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Resumo

Um estudo completo de espalhamento quéantico independente do tempo é
realizado em uma superficie referéncia de energia potencial para a reagao H+Lis no
estado eletronico fundamental. Secoes de choque integrais e diferenciais sao calcula-
das juntamente com os coeficientes térmicos até a convergéncia ser atingida. Nossos
resultados mostram que as excitagoes vibracional e rotacional do reagente inibem
a reatividade, embora para esta uma promocao considerével na reagao tenha sido
identificada conforme aumentamos o numero quantico rotacional do reagente até
o valor critico de j = 4. Tal promocao entao comeca a retrair, eventualmente se
tornando uma inibicao para j maiores. Em uma maneira direta, o conceito da me-
todologia independente do tempo implementado neste estudo permitiu esta anélise
acurada estado-a-estado. Ademais, um comportamento aproximadamente isotro-
pico do espalhamento é percebido do ponto de vista angular. Notadamente, nosso
protocolo computacional é idealmente desenvolvido para obter coeficientes térmicos
convergidos, revelando um padrao nao-Arrheniano e mostrando que a aproximagao
J-shifting falha em descrever esta reacao em particular. Nossos resultados, quando
comparados com outros prévios e independentes, reforcam as tltimas publicagoes

teodricas para futura validagao no campo experimental.
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Abstract

A thorough time-independent quantum scattering study is performed on
a benchmark potential energy surface for the H+Li; reaction at the fundamental
electronic state. Integral and differential cross sections are calculated along with
thermal rate coefficients until convergence is reached. Our findings show that vi-
brational and rotational excitations of the reactant hinder reactivity, though for the
latter a considerable reaction promotion was spotted as we increase the reactant
rotational quantum number until the critical value of j = 4. Such a promotion
then begins to retract, eventually becoming an actual inhibition for larger j. In
a straightforward manner, the concept of time-independent methods implemented
in this study allowed this accurate state-to-state analysis. Furthermore, a nearly
isotropic behaviour of the scattering is noted to take place from the angular point
of view. Remarkably, our computational protocol is ideally suited to yield conver-
ged thermal rate coefficients, revealing a non-Arrhenius pattern and showing that
J-shifting approach fails to describe this particular reaction. Our results, when com-
pared to previous and independent ones, reinforce the latest theoretical reference for

future validation in the experimental field.
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Capitulo 1

Introducao

Reagoes de trés corpos do tipo A+BC possuem um papel central em Fisico-
Quimica, uma vez que fornecem informacoes mecanicas essenciais sobre reagoes qui-
micas na fase gasosa. Longe de serem triviais, elas demandaram um grande esforco
experimental desde que a técnica de feixes moleculares cruzados foi demonstrada
pela primeira vez em 1953 por Taylor e Datz [1]. A importancia em se estudar essa
classe de reacoes pode ser destacada pelo Prémio Nobel em Quimica de 1986, con-
cedido a Herschbach, Lee e Polanyi por suas contribui¢oes concernentes a dinamica
de processos quimicos elementares [2].

Os primeiros experimentos de feixes cruzados foram realizados para reacoes
quimicas envolvendo atomos de hidrogénio (ou deutério) e didtomos homonucleares
alcalinos (Ks, Rby ou Cssy), revelando variagoes consideraveis de entalpia. Essas
observagoes permitiram Lee, Gordon e Herschbach [3] inferirem uma analogia entre
tais processos e a dindmica do deuteron, um importante projétil em fisica nuclear.
Por outro lado, reagoes envolvendo hidrogénio e metais alcalinos mais leves como
o litio tém atraido grande interesse de experimentalistas [4, 5, 6], o que justifica
a modelagem de processos de espalhamento para o diatomo alcalino mais leve, a
molécula Lip |7, 8, 9].

Além do hidrogénio, o litio é um elemento chave em cosmologia, na evolucao
das galaxias e em modelos estelares [10]. A reacao entre hidrogénio e litio forneceu

provavelmente a primeira estrutura condensada no universo primitivo [11, 12], o



hidreto de litio, que é também relevante para a blindagem de néutron [13] e para
o armazenamento de hidrogénio [14]. Ademais, a quimissor¢ao de hidrogénio em
aglomerados de litio |11, 15, 16, 17| e a formacao e deple¢ao de LiH [18, 19, 20,
21, 22, 23| tém sido extensivamente investigados no campo teoérico; é também nesse
contexto que a importancia de se estudar a reacao H + Liy — LiH + Li esta inserida.

