculation was
based on a Mulliken population analysis [34, 35]. In order
to obtain the carriers effective masses from the calcite band
structure, a fit to parabolas E(k) = h̄2k2/2mα , α = e, h,
along the main high-symmetry directions was performed.
The calculations were performed using the primitive cell
(rhombohedral representation) instead of the conventional unit
cell (hexagonal representation). However, for the sake of
comparison, the structural parameters shown in table 1 are
relative to the hexagonal unit cell.

5 We use @ to denote that the Si–CaCo3 and CaCo3–SiO2 systems are
core-shell quantum dots, as opposed to the Si/CaCo3 and CaCo3/SiO2 two-
dimensional systems.
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Figure 1. Electronic band structure of calcite along selected
high-symmetry directions as defined by the points A(0.5, 0.0, 0.0),
�(0.0, 0.0, 0.0), Z(0.5, 0.5, 0.5), D(0.5, 0.5, 0.0) in the first Brillouin
zone, calculated within LDA (dashed lines) and GGA (solid lines)
frameworks. The DFT-GGA calculated partial density states
showing contributions of s (solid), p (dashed) and d (dotted) orbitals
is shown in the right side of the figure.

The primitive rhombohedral unit cell of calcite contains
ten atoms, consisting of alternating (1 1 1) planes of Ca atoms
and carbonate groups [6]. Table 1 presents its structural
parameters obtained through the geometry optimization,
together with the experimental values of de Leeuw [36] and
the theoretical results from Valenzano et al [14]. A very good
agreement with the experimental data is obtained, but with the
LDA approach underestimating by 1% (4%) the calcite a, b

(c) lattice parameters due to the well known LDA overbinding
effect. On the other hand, the GGA calculation overestimates
the lattice parameters of calcite by 1% at most. In particular,
the GGA value for the calcite c lattice parameter seems to be
important to an improved estimate of the energy band gap, as
presented below. Our GGA results are shown to perform better
than the B3LYP results [14] when both are compared with the
experimental data.

The electronic band structure of calcite along high-
symmetry directions in the Brillouin zone, calculated
disregarding relativistic contributions, is shown in figure 1.
Both LDA and GGA suggest that calcite is an indirect wide gap
insulator, with ELDA

G(D→Z) = 4.95 eV and EGGA
G(D→Z) = 5.07 eV,

which is in better agreement with the experimental value
6.0 ± 0.35 eV (error of only 15.5 %) than the estimate of
Skinner et al (4.4 ± 0.35 eV, meaning an error of 27.0 %) [6].
Note that the valence (close to the Z-point) and the conduction
(at the D-point) bands extrema originating the indirect band
gap are not degenerated, and that a valence band state at
the D-point gives rise to the possibility of direct transitions
with energy ELDA

G(D→D) = 5.07 eV and EGGA
G(D→D) = 5.14 eV,

which is very close to the indirect energy gap. The DFT-GGA
calculated PDoS showing contributions of s (solid), p (dashed)
and d (points) orbitals are depicted in the right side of figure 1.
The band gap has its origin in the HOMO-LUMO gap of the
carbonate ion, with two bands just below and two bands just
above the band gap, the lower one with O-2p character, while
the upper ones have a C-2p character.

The carriers effective masses of calcite for both the indirect
(including the degeneracy at Z in the case of electrons given

Table 2. Carriers effective masses of calcite along some symmetry
directions given in terms of the free electron mass m0. The index I
represent the first unoccupied state in the conduction band in the Z
point of the Brillouin zone, while the index II means the second
unoccupied state.

m
I(II)
e(Z→�) m

I(II)
e(Z→D) me(D→A)

LDA 2.4 (1.6) 1.3 (3.0) 28.5
GGA 3.0 (1.8) 1.4 (3.3) 10.4

mh(D→Z) mh(D→A)

LDA 1.4 3.6
GGA 1.5 4.2

by m
I(II)
e(Z→�) and m

I(II)
e(Z→D), with I and II representing the first

and second states in the conduction band, respectively) and
the direct gaps are given in table 2. As one can see, the
bands present an anisotropic character and the LDA and GGA
estimation of the carriers effective masses are very close,
except for the me(D→A) case. Due to the better estimation of the
band gap energy, the values for the carriers effective masses
obtained with GGA must be used within the effective mass
approximation of the band structure as a first approach. A word
of caution, however, is needed here, because ab initio band
structure calculations do not always predict accurate carrier
effective masses, as can be seen in [37–40]. Nevertheless, since
experimental results on the carriers effective mass of calcite are
still missing, a direct evaluation of our theoretical estimations is
not possible, although we expect that these results can stimulate
further experimental efforts.

3. Dielectric Function and Optical Absorption

Figure 2 depicts the GGA calculated optical properties through
the real part of the dielectric function ε1 (top of figure 2)
and its imaginary part ε2 (bottom of figure 2), with the
optical absorption in the inset, for CaCO3 calcite. We have
considered the incident light polarized along different crystal
directions (101, dashed; 001, dotted; 010, dash-dotted) on
a polycrystalline sample. The complex dielectric function
of CaCO3 calcite is very similar for light polarized along
the crystalline directions 001, 010 and 101. The curve for
ε1 in the case of a polycrystalline sample is negative in the
energy extending from 7 to 7.6 eV, from 8.7 to 10 eV, from
10.5 to 11 eV and from 12.8 to 13.7 eV. Furthermore, ε1

reaches a maximum at 6.5 eV, corresponding to a wavelength
of approximately 190 nm (ultraviolet range). It is worth
remembering that these energy values must be larger (and
the wavelengths smaller) in experimental data due to the
well-known underestimation of the energy gap in DFT. The
imaginary part ε2, on the other hand, is closely related to the
optical absorption, as shown in the bottom part of figure 2.

The calculated optical absorption for calcite due to
incident polarized radiation is depicted as an inset in figure 2,
where two absorption regimes are clearly perceived. In the
first regime, for energies below 6.5 eV, the onset of absorption
starting from 5.5 eV is dominated by transitions between O-
2p valence bands and C-2p conduction bands. In the 6.2–
6.4 eV energy range, new direct transitions appear involving
states at the D-point in the valence and conduction bands. The
second absorption regime is above 6.5 eV, where transitions
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Figure 2. Real (top) and imaginary (bottom) components of the
CaCO3 calcite dielectric function considering incident radiation
polarized in the directions 101 (dashed), 001 (dotted), 010
(dash-dotted) and in a polycrystalline sample (solid). The optical
absorption is depicted in the inset at the top of the figure.

between p-like valence states and Ca–3d states prevail. A
polycrystalline sample should exhibit an absorption pattern
more similar to the observed for the 101 direction, with peaks
at 5.6, 6.4, 6.7, 7.2, 7.4, 7.8, 8.3 and 8.4 eV, all related (except
by the first and the second) to p → d band to band transitions.