Um estudo de espalhamento quantico independente do tempo [24] foi pu-
blicado em 2012 para o momento angular total nulo, com a Superficie de Energia
Potencial (SEP) construida por Maniero et al. [25] para o estado eletronico fun-
damental do Li;H. Nesse trabalho [24], a distribuigao energética dos produtos e as
probabilidades de reagao para a excitagdo puramente vibracional /rotacional da mo-
lécula do reagente também foram investigadas, bem como os Coeficientes Térmicos
de Reagao (CTR) por meio da aproximacao do J-shifting. O comportamento dos
CTR a temperaturas mais altas e as formas decrescentes das curvas probabilisticas
aparentaram estar em sintonia com a SEP sem barreira e altamente exotérmica com
a qual se estava lidando, o que também se mostrou de acordo com a auséncia de
um estado de transicao. Esse estudo concluiu que a formacao de moléculas de LiH
ro-vibracionalmente excitadas por uma quantidade de energia comparéavel a —AH
(menos a variacao de entalpia) na rea¢do bimolecular de troca H+Liy é de alguma
forma favorecida, uma caracteristica observada em reagoes similares envolvendo ou-
tros didtomos alcalinos tais como Ks, Rbs e Csy [3]. Além disso, foram investigados
os efeitos isotopicos para a reagao H+Li; quando o hidrogénio é substituido por
muonio, deutério ou tritio, e descobriu-se que resultados quasi-classicos [26] e quan-
ticos [27]| concordavam com o fato que quanto maior a massa do is6topo, maior a
secao de choque.

Em 2014, Song et al. [28] publicaram uma SEP com 3726 pontos calculados
usando o método de interacao de configuracao multi-referéncia — MultiReference
Configuration Interaction (MRCI), e subsequentemente investigaram as Segoes de
Choque Integrais (SCI) [29] bem como as se¢oes de choque devido ao acoplamento

de Coriolis [30]. Gao et al. descobriram nesses estudos que a rotagao da molécula



Liy inibe a reagao [29] e que o referido acoplamento apresenta grande importancia
no processo H+Liy (X'X}) [30]. Recentemente, Yuan et al. [31] construfram uma
SEP com aproximadamente 30000 pontos empregando um método MRCI-F12 e
observaram desvios no limite de baixas energias de colisao quando comparados aos
resultados de Vila et al. [24], provavelmente por conta da aproximacao J-shifting
empregada por este bem como das diferentes SEP adotadas. Ainda no formalismo
dependente do tempo e com a mesma SEP proposta na Ref. [28|, Zhu, Dong e Li
[32] propagaram pacotes de onda com um operador de separacao de segunda ordem
para obter as grandezas resolvidas estado-a-estado, tendo observado que os sinais
para o espalhamento na direcao a frente e para tras apresentavam picos nos dois
angulos extremos.

O proposito deste trabalho consiste em dar prosseguimento as investigagoes
de espalhamento quantico independente do tempo para a reacao H-+Liy, conside-
rando agora tantos J > 0 quantos necessarios para se atingir uma convergéncia
suficiente nas secoes de choque. Os CTR também sao calculados, e nossos resulta-
dos sao comparados a resultados prévios tanto qualitativa como quantitativamente.
Para este fim, o presente estudo estd disposto da seguinte maneira: no capitulo
2, esta brevemente exposta a metodologia empregada, enquanto que no capitulo 3,
comentarios acerca dos critérios de convergéncia adotados sao feitos. Os resultados

sao trazidos no capitulo 4, seguidos por conclusoes e perspectivas no capitulo 5.



Capitulo 2

Metodologia

2.1 O Problema Molecular

Um sistema fisico no dominio quantico pode ter sua dinamica de evolucao
temporal descrita a partir da solugao da Equacao de Schrodinger, abordagem essa
que corresponde a uma das formulagoes possiveis para a Mecanica Quéantica [33].
Nesse contexto, um sistema composto por atomos e moléculas caracterizados em t

pelo estado |a, tg) evolui no tempo de acordo com:
.0
Hla,tg;t) = zha la, tost) . (2.1)

Na expressao acima, o hamiltoniano H é o operador quantico responséavel
por gerar a evolugao temporal, e, sendo ele independente do tempo (se ele se mantiver

inalterado para qualquer valor que for designado ao parametro t), teremos que
|, to; t) = e B0/ g 1) (2.2)

e o problema da Eq. (2.1) claramente se resumira a obtengao de autovetores e au-



tovalores:

Hla,to) = Ea, to) . (2.3)

E valido frisar que os autovalores E corresponderao as energias totais do sistema, que
se conservarao dada a simetria assumida com relacao ao tempo, em conformidade
com o Teorema de Noether [34].

Nao considerando em H corregoes relativisticas ou acoplamento de spin-
orbita, podemos demonstrar que a Eq. (2.3) implicard que, em unidades atomicas
(h = ¢ =m, = e = 1), na representagao das N coordenadas eletronicas 7" e das M

nucleares R [35],

1 N M M N M-1 M Z Z
o vlz_ + ALB
2 L X 2 e ol
N—-1 N 1
+Y Y AT v({r} {Rr}) = EO({r} {R}), (24)
i=1 j>i

onde os indices i e j dizem respeito a elétrons, enquanto que A e B a nicleos; m
denota a massa e Z o ntimero atomico.

Como os ntcleos envolvidos possuem muito mais inércia que os elétrons,
uma abordagem interessante, conhecida como expansao adiabatica, consiste em con-
siderar a funcao de onda total “separével” em uma parte nuclear, que depende ex-
clusivamente do conjunto de coordenadas {ﬁ}, e em uma eletronica, que depende

explicitamente do conjunto de coordenadas {7} e apenas parametricamente de {R}:

V({r} {R}) = x({ BN ({F}: {R}). (2.5)



2.2 A Aproximacao de Born-Oppenheimer e a Separacao do

Problema nas Partes Eletronica e Nuclear

Com ampla aplicabilidade na Fisica Atémica e Molecular, a aproximacao
de Born-Oppenheimer [36] considera pouco sensivel a variagao espacial da funcao de
onda eletronica ¢ com respeito as coordenadas nucleares {ﬁ}, onde se assume que

a dependéncia seja apenas paramétrica (¢ = ¢({7}; {é}))

V% [XUBDo((7}: (7))
oUFHARNVAXURY + 29a0((7H {R)Vax({RD + x({RD V367 (7))
o7 (R VAX({RY). (2.6)

Q

Ao substituirmos a Eq. (2.5) na Eq. (2.4), se empregarmos a referida apro-
ximacao (Eq. (2.6)) e considerarmos que o operador laplaciano com respeito as
coordenadas eletronicas V2 s6 opera em ¢({7}; {R}), ndo atuando em x({R}), ob-

temos:

N

1 M 74 M ZuZs
- 2 r R - = - = -
20({7}; {R}) Z PUrh RN - ;iZIIRA—FiII " Z |Ra — Rpl|

Ressalta-se que, por construcao, a “constante de separacao” definida como V({ﬁ})
s6 pode conter dependéncia com relagao as coordenadas nucleares.
Portanto, a partir do emprego da aproximagao de Born-Oppenheimer na

equacao de Schrodinger independente do tempo para um sistema molecular, é pos-



sivel tratar o problema separadamente em sua parte eletronica:

1 N M N M—-1 M ZAZB
_ = v2 _ >
+ Z T ||] o({7}; {R}) = V{R})o({F}; {R}) (2.8)
e em sua parte nuclear:
[—% > SR+ VIED | () = Ex({)) (2.9)
A=1

Na abordagem de interesse deste trabalho, busca-se resolver a Eq. (2.9) para uma
“constante de separacao” V({é}) inserida na forma de uma funcao de energia po-
tencial nuclear, uma vez que tenha sido previamente determinada pela resolucao da
Eq. (2.8) para diversas configuragoes nucleares pré-fixadas.