We have performed a review of the literature concerning
experimental results of the optical absorption and dielectric
function of calcite using the database Web of Knowledge
of the Institute of Scientific Information (ISI). Surprisingly,
we found no previously published theoretical or experimental
work on the optical absorption and dielectric function of
calcite crystals. Consequently, we hope that our work will
stimulate experimental efforts for the measurement of the
optical absorption and dielectric function of calcite crystals,
as well as the development of improved ab initio calculations
whose results will be compared with those that we have
obtained in this work.

4. Excitons in Si@CaCO3 and CaCO3@SiO2
spherical core-shell nanoparticles

Aiming to investigate light emission from Si(core)@CaCO3

(shell) and CaCO3 (core)@SiO2(shell) spherical nanoparti-
cles, we have calculated the carrier and the exciton ground
state energies for both cases.

Figure 3. Ground state exciton binding energy (top) and exciton
total energy or exciton recombination energy (bottom) for some
nanoparticles radius R, as a function of the the shell thickness σ .
We show in the left the case Si@CaCO3, while in the right we have
CaCO3@SiO2 core-shell nanoparticles. Here the solid, dashed and
dotted lines correspond to R =2, 3 and 4 nm.

To obtain the exciton binding energy, we adopted a two-
parameter variational wavefunction φ in spherical coordinates
given by

φ = exp

(
− re

λe

)
exp

(
− rh

λh

)
. (1)

The complete exciton wavefunction can be obtained by
evaluating the product of φ by the confined electron and hole
ground state wave functions inside the nanoparticle, calculated
without taking into account the Coulomb interaction. The
variational parameter λe (λh) controls how the electron (hole)
wavefunction is modified along r by interacting with its hole
(electron) partner. To perform the confinement computations,
we have taken the Si (SiO2) electron effective mass as
me = (mLm�)1/2m0 = 0.4315 (0.3) m0, where mL and m�

are the longitudinal and transverse electron effective mass,
respectively, and m0 is the electron mass in the free space.
The CaCO3 and Si (SiO2) dielectric constants relative to
the vacuum are 8.19 and 11.70 (2.10), respectively. There
is no experimental data on the valence and conduction
band alignment in Si/CaCO3 and CaCO3/SiO2 interfaces.
Notwithstanding, it was possible to estimate the valence (�EV)
and conduction (�EC) band-offsets through the differences of
electronic affinities between these materials [41, 42]. In the
case of a Si/CaCO3 heterostructure, we obtained �EV/�EC =
0.7, while for the CaCO3/SiO2 heterojunction, we have
�EV/�EC = 3.3. In our calculations we assume the existence
of an infinite potential energy barrier in the region outside the
nanoparticle. The exciton total energy is obtained according
to ETOT = Eg + Eh + Ee + EB, where Eg is the band gap of
the core material, Ee and Eh are, respectively, the electron and
hole ground state confinement energies and EB is the exciton
binding energy.

Figure 3 shows the ground state exciton binding energy
EB (top) and the exciton total energy or exciton recombination
energy ETOT (bottom), as a function of the shell thickness
σ , calculated with effective masses for electrons and heavy
holes obtained within the GGA approach for CaCO3. We have
considered the nanoparticle radiusR equal to 2 nm (solid lines),
3 nm (dashed lines) and 4 nm (dotted lines), respectively. For a
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given radius-shell thickness configuration, the exciton binding
energy is larger for CaCO3@SiO2 than for Si@CaCO3 core-
shell QDs. In the case of a 2 nm CaCO3@SiO2 nanoparticle,
the exciton binding energy varies from 190 meV (σ = 0.1 nm)
to 560 meV (σ = 2 nm). When the SiO2 shell thickness
is large, the electron–hole pair is squeezed in the smaller
CaCO3 core, enhancing the Coulomb interaction. The same
effect is observed for the core-shell Si@CaCO3 nanoparticles
which, for R = 2 nm, show a binding energy variation from
120 meV (σ = 0.1 nm) to 280 meV (σ = 2 nm). Increasing
the nanoparticle size decreases the exciton binding energy, as
expected from Coulomb’s law.

Looking now at the bottom part of figure 3, we can see
how the exciton total energy behaves as the shell thickness
increases. For the CaCO3@SiO2 nanoparticle, ETOT smoothly
decreases for R =2, 3 and 4 nm from the same value of about
5.9 eV (σ =0.1 nm). This occurs because, as σ decreases,
Eh + Ee + EB tends to stabilize around −100 meV for all
nanoparticle sizes. On the other hand, for Si@CaCO3 core-
shell QDs a more interesting behaviour is observed. For each
nanoparticle radius, the exciton total energy decreases initially
from σ=0.1 nm, reaching a minimum value which depends
on the nanoparticle radius, and then starts to increase as σ

increases. This is due to the quantum confinement effects on
the carriers ground state energies which become stronger than
the negative contribution from the exciton binding energy as the
shell becomes thicker. We see also that exciton total energies
corresponding to R = 3 nm and R =4 nm almost overlap for
σ between 0.1 and 1 nm.

Considering that the visible spectrum lies within the 1–
6 eV recombination energies exhibited by the CaCO3@SiO2

and Si@CaCO3 core-shell QDs, we point out here a very
interesting proposal, namely, the possibility to build up either
a nanoparticle of Si with a layer of CaCO3 between a Si core
and a SiO2 outer shell, or a CaCO3 core embedded in two
concentric shells of Si and SiO2. According to the results
presented here, by controlling the thickness of the CaCO3

barrier (core) and the size of the Si core (shell) we can in
principle obtain recombination energies in the wavelength
range varying from the infrared to the ultraviolet range,
covering the whole visible spectrum. For instance, a thin
layer of CaCO3 with a Si core will generate emission in the
infrared, but a small Si core with a layer of CaCO3 with suitable
thickness could lead to an exciton recombination energy
with any value between 1 and 4.9 eV. As the literature does
report the growth of composite nanoparticles of CaCO3 with
SiO2 shells continuously coated and with 5 nm of thickness
[43], it is reasonable, therefore, to suppose the feasibility
of Si@CaCO3@SiO2 core-shell QDs or even Si@CaCO3

QDs inside SiO2 microparticles for optical and biological
applications. In particular, in an aqueous medium, as the one
found inside cells, the layer of SiO2 could work as a shield
against water for the CaCO3 layer, protecting it from solvation
and hydrolysis.

5. Conclusions

In conclusion, ab initio quantum mechanical calculations of the
band structure and carriers effective masses of CaCO3 calcite
were performed. The agreement of the theoretically calculated

energy gap, ELDA
G(D→Z) = 4.95 eV and EGGA

G(D→Z) = 5.07 eV,
with the experimental energy gap of 6.0±0.35 eV as measured
by reflection electron energy-loss spectroscopy [7], is much
better in comparison with that obtained with the calculations
of Skinner et al [6], EG(D → Z) = 4.4 ± 0.35 eV. We have
also presented calculations of the dielectric function and
optical absorption, as well as estimated the carriers effective
masses of CaCO3 calcite in different symmetry directions.
However, due to the lack of experimental results, a direct
evaluation of their values was not possible. Finally, we have
highlighted the usefulness of the ab initio results presented
here, pointing out to one important optical and biological
applications, the investigation of the confinement features of
excitons in Si@CaCO3 and CaCO3@SiO2 spherical core-shell
quantum dots (QDs).
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Abstract
The carrier effective masses of CaO in the cubic phase are estimated by ab
initio calculations, which are used for the simulation of Si/CaO
metal–oxide–semiconductor (MOS) devices by solving Schrödinger and
Poisson equations self-consistently. The possibility of using CaO as a gate
dielectric material for MOS device applications is then discussed. The
theoretical simulations point to the possibility of using CaO as a gate
dielectric, but thin films of CaO on silicon still present roughness that
precludes its actual use as a gate dielectric material.

1. Introduction

CaO is an insulating oxide with many applications in the
domain of materials science [1]. Due to its wide band gap
(7.1 eV) [2], high dielectric constant (11.8) [3] and ability to
form solid solutions and ternary crystalline phases (with HfO2

and ZrO2, for example), CaO and their ternary alloys can be
considered as interesting dielectric gate materials, exhibiting
high mechanical and radiation resistance. Characteristics
like interface stability and quality with silicon, dielectric
breakdown strength, electric permittivity and compatibility
with Si fabrication technology are key aspects for a material to
be used as gate dielectrics in today’s electronic devices industry
[4]. The formation of a Ca–O–Si hetero-bridging bond favours
Si–Ca–O interfacing [5], which is a fundamental point for
the Si-based electronic industry. CaO has been considered
a viable insulator coating in fusion first wall applications [6].
Although pure CaO cannot be regarded as a stable compound
in air because of its ability to form hydroxides, or at least
accommodate hydrogen as substitutional defects, [1] different
methods are being considered for the preparation of CaO films
on silicon [1, 7]. On the other hand, CaHfOx and CaZrOx

are being demonstrated as attractive gate dielectrics for future
generations of transistors and metal–oxide–semiconductor
(MOS) devices [8–10].

Knowledge of the electronic structure (band energy
gap, carriers effective masses and dielectric function, etc)
of a material is fundamental for the understanding of its
technological applications. There are some first-principles

calculations of the CaO electronic properties [3, 11] in
which EG(�→X) and EG(�→�) were estimated to be in
the 2.91–14.96 eV and 5.02–9.71 eV range, respectively.
Yamasaki and Fujiwara [3] have calculated the CaO band
structure within the density functional theory (DFT), showing
that the band gap locates between the unoccupied 4s–4p
conduction bands and the unoccupied calcium 3d conduction
bands. Baltache et al [11] performed full potential calculation
of structural, electronic and elastic properties of CaO,
presenting a survey of results of previous works on the CaO
lattice constant, bulk modulus and band gaps in different
directions. However, no data concerning the carrier effective
masses were published in these works and previous ones.

The purpose of this work is to present first-principles
calculations on the electronic properties of the CaO cubic
phase for estimating its band gap energy and carrier effective
masses, the latter for the first time to the knowledge of the
authors, which is fundamental for MOS device simulation.
These data are used for the simulation of Si/CaO metal–
oxide–semiconductor (MOS) devices by solving Schrödinger
and Poisson equations self-consistently. The low frequency
capacitance and the electrostatic potential drop within the
oxide of both Si/CaO and Si/SiO2 MOS devices is calculated,
which allows a direct comparison of the role of CaO
as gate dielectrics in comparison with the data for SiO2.
The theoretical simulations present evidence concerning the
possibility of using CaO for MOS device applications. The
state-of-the-art growth of CaO on silicon is briefly discussed,
which points to the actual impossibility nowadays of using
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Figure 1. CaO band structure along high-symmetry axis of the
cubic Brillouin zone calculated using both LDA (——) and GGA
(- - - -) approximations.

CaO as a gate material due to the level of surface rugosity and
defects of CaO–Si films.

2. CaO band structure and carriers effective masses

In this work, first-principles electronic band structure
calculations for cubic CaO were performed with the ABINIT
code, which is based on self-consistent plane-wave expansion
combined with ultrasoft pseudopotentials [12]. For the sake
of comparison, many-body effects were described in the
local density approximation (LDA) using the Perdew–Zunger
exchange term [13] with the Ceperley–Alder parametrization
[14] and in the generalized gradient approximation (GGA)
within the framework of the DFT. The 3s2-, 3p6- and 4s2-
Ca; 2s2- and 2p6-O electron states were treated as part of the
valence-band states. In the CaO cubic phase, the cations Ca and
anions O are located at (0, 0, 0) and (0.5, 0.5, 0.5), defining a fcc
unit cell. Through a total energy minimization process with a
cut-off energy of 700 eV, lattice constants a = 4.712 Å (LDA)
and a = 4.819 Å (GGA) were obtained. These values are in
very good agreement with the measured value a = 4.81 Å [15].

Figure 1 exhibits the calculated band structure of cubic
CaO along the main high-symmetry directions in the Brillouin
zone (BZ) for both LDA and GGA approximations (relativistic
contributions were disregarded). CaO presents an indirect
band gap with conduction band minimum located at the X-
point. In addition, there is a secondary energy valley at the
�-point giving rise to a direct band gap. For the indirect
band gap, we obtained EG(�→X) = 3.44 eV (LDA) and
EG(�→X) = 3.67 eV (GGA), while for the direct one we
obtained EG(�→�) = 5.07 eV (LDA) and EG(�→�) = 4.79 eV
(GGA). All theoretical values for the band gap energy are

Table 1. CaO carriers effective masses estimated from the band
structure for both LDA and GGA approximations. m0 is the free
electron mass.