Na pratica, a resolucao da parte eletronica fixados suficientes conjuntos de
valores para {E} permite que sejam conhecidas as distribuicoes eletronicas de carga,
e, ao ser proposta uma interpolacao na forma de ajuste da SEP, é obtida uma forma
funcional que viabiliza avaliarmos o comportamento de V' para configuracoes nucle-
ares em principio nao consideradas na solucao da equacgao de Schrodinger eletronica.

Assim, em posse de uma forma analitica para a fungao de energia potencial
nuclear, tornamo-nos capazes de resolver a equagao nuclear, de onde se obtém por
exemplo espectros ro-vibracionais, probabilidades de reagao (propriedades dindmi-
cas) e coeficientes térmicos de reagao (propriedades cinéticas).

Para os fins a que se propoe este estudo, empregamos a SEP do sistema LisH
publicada por Maniero e colaboradores na Ref. [25], onde foram computadas via
interagao de configuragdes — Configuration Interaction (CI) 394 energias eletronicas
nao-equivalentes através de um conjunto de base nivel 6-311G (2df, 2pd) para o

estado fundamental. Esses 394 pontos ab-initio foram especificamente escolhidos nas



areas de interacao mais importantes, de modo a permitir a caracterizacao correta
e conveniente da reacao, evitando assim uma descricao insuficiente ou excessiva a
ponto de comprometer o comportamento esperado em outras regioes da superficie.

A notagao do conjunto de base utilizado subentende que se aplicam 6 gaus-
sianas primitivas para descrever cada orbital atémico mais interno e 3 fungoes de
base para cada orbital mais externo (de valéncia), a primeira destas formada por
uma combinacao linear de 3 gaussianas primitivas, a segunda e a terceira por 1
cada; adiciona-se a polarizagao para reproducao das ligacoes quimicas por meio de
2 fungoes “d” e 1 “f” nos atomos mais pesados (litio), além de 2 “p” e 1 “d” no mais
leve (hidrogénio). Um pseudo-potencial conservativo com respeito a norma foi usado
para representar a parte mais interna do litio [37].

Para a representacao analitica da SEP em func¢ao das 3 distancias internu-

cleares, ajustou-se as energias eletronicas um polindémio Bond Order (BO):

6 6 6
V(Ryim, Rum, Rui,) = Z Z Z Cijk ML n s, (2.10)
0 k=0

1=0 j=

Brin (RLin—Rerin)

NLig = € ;o Muip = g~ Puiz (Ruig = Rersy)

de oitavo grau para os termos de trés corpos e de quarto para os de dois, com o
vinculo 1 < 7+ 5 + k < 8 igualmente estabelecido. As 2 distancias de equilibrio
(Repm e Rery,), as 2 constantes de alcance do potencial (Srm e Bri,) € os 12 coe-
ficientes lineares assintoticos foram previamente fixados, enquanto que os 134 Cjjp,
remanescentes (parametros de trés corpos) foram determinados pelo algoritmo de
Powell [38].

Maiores detalhes sobre a superficie utilizada, assim como breves compara-
¢oes com outras disponiveis na literatura, sao trazidos mais adiante, mas pode-se
antecipar que as propriedades reproduzidas por ela, como a auséncia de barreira,

a alta exotermicidade, a grande profundidade do po¢o de minimo potencial, as ge-



ometrias e frequéncias ro-vibracionais estao muito bem descritas e de acordo com

dados experimentais.

2.3 Parte Nuclear: O Programa ABC

A conveniente escolha de como expressar as coordenadas nucleares em uma
reacao quimica esta longe de ser trivial, uma vez que a completa descricao do pro-
blema em geral requer um mapeamento de todo o espaco, o que leva a uma com-
plexidade consideravel, pois as coordenadas que mais bem descrevem os reagentes
geralmente diferem daquelas que o fazem para os produtos. Revela-se vantajosa,
portanto, a propriedade de transformacao gradual das coordenadas a medida que a
geometria do sistema se altera, o que é caracteristica das hiperesféricas.

No programa ABC [39], é realizada uma expansao simultanea da funcao de
onda nuclear em termos das coordenadas hiperesféricas na parametrizagao de Delves
[40] para os trés arranjos: A + BC, B + AC e C + AB. Uma das possibilidades
mais interessantes trazidas por tal descri¢ao é podermos determinar quantidades nas
quais tanto o estado do reagente quanto o do produto devem ser simultaneamente
especificados. Uma desvantagem Obvia que surge com essa descri¢cao, no entanto, é
o inevitavel acréscimo no tempo de execucao do programa, o que, em se tratando
de calculos detalhados estado-a-estado, é agravado para reagoes que procedem sobre
pocos de potencial profundos. Na pratica, observa-se a necessidade de um nimero
razoavelmente grande de estados ro-vibracionais em termos dos quais a func¢ao de
onda é expandida.

Redigido na representacao das coordenadas hiperesféricas na parametriza-
:| 1/2

mampmc

a massa reduzida
ma+mp+mc

¢ao de Delves, em que p denota o hiperraio, y = [
do tridtomo, n e v os dois angulos de Delves, ¢, 6 e 1) os trés angulos de Euler, e

A o operador grande momento angular de Smith, o hamiltoniano nuclear assume a
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forma [40]:
Lo 0, A
2up® dp” 9p  2up?

+V|x=Ex. (2.11)

O programa ABC resolve essa equacao para um sistema triatomico nao-
ligado dentro de uma superficie de energia potencial V' expandindo x em termos de

fungoes de base hiperesféricas B com coeficientes g a serem determinados:

XJM g Z gTUT.jTKT(p) B;-]%]TKT(pa ¢T7977¢77777n7). (212)

TUrjr Kr

O indice J se refere ao momento angular total, M e K & sua proje¢ao nos
sistemas de coordenadas fixo no espago e fixo no centro de massa — Space/Body Fized
frame (SF/BF), v e j aos ntmeros quanticos assintoticos vibracional e rotacional, e
T a0 arranjo.

As fungoes de base B que expandem Yy sao construidas a partir dos elementos
de matriz do operador de rotacao de Wigner D, dos harmoénicos esféricos Y e das

fungoes “vibracionais” ¢:

_ D]{4KT (9257'7 07’7 O)Yj K, (77'7 IDT)SOUT (n’r>

BJM
K pP/2 sinn, cosn;

TUTjT T

. (2.13)

No que se refere & convergéncia do conjunto de base, o ABC necessita que seu
usuério fornega parametros de entrada adequados (denotados assim neste trabalho),
e os que mais contribuem para o nimero de fungoes B diferentes sao emax, jmax
e kmax, que rotulam nessa ordem a energia interna abaixo da qual todos os canais
abertos sao considerados, os nimeros quanticos rotacional e de helicidade méaximos.

A primeira grande tarefa do programa consiste portanto na determinagao
do conjunto de base. Neste passo, o ABC segmenta o intervalo de hiperraios em
mtr grades igualmente espacadas até p = rmax, aproximando as fungoes como setor-
adiabaticas, ou seja, considerando muito lenta sua variacao nos setores. Usando os

potenciais diatomicos de cada arranjo na superficie da hiperesfera como potenciais
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de referéncia, a parte n-dependente do hamiltoniano é entao resolvida dentro de
cada segmento por meio do método das diferengas finitas [41] para gerar as fungoes
“vibracionais” adiabéaticas .

Admitindo que a notaciio H faca referéncia a todos os termos do hamil-
toniano nuclear sem derivadas com respeito a p, e substituindo x pela Eq. (2.12)
associada & Eq. (2.13), pode-se demonstrar que as equagoes Coupled Channel/Close
Coupling (CC) assumem a forma:

2
Z—[g =0"'Ug, (2.14)
onde a matriz g é aquela formada pelos coeficientes de expansao, O é a matriz
overlap:

OTUT]'T/I;T; = <B}]/]1\)4;j;1<; 1B k) (2.15)

1qy!
TUr]r

e U ¢ a matriz de acoplamento potencial e cinético:

U5 = (B2 | 200 = B) = 15 B ). (2.16)

A determinacao das matrizes O e U é realizada através da uma quadratura
de Gauss-Legendre para o angulo 7,, uma regra trapezoidal para v, e uma inte-
gragao analitica para os angulos de FEuler. As integrais mais complicadas involvem
elementos de matriz para os quais 7 # 7', uma vez que estes requerem a avaliacio
da base para um canal nos pontos da grade de outro canal (frequentemente essa é a
parte que consome mais tempo de calculo) [42].