LDA GGA

k-direction e hh lh e hh lh

m�X/m0 1.68 6.42 4.47 0.73 6.17 1.43
m�K/m0 0.29 1.73 1.47 0.71 1.62 0.97
m�L/m0 1.02 5.24 1.77 0.55 3.22 1.05

smaller than the experimental gap of 7.1 eV measured a long
time ago [2], which is due to the well-known underestimation
of the energy values of conduction band states in ab initio
calculations within the density functional theory. Note that
Yamasaki and Fujiwara [3] have obtained for CaO an indirect
� → X energy gap of 5.2 eV within LDA and a direct energy
gap of 8.2 eV within GWA. On the other hand, Baltache et al
have obtained an indirect � → X energy gap of 3.46 eV within
LDA. The CaO carriers effective masses for the main directions
in the Brillouin zone are shown in table 1. They were obtained
by fitting to a parabola the curves of energy versus �k along
the � − X and � − � lines. We observe that the carriers
effective masses are highly anisotropic in both conduction and
valence bands and that there is a large discrepancy between
the results obtained with the LDA and GGA approximations.
Since experimental results on the effective masses in cubic CaO
are still lacking, a direct evaluation of our theoretical estimates
is not possible.

3. The CaO-based MOS device simulation

The primary requirement for a gate dielectric to be used in
MOS devices is to efficiently block the charge carriers between
the channel and the gate. Thus, energy barriers for both
electrons and holes in the semiconductor substrate have to be
high enough in order to prevent thermally stimulated injection.
Unfortunately, recent results reveal that the energy gap is
inversely proportional to the dielectric constant for several
candidate oxides [16]. In the case of CaO, its reasonably wide
band gap makes it a feasible option for this task. However,
the energy barriers are not known because the Si/CaO band
offset has not been measured yet. Here, we anticipate the
electric characteristics of a Si/CaO MOS. In order to simulate
a MOS capacitor, some CaO parameters are necessary, namely
its carriers effective masses and the energy barriers at Si/CaO
interfaces. The former parameters were extracted from our
ab initio calculations (GGA results), while the latter were
estimated from the difference of electron affinities (χSi =
4.05 eV and χCaO = 0.7 eV) of both materials [17], which
yield �EC(Si/CaO) = 3.35 eV and �EV(Si/CaO) = 3.25 eV
for electrons and holes, respectively [18–20, 21]. We did
not use our ab initio values for the CaO energy gap because
the DFT underestimates this value. Besides, these values
are nearly similar to those of the Si/SiO2 interface, namely
�EC(Si/SiO2) = 3.2 eV and �EV(Si/SiO2) = 4.6 eV.

The devices modelled in this work are basically MOS
capacitors with metallic gate, having a silicon substrate doped
with p-type impurities (N−

A = 1017 cm−3) and CaO as
the gate dielectrics. For the sake of comparison, we also
simulate Si/SiO2 MOS devices. For a realistic simulation,

1656



CaO first-principles electronic properties

1 2 3 4 5 6 7 8 9 10
0.70

0.75

0.80

0.85

0.90

0.95

1.00
C

T
O

T
/C

O
X

OXIDE THICKNESS (nm)

 CaO
 SiO

2
V

G
 = 4 V

Figure 2. Dependence of the normalized low frequency capacitance
(CTOT/COX) on the oxide thickness (TOX) for Si/CaO ( ) and
Si/SiO2 (•) MOS devices under inversion bias VG = 4.0 V.

self-consistent calculations of the Schrödinger and Poisson
equations are employed. This method is widely used in device
simulations and it is discussed elsewhere [22,23]. As for gate
leakage currents, our model relies on the WKB approximation
to calculate the tunnelling probability of electrons in the
channel through the gate dielectrics [23, 24].

The ratio of the total capacitance at low frequencies
(CTOT) and the oxide layer capacitance (COX = εOXA/TOX) is
depicted in figure 2, where εOX is the dielectric permeability
and A is the capacitor area under inversion bias for SiO2- and
CaO-based MOS devices. The CaO-based device exhibits a
reasonably smaller capacitance in comparison to the SiO2-
based capacitor, which is a direct consequence of the higher
CaO dielectric constant. This difference becomes larger for
ultrathin oxide thicknesses. Through the relaxation time
constant of a RC circuit given by τ = RC, where R

and C are the resistance and capacitance of a RC circuit,
respectively, one concludes that the charging/discharging times
are smaller for Si/CaO MOS capacitors. This indicates
the possibility of higher switching speeds during device
operation. By comparing devices with the same capacitance
(see horizontal lines in figure 2), one can see that CaO
dielectrics exhibit an equivalent oxide thickness three times
smaller than SiO2, which is confirmed by the dielectric constant
ratios εCaO/εSiO2 ≈ 3. Moreover, by comparing the gate
leakage current through the equivalent 3 nm thick CaO layer
and the 1 nm thick SiO2 dielectrics, the current in the former
case is nearly six orders of magnitude smaller for gate voltages
(VG) above 1.0 V, as shown in figure 3.

With respect to the device electrostatics, our MOS device
simulations indicate that the electric field within the oxide
layer is weaker for CaO layers. For a 3 nm thick oxide,
this difference can be as high as 20%. Figure 4 displays the
electrostatic potential drop within the oxide and substrate as
function of the gate voltage. The electric field in the oxide is
uniform due to the absence of charges and can be estimated by
FOX = �VOX/TOX. As for the potential drop in the substrate,
the figure shows that the band bending is higher in Si/CaO than
in Si/SiO2 MOS devices. Consequently, the amount of charge
stored for inversion biases is also higher with CaO as dielectric
gate material.
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Figure 3. Comparison between the leakage current in MOS devices
with SiO2 and CaO gate dielectrics for different oxides’ thicknesses.
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4. Concluding remarks

Nilsen et al [7] grew thin films of CaCO3 (calcite) with the
atomic layer chemical vapour deposition (ALCVD) technique,
using Ca(thd)2 (Hthds2,2,6,6-tetramethylheptan-3,5-dione),
CO2 and ozone as precursors, which were deposited on several
substrates, including Si(0 0 1). After they obtained thin films
of CaO by heat treatment of the carbonate films at 670 ◦C
in a CO2-free atmosphere, the thermal decomposition led to
a significant increase in surface roughness. Films deposited
on Si(1 0 0) at 250 ◦C gave an annealing at 670 ◦C for 12 h
and a dramatically altered surface with increased roughness,
rms ∼ 150 nm. This treatment has clearly generated a
total reconstruction of the films when CaCO3 was converted
to CaO. Kukli et al [1] grew calcium oxide thin films by
atomic layer deposition on silicon substrates in the temperature
range 205–300 ◦C. Their unprotected hygroscopic calcium
oxide films with refractive index in the range 1.75–1.80
were transformed and crystallized to Ca(OH)2 already in the
as-deposited state. Only CaO films covered with Al2O3

capping layers remained water-free and crystallized as the CaO
phase. In order to examine the application of CaO in high
permittivity dielectric layers, Kukli et al [1] combined CaO
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with HfO2. The crystallographic phase stabilized matched
with Ca2Hf7O16, or Ca6Hf9O44, indicating the formation of
phases with a well-defined stoichiometry. Calcium hafnate
CaHfO3 was not recognized in the films, however. The calcium
hafnium oxide films on silicon substrates demonstrated
appropriate capacitance voltage and current voltage behaviour
characteristic of capacitor dielectrics.