Assim, as equacoes CC sao resolvidas no programa ABC por meio do algo-
ritmo log-derivativo com potencial de referéncia diagonal descrito na Ref. [43|. Apos
as integracoes realizadas em cada setor, a funcao de onda nuclear é “costurada’” entre
setores vizinhos do limite inferior de hiperraios até rmax, onde a projecao nas coor-

denadas de Jacobi permite a aplicacao das condi¢oes de contorno do espalhamento
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reativo a x na forma proposta pela Ref. [40].

Com isso, os elementos da matriz S de espalhamento adaptados & paridade
sao fornecidos nos arquivos de saida para uma tripla (J,P,p) previamente espe-
cificada, onde P e p sao respectivamente os autovalores de paridade triatomica e
diatomica. Uma vez que a paridade é preservada tanto nos elementos de matriz
entre canais quanto nas solucgoes assintoticas, os célculos sao desacoplados de modo
que, para cada tripla diferente, requer-se uma execucao independente do programa.
Ao reunirmos suficientes arquivos de saida para garantir a convergéncia, esses ele-
mentos de matriz podem ser empregados no calculo de propriedades observaveis da

reacao.

2.4 Secoes de Choque e Coeficientes Térmicos de Reacao

De uma maneira bastante sucinta, a se¢ao de choque de uma reagao quimica
do tipo A + BC — AB + C expressa em unidades de area uma medida de sua
probabilidade de ocorréncia. Experimentalmente, se essa reacao se der a partir
do cruzamento de feixes atdmicos e moleculares, teremos ainda a possibilidade de
conhecer a distribuicao espacial do espalhamento se avaliarmos a se¢ao de choque
diferencial, que carrega consigo uma dependéncia angular com 6, definido como o
angulo entre o feixe atomico incidente e o feixe atémico do produto espalhado. A
integracao da secao de choque diferencial no angulo sélido df) resulta na se¢ao de
choque integral.

Para a obtencao dessas grandezas, no entanto, recorre-se antes a conversao
dos elementos de matriz adaptados a paridade (padrao de saida do ABC) em ele-
mentos de matriz na representacao da helicidade, utilizando-se as féormulas seguintes

[39]:

14+ 6po)(1+6 - —__
Sr{’k’,nk - Sr{’fk’,nfk = \/( k;>( kO) [ST{;lkD’;jl;l + ST{;Z;“Lkl (2'17)
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14 0ug)(1+6
S;{'—kank; S’k’n k:(_1>J\/< il k;)< LY SJ/Snzl SJ/f'_nZl (2.18)

onde n e n/ sdo indices compostos para T7vj e 7'v'j’, e os nimeros quanticos 0 < k <
min(J, j, kmax) e 0 < k' < min(J,j’, kmax).
Dessa forma, somos capazes de expressar a se¢ao de choque diferencial como

[44]:

min(j’ kmax) min(j,kmax)

do,
d_Q(Q’E) 8#A+BCEcol 2]+1 ZZ Z Z |fnk,n’k’(67E)|2

i’ K'=—min(j’ kmax) k=—min(j,kmax)

Jrnaac
Fokw (0, E) = (2J + 1)d e (0)S;) 1 i (E) (2.19)
J=max(|k|,|k'])

e a integral como [45]:

Un(E) =
min(j’ kmax) min(jkmax)  Joyan 2
e (220
2NA+BCEcol 2j+1 Z;k,:_m;,kmax) . Zo ‘ w ok ( (2.20)

onde FE,, denota a energia de colisao, paipc ¢ a massa reduzida do reagente, e
di,,.(0) sdo os elementos da matriz reduzida de Wigner.