To the knowledge of the authors, the reports of Nilsen
et al [7] and Kukli et al [1] are the state-of-the-art of
growth procedures for CaO films on silicon. According to
them, it was not yet possible to achieve an electronic level
quality in the CaO/Si interface. Consequently, while our
theoretical simulations point to the possibility of using CaO
as a gate dielectric, the actual high interface density and the
structural instability of the oxide are the main drawbacks,
leading to the avoidance of this application nowadays. On
the other hand, the investigation of the recrystallization and
dielectric behaviour of CaHfOx and CaZrOx films on silicon
substrates are demonstrating their enhanced stability against
polycrystalline growth, along with the thermodynamic stability
of both CaO and HfO2 in contact with Si, and good electrical
performance, suggesting that both CaHfOx and CaZrOx may
be an attractive gate dielectric for future generations of
MOS devices [8, 10]. Although the figure of merits of our
Si/CaO MOS device simulation suggest the feasibility of
using CaHfOx and CaZrOx as gate materials, first-principles
electronic properties calculations and MOS device simulation
are needed for the understanding of the characteristics of future
CaHfOx /Si and CaZrOx /Si devices.
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Abstract

Density functional theory ab initio calculations of the structural parameters, electronic structure, carriers effective masses, and optical
absorption of the CaCO3 aragonite polymorph were performed within the local density and generalized gradient approximations, local
density approximation (LDA) and generalized gradient approximation (GGA) respectively. A good agreement between the calculated
lattice parameters and experimental results was obtained. Both the LDA and GGA results for CaCO3 aragonite exhibit very close indi-
rect and direct energy gaps, and the computed effective masses are heavy and anisotropic. Two optical absorption regimes related to
distinct electronic transitions are predicted by the calculations.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

Calcite and aragonite are the most important calcium car-
bonate (CaCO3) polymorphs, the first thermodynamically
the most stable form at room temperature and atmospheric
pressure, the latter being metastable. A reconstructive arago-
nite! calcite transformation takes place in the 300–400 �C
range in biogenic samples as demonstrated by X-ray diffrac-
tion [1], and in the 660–751 �C as fast transformation in nat-
ural (abiogenic) crystals [2]. Calcite has promising industrial
(plastic, rubbers, papers, paints, etc.) [3] and implant appli-
cations [4–6]. Recently, through quantum mechanical ab ini-

tio methods [7], values for the energy band gap of calcite were
obtained, ELDA

GðF!ZÞ ¼ 4:956 eV and EGGA
GðF!ZÞ ¼ 5:073 eV,

which compare relatively well with the experimental energy
gap of 6.0 ± 0.35 eV as measured by reflection electron
energy-loss spectroscopy [8], despite the well known error
in energy gaps obtained using DFT. Indeed, the agreement
with the experimental energy gap is much better in reference
[7] than the result from DFT–LDA calculations performed
by Skinner et al. [9], EG(D!Z) = 4.4 ± 0.35 eV, using the lin-
earized augmented plane-wave (LAPW) approach. Esti-
0009-2614/$ - see front matter � 2006 Elsevier B.V. All rights reserved.
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mates of the carriers effective masses of CaCO3 calcite in
different symmetry directions were also performed, allowing
the investigation of the optical properties of porous CaCO3

[10] and the study of confinement features of excitons in
Si@CaCO3 and CaCO3@SiO2 spherical quantum dots
(QDs) [11].

The focus of this work is on CaCO3 aragonite, which
constitutes – together with a low amount of a organic
matrix – the nacreous inner portion of mollusk shells.
Nacre is a fascinating biogenic composite material, with
fracture toughness estimated to be 1000 times than that
of aragonite minerals, which is due to the organized mic-
roarchitecture of aragonite tablets about 15 lm in diameter
and 0.5 lm in height, stacked together in the vertical direc-
tion through an organic glue, like a ‘brick and mortar’
arrangement [12]. Although the aragonite structure was
determined 82 years ago by Bragg [13], there is no theoret-
ical study concerning its structural and electronic proper-
ties to the knowledge of the authors, the former as a
guide for a future study of aspartic and glutamic acid res-
idues inclusions in aragonite, and the later necessary for a
basic understanding of the white fluorescence properties of
scallop shells fired at 100–500 �C [14]. As in the case of
most oxide materials [15] as well as calcite, the CaCO3 ara-
gonite optical properties are poorly known, which is a
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Fig. 1. Orthorhombic CaCO3 aragonite unit cell.

Table 1
Lattice parameters and volume of the aragonite unit cell after geometry
optimization in LDA and GGA

a (Å) b (Å) c (Å) V (Å)

LDA 7.850 5.523 4.893 212.14
GGA 8.032 5.790 5.015 233.22
Exp. 7.969 5.743 4.962 227.08

The experimental data are from Balmain [1].
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drawback for the development of optical applications. The
purpose of this work is to present results on quantum
mechanical ab initio calculations performed for the CaCO3

aragonite polymorph within the density functional theory
(DFT) formalism.

2. First-principles structural results

The literature reports a single study on CaCO3 crystals
employing DFT calculations within the LDA [9] and
GGA frameworks [16]. Prencipe et al. [16] have obtained
the vibrational spectrum of calcite employing a localized
basis set of Gaussian-type functions and the B3LYP hybrid
exchange-correlation functional, which mixes LDA and
GGA terms. The calculated frequencies were compared
with available infrared and Raman data, with the observed
mean absolute error smaller than 12 cm�1. This is a satis-
factory agreement with experimental data, revealing that
first principles simulations can fairly reproduce the vibra-
tional spectra of minerals. However, Prencipe et al. [16]
have not studied the electronic and optical properties of
calcite, which were pioneered by Skinner et al. [9] within
the DFT–LDA approach, as mentioned before.

In this work, calculations of the structural parameters,
electronic structure, carriers effective masses, and optical
absorption of the CaCO3 aragonite polymorph are per-
formed. Exchange-correlation potentials were used within
two approaches: the local density approximation (LDA)
and generalized gradient approximation (GGA), the for-
mer for the sake of comparison. In the LDA calculations,
the Perdew–Zunger [17] exchange term with the Ceperley-
Alder [18] parametrization was adopted; in the GGA, the
Perdew–Burke–Ernzerhof (PBE) [19] exchange and corre-
lation terms were taken into account. The computer calcu-
lations were performed with the software CASTEP [20]
using a plane-wave basis and ultrasoft pseudopotentials
[21] with the following valence electronic configurations:
calcium 3s23p64s2, carbon 2s22p4, and oxygen 2s22p6. Rel-
ativistic effects were not taken into account. Geometry
optimization was achieved considering the following limits:
380 eV for the plane-wave energy cutoff, 5 · 10�6 eV/atom
for the total energy convergence tolerance, 10�2 eV/Å max-
imal ionic force, 5 · 10�4 Å maximal ionic displacement,
and stress components below 2 · 10�2 GPa. The Monk-
horst–Pack scheme for integration in the Brillouin zone
with a 3 · 4 · 5 grid was used [22,23]. Effective masses were
calculated according the definition presented by Wolfe
et al. [24].

To check the accuracy of the calculations, we have
increased the energy cutoff from 380 eV to 500 eV, and
the Monkhorst-Pack meshing from 3 · 4 · 5 to 3 · 4 · 6,
using also the GGA Perdew–Wang (PW91) exchange-cor-
relation functional [25]. The total energy of the unit cell
changed from �9917.6 eV in the GGA–PBE (cutoff energy
of 380 eV) to �9917.9 eV (cutoff energy of 500 eV), corre-
sponding to a variation of 15 MeV/atom. The difference
in the lattice parameters observed between PBE and
PW91 (with identical reciprocal space meshing) for the
same plane-wave energy cutoff of 380 eV was Dl(PW91-
PBE) = 0.15 Å, 0.25 Å, and 0.10 Å for the a, b and c lattice
constants, respectively. The GGA–PW91 functional, there-
fore, shows stronger underbinding than the GGA–PBE one
for the studied material. The density of states (DOS) was
calculated by means of a scheme developed by Ackland
[26], while the partial density of states (PDOS) calculation
was based on a Mulliken population analysis [27,28].

According X-ray data, CaCO3 aragonite has ortho-
rhombic unit cell with 4 molecules (20 atoms), space group
Pmcn (D16

2h) [29] and four inequivalent Ca2+ sites of point
symmetry m (Cs) [30], as shown in Fig. 1. Its structural
parameters obtained through geometry optimization,
together with the experimental values of Balmain et al.
[1], are presented in Table 1. A good agreement with the
experimental data is obtained, but with the LDA approach
underestimating the aragonite a, b, and c lattice parame-
ters, which is due to the well known LDA overbinding
effect. On the other hand, the GGA calculation overesti-
mates the lattice parameter c of aragonite. Such overesti-
mation is frequently observed in carbonates, and it is
probably caused by the lack of some correlation effects
not included in the GGA correlation functional. It is also
observed that the agreement with experimental data is bet-
ter in some directions, which is particularly true for direc-
tions contained in the CO3 plane [16].

In order to better evaluate differences between theory
and experiment, we look at the distance between carbon
and calcium atoms. The nearest carbon neighborhood of
a given calcium atom is 2.97 Å apart in the GGA approach,
in comparison to 2.94 Å as obtained from experimental



Table 2
Carriers effective masses of aragonite along some symmetry directions

me(C!Z) mh(C!Z) mh(X!S) mh(X!U)

LDA 1.08 1.01 1.29 1.07
GGA 1.21 1.18 1.48 1.28

All of them are given in term of the free electron mass m0.
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data. The farthest carbon neighborhood of a given calcium
atom inside the same unit cell is 6.63 Å apart according to
the theoretical calculations, and 6.57 Å apart according
experimental data [1]. On the other hand, the C–O bond
lengths are: l(C–O1) = 1.282 Å (theoretical GGA–PBE with
Ecut = 380 eV) and 1.296 (experimental); l(C–O2) = 1.292 Å
(theoretical GGA–PBE with Ecut = 380 eV) and 1.305
(experimental); l(C–O3) = 1.292 Å (theoretical GGA–PBE
with Ecut = 380 eV) and 1.305 (experimental). The GGA
calculation, therefore, predicts a larger distance between
the calcium atoms and CO3 groups, and a smaller size for
the CO3 group in comparison with X-ray measurements
[1]. Considering the ionic character of the aragonite crystal,
the larger Ca–CO3 distances in GGA–PBE calculations are
a sign indicating that the exchange-correlation functional
used underestimates the ionic interaction strength.

3. Electronic and optical properties

Fig. 2 shows the CaCO3 aragonite band structure com-
prising only the top of the valence band (VB) and the bot-
tom of the conduction band (CB), together with the partial
density of states (PDOS). The four upper valence bands
range from �1 eV to 0 eV (from �1.2 eV to 0 eV) accord-
ing to GGA (LDA) calculations. Valence band states
between �3 eV and 0 eV originate mainly from O–2p
states. For the GGA functional, the valence band has its
maximum at the X point, but with a very close extreme
at the C point, only 38 MeV below. The maximum at C
is non-degenerated, while the maximum at X corresponds
to a couple of bands with same energy (indeed, all valence
and conduction bands are doubly degenerated at X, even
for LDA results). The same occurs in the calculated LDA
bands, with the main maximum at X (double degenerated
band), and the secondary one at C (124 MeV below). Such
small energy differences in both levels of calculations pre-
clude any definitive conclusion whether the CaCO3 arago-
nite band gap is direct or indirect.
Fig. 2. Electronic band structure of aragonite calculated within LDA
(dashed lines) and GGA (solid lines) frameworks. The partial density of
states for aragonite showing contributions of s (solid), p (dashed), and d
(points) orbitals is in the right side.
The conduction band minimum is situated at C for both
LDA and GGA calculations. The GGA minimum, how-
ever, exhibits the largest energy, 4.23 eV (as the maximum
of valence band was chosen to have zero energy, this value
is equivalent to the indirect band gap corresponding to the
X! C transition), while the LDA indirect band gap is
3.956 eV. A secondary conduction band minimum appears
at the Y point with energy of 4.61 eV (4.38 eV) in the GGA
(LDA) approach. The conduction band is mainly of p-
character (mixed contributions from C–2p and O–2p orbi-
tals) for energies between 4 eV and 6 eV. Above 6 eV and
up to 8 eV, however, the energy bands originate from unoc-
cupied Ca–3d levels.

Effective masses calculated within LDA and GGA are
presented in Table 2. The hole masses are larger along
X! S, which is due to the difficulty in sustaining a collec-
tive displacement of electrons parallel to planes formed by
Ca2+ and CO2�

3 ions. The calculated hole and electron
effective masses were larger for the GGA approach in com-
parison to LDA. Electron masses along C! Z are 1.08m0

(LDA) and 1.21m0 (GGA), within the same range (1.01–
1.48m0) of masses calculated for holes. m0 is the free space
electron mass.

The optical absorption of CaCO3 aragonite considering
polarized incident radiation and a polycrystalline sample
was also calculated. Polarization vectors are denoted by
their alignment to the crystal axis directions. In Fig. 3 the
results obtained using the GGA functional are presented.
The absorption intensity is not very pronounced for ener-
gies above the direct band gap (but smaller than 6.0 eV),
Fig. 3. Calculated optical absorption of CaCO3 aragonite with incident
radiation polarized in the directions 101 (dashed), 001 (dotted), 010
(dash-dotted), and in a polycrystalline sample (solid).
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except for a few peaks around 4.72 eV, 5.02 eV, 5.39 eV,
and 5.68 eV. This is due to the selection rule that forbids
p! p dipole transitions (as we said before, the VB top
and CB bottom are formed from oxygen and carbon p
states). The small peaks are due to transitions involving
p-like states in VB and states in CB with a small contribu-
tion from Ca–3d states mixed with a dominating O–2p
character. For energies larger than 6.0 eV, we witness the
onset of a new absorption regime ruled by p! d transi-
tions, with more pronounced peaks around 7.13 eV,
7.29 eV, and 7.52 eV for all polarizations. Indeed, if we
look along b, we see that the flat CO2�

3 groups are perpen-
dicular to this axis, which implies in a small polarizability
and, consequently, a smaller optical response to an oscillat-
ing electric field.

4. Conclusions

Ab initio DFT calculations of the band structure and
carriers effective masses of CaCO3 aragonite were per-
formed within the LDA and GGA description of the
exchange correlation potential. The estimated indirect
[ELDA

GðX!CÞ ¼ 3:956 eV and EGGA
GðX!CÞ ¼ 4:229 eV] and direct

[ELDA
GðC!CÞ ¼ 3:968 eV and EGGA

GðC!CÞ ¼ 4:233 eV] energy gaps

are very close and considerably smaller than that estimated
theoretically for CaCO3 calcite (the actual experimental
energy gap of calcite is 6.0 ± 0.35 eV as measured by reflec-
tion electron energy-loss spectroscopy [8]). This result
allow to suggest that if the luminescence of scallop shells
is due to band-to-band recombination in CaCO3, their
thermal treatment in the 300–400 �C range will contribute
to blueshift or enhance the higher energy part of their spec-
tra due to the aragonite! calcite transformation.

Estimates of the carriers effective masses of CaCO3 ara-
gonite show that hole masses are larger along X! S.
Unfortunately, there are no experimental results published
on the effective masses for aragonite to allow comparison
with the theoretical estimated results obtained in this work.
The intensity of optical absorption was predicted to be not
very pronounced for energies ranging from 4.6 eV to
6.0 eV. For energies larger than 6.0 eV, a new absorption
regime ruled by p! d transitions arises, with more pro-
nounced peaks for all polarizations. Finally, we highlight
the usefulness of the results presented here pointing their
use in two applications: the investigation of the optical
properties of porous CaCO3 aragonite; and the study of
confinement features of excitons in Si@CaCO3 aragonite
and CaCO3(aragonite)@SiO2 spherical quantum dots
(QDs).
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Abstract

CaO is a wide band gap material yet unexplored for optoelectronics, but which was recently proposed as a candidate for spintronics

applications. In the present work we report the results of an ab initio electronic band structure calculation of cubic CaO using both the local-

density and the generalized gradient approximations. We performed the structural CaO crystal optimization, and calculated its optical

properties, which are compared with the available experimental data and with other theoretical results for the cubic CaO structure.

q 2005 Elsevier Ltd. All rights reserved.

Keywords: Wide band gap; Dielectric function; Optical properties
1. Introduction

Metal oxides are a class of materials with applications in

the catalysis and microelectronic domains. Nowadays

particular attention is being focused in ZnO due to its

potential use in ultraviolet light-emitting diodes and laser

diodes, which is related to its large direct band gap

(3.37 eV) and exciton binding energy (60 meV), and

lower-power thresholds for optical pumping at room

temperature [1,2]. This suggest that it is interesting to

investigate the properties of others metal oxides for

optoelectronic applications. Particularly, CaO is considered

as a prototype oxide from the theoretical point of view,

having a wide bandgap (7.1 eV) [3] and a high dielectric

constant (11.8). Furthermore, 3.125% Ca vacancies in CaO

local density approximation band structure calculations

predicted a half-metallic ferromagnetic ground state,

indicating that CaO could play an important role in the

modern field of spintronics [4]. Kenmochi et al. [5] have

pointed out a new class of diluted ferromagnetic semi-

conductors based on CaO without transition metal elements.

CaO crystallizes in the close-packed ‘rocksalt’ structure
0026-2692/$ - see front matter q 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.mejo.2005.04.016
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(Fm3m), and is a ionic material, with some degree of

covalency in their bondings. Finally, CaO is present in

significant amount in the lower mantle of the Earth,

therefore being a cheap material which is also of

geophysical interest.

In the 1980s, Kaneko and co-workers [6,7] suggested that

CaO was an indirect-band-gap material with the lowest gap

at the X point. Later, theoretical studies based on the

density functional theory (DFT) within the local-density

approximation (LDA), the so-called exact exchange (EXX)

potential, Hartree–Fock (HF), and tight-binding linear

muffin-tin-orbital approximations showed inconclusive

results, suggesting that CaO is either a direct- or an

indirect-band gap material, depending on the level of

calculation [8–13]. It is well known that band-structure

calculations based on the LDA method underestimate both

the band gap and the valence-band width, due to its

incomplete cancellation of the self-interaction.

In this paper, we present our initial results on the ab initio

calculations in cubic CaO using DFT within LDA (local

density approximation) and GGA (generalized gradient

approximation) frameworks for the sake of comparison. We

optimize the crystal structure, obtaining its band structure,

charge density, density of states, and optical properties. The

cation Ca and the anion O atoms define a fcc cell, with

positions at (0,0,0) and (0.5,0.5,0.5), respectively. The basis

set plane wave was used with an energy cut-off of 700 eV
Microelectronics Journal 36 (2005) 1058–1061
www.elsevier.com/locate/mejo
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for geometry optimization, and an energy cut-off of 380 eV

for band structure and optical properties calculations (after

the geometrical optimization). The difference in the energy

cut-off is due to the high computational cost needed for the

calculations of electronic properties.

This paper is organized as follows. In Section 2, we

describe the numerical approach used in this work. The

simulation results are introduced and discussed in Section 3.

A brief summary is presented in Section 4.
–5
L Γ X

Fig. 2. CaO electronic band structures calculated within LDA (dashed lines)

and GGA (solid lines) methods.
2. Numerical scheme

Geometrical optimization and band structure calcu-

lations were performed using the ABINIT code [14] within

the scope of the density functional theory (DFT) [15,16],

with two different Hamiltonians representing the local

density approximation (LDA) and generalized gradient

approximation (GGA). More precisely, the LDA results

were obtained using the Perdew-Zunger [17] exchange term

with the Cerpeley-Alder parameterization [18] and the GGA

results taking into account the Perdew–Burke–Ernzerhof

exchange and correlation terms [19]. The ABINIT code use

pseudopotentials and a plane wave basis. The valence

electrons considered were 3s23p64s2 and 2s22p6 for the Ca

and O atoms, respectively, in the ultrasoft pseudopotential

type [20]. We have used the Monkhorst-Pack scheme [21,

22] for the integration in the Brillouin zone with a 9!9!9

grid.
3. Simulation results

Geometry optimized cells for the cubic close-packed

‘rocksalt’ structure (Fm3m) with lattice constants 4.712 and

4.819 Å obtained by DFT-LDA and DFT-GGA calcu-

lations, respectively, are presented in Fig. 1(a) and (b). The

results for the lattice constants are in good agreement with

the experimental value 4.81 Å [23]. From the DFT–LDA

calculation, we have obtained an asymmetrical and high

charge density around the central oxygen atom, which is due

to the fact that the correlation effects and the strong

Coulomb potential of the Ca atoms are not taken into
Fig. 1. Optimized cell and charge density calculated in the LDA (a), and in

the GGA (b) approaches.
account in this approach. On the other hand, a symmetrical

charge density is obtained from the GGA approach,

suggesting a better description of the system in this level

of calculation.

As it is already known, the distinct semi-empirical and

first principles methods allows different values of the CaO

bandgap energy [1,5–9]. In addition, neither from theoreti-

cal nor from experimental point of view there is no

consensus about the nature of the bandgap energy, i.e., if

it is either direct or indirect. The calculated electronic band

structures are shown in Fig. 2. The highest symmetric points

presented in this figure are LZ(1/2,1/2,1/2), GZ(0,0,0), and

XZ(1,0,0). We have obtained an indirect G–X bandgap

energy (the lowest one), and a direct bandgap energy at the

symmetry point G. The valence bands are anisotropic, while

the conduction bands are quite symmetrical. The bandgap

energy Eg calculated from the LDA method is in a good

agreement with those obtained from first principle calcu-

lations [24,25]. However, such results are not in agreement

with the experimental value 7.1 eV, and this is due to the

correlation effects which were not taken into account. We

tried to correct the discrepancy in the value of the bandgap

energy by using the GGA method. However, the results we

have obtained (see Fig. 2) continue to underestimate the gap

energy, and this is due to the strong polarization of the

charge density within the compound [24]. From this

scenario, it is clear that a study considering other energy

functional is necessary for the elucidation on the electronic

properties of the CaO, as for example, the exact exchange

(EXX) approach.

Significant differences between the LDA and GGA

caculations can be observed. The indirect G–X (direct at G)

bandgap energy obtained with the former approach is

smaller (bigger) than with the latter. As a matter of fact, the

value of the indirect bandgap energy obtained from the

GGA calculation is EG(G–X)Z3.67 eV, while the value

obtained from the LDA calculation is EG(G–X)Z3.44 eV. We

can also observe a smaller curvature of the lowest

conduction band, obtained by LDA, than those obtained

by GGA. The band gap separates the occupied states in
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Fig. 3. Real and imaginary parts of the CaO dielectric function calculated

within LDA (dashed lines) and GGA (solid lines).

Table 1

CaO absorptivity and reflectivity data calculated within LDA and GGA

approaches

Absorption LDA 6.06; 6.93; 8.99; 10.35; 15.94; 19.33; 27.48

GGA 6.58; 8.60; 9.83; 15.28; 18.57; 27.70

Reflectivity LDA 4.33; 5.83; 8.89; 10.61; 12.15; 15.91; 19.27;

30.61; 31.70

GGA 5.29; 6.42; 8.51; 10.10; 11.40; 15.25; 18.60;

30.35; 31.45

Exp. 6.8, 10, 11.4, 12.1, 16.9
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the oxygen 2p valence band from the unoccupied states in

the calcium 3d conduction band. The width of the valence

band obtained through the GGA method is 0.27 eV, sharper

than the one calculated through the LDA method, which is

2.86 eV.

Experimentally, the values of the bandgap energy are

usually estimated from optical spectra (either absorption or

reflection). In Table 1, we present the data commonly used

to estimate the value of the bandgap energy of the CaO. The

bandgap energy is taken to be the energy of the lowest-

energy absorptivity or reflectivity peak plus the exciton

binding energy. The LDA as well as the GGA exchange

terms underestimate the peak positions of the absorptivity

and of the reflectivity; however, the GGA exchange terms

give a better comparison with the experimental results.

The results for the real and imaginary parts of the

dielectric function are depicted in Fig. 3. There are three

distinct energy regions: (I) from 0 to 6 eV; (II) from 6 to

28 eV, and the last region (III) for energy greater than

28 eV. In region (I), we observe that the imaginary part

presents no difference between the values obtained from

LDA and from the GGA method, while the real part

obtained from the LDA is slightly larger than the real part

obtained from the GGA. In region (II), the peak position of

the real and the imaginary part of the dielectric function

calculated through the GGA method are shifted K0.6 eV

with respect to the position of the peak obtained through
the LDA method. No difference in the values of the

dielectric function is observed in region (III). The imaginary

part is in good agreement with the measurements in the

energy range 6.6–7.2 eV performed by Whited and Walker

[26], on single CaO crystals at room temperature.
4. Summary

We have performed ab initio calculations structural and

optical properties related with the of CaO within the LDA

and GGA approach. The latter was not able to improve

considerably the estimate of the gap energy as compared

with the experimental data. However, we have obtained a

good estimative for the general trends of the absorption,

reflectivity, and dielectric constant. The results allow for an

evaluation of the carriers effective masses (not presented

here) and other parameters useful for optical and transport

simulations of optoelectronic devices. Intense ultraviolet

photoluminescence in ZnO-SiO2 composites [27] and

synthesis and characterization of Ca-based at SiO2 core–

shell nanoparticles [28] points out to the possibility of

exciton confinement effects in nanostructured CaO/SiO2

systems.
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