Outra grandeza que merece destaque e pode ser calculada a partir dos ele-
mentos da matriz S é o coeficiente de taxa térmica de reagao, ou simplesmente
Coeficientes Térmicos de Reagao (CTR). De grande relevancia para a dinamica de
fluidos, estudos de combustao e quimica atmosférica, dentre outros campos, essa
medida cinética permite a avaliacao da taxa em que se d& a reacao em funcgao da

temperatura 7.
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O céalculo dos CTR se torna possivel uma vez que sejamos capazes de truncar

a seguinte série para as probabilidades cumulativas de reagao [46]:

Jmaa:

N(E) =) (2] + )N’(E), (2.21)

que podem ser expressas a partir dos dados de saida com diferentes triplas (J, P, p)

especificadas e dos pesos de spin-nucleares w, se levarmos em conta que

NJ(E) = Wy 1 [NJ,P=+1,p=+1 (E) T NJ,P:fl,szrl(E)}

Wy [NPTZHP=H(E) + NIP=20r=m ()] (2.22)

J,Pp E 2 J,P,p
N ‘S 'k’ nk

nk n'k’

No caso da reagao H + Lis, ao fator de spin nuclear w; podem ser atribui-
dos dois valores distintos, w,—41 = 6 para estados iniciais caracterizados por j par
e wy—_1 = 10 para j impar [47]. Isso pode ser entendido pelo fato de o niicleo do
"Li apresentar 3 protons e 4 néutrons (cada uma dessas particulas com spin 1/2),
de modo que o estado fundamental de spin nuclear possui Spucear = 3/2. Nota-se
que, devido a distribuigao de Boltzmann, outros estados que nao o fundamental
(excitados) nao seriam de nosso interesse a temperaturas “normais”’ por apresenta-
rem energias muito mais elevadas. Das 4 projegdes possiveis para Spuciear = 3/2
(Mupuctear = £3/2 ou £1/2), no entanto, todas tém a mesma energia, devendo ser
consideradas. Como cada ntcleo de litio pode estar em um desses estados, teremos
um total de 4 X 4 = 16 estados, dos quais 6 sao anti-simétricos, mudando de sinal
sob permutacgao dos ntucleos idénticos, e 10 sao simétricos, permanecendo inalterados
sob as mesmas condigoes. Por terem spin semi-inteiro, os niicleos idénticos sao fér-
mions, de maneira que a func¢ao de onda total (rotacional-eletronica-nuclear de spin)

necessariamente devera trocar de sinal com a permutagao dos dois ntcleos de litio.
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Como o estado eletronico Sigma (g,+) do didtomo do litio é sempre par, e portanto
simétrico com relagao a permutacao de nucleos, estados com paridade rotacional de-
finida como par deverao ser associados a fungoes de spin nucleares anti-simétricas,
e vice-versa.

Entao, redigindo a fungao de parti¢ao translacional e ro-vibracional do re-

agente a temperatura 7' por unidade de volume como:

QR - Qtrans : Qrom’b7

onde

p) kpT 1%
THA+BCRB } (2'23)

Qtrans - |: 2
¢ a formula com o comprimento de onda de Debye para o movimento relativo do
atomo A do reagente com relac¢ao ao didtomo BC (no nosso caso, atomo de hidrogénio

e molécula de litio, respectivamente), e

Qrovib = pr(2j + 1)6_E(”’j)/kBT

v

¢ a expressao que leva em conta a discretizacao dos niveis de energia para a parte
ro-vibracional dos reagentes, usando um fator de degenerescéncia de w, = 6 ou 10
(referente ao caso de j ser par ou impar, respectivamente) multiplicado por 25 + 1
(referente as possiveis helicidades, ou & quantidade de proje¢oes do momento angular
j ao longo do eixo do didtomo do reagente), os CTR podem ser calculados por meio

da seguinte expressao:

1

k(T) = "On

/ e EI*sT N(E)dE. (2.24)
0
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2.5 Recursos Computacionais

Um dos maiores desafios enfrentados por este projeto, esbocado anterior-
mente para os calculos restritos ao momento angular total J = 0, acentuou-se a
cada J acrescido até o ponto em que o truncamento do parametro kmax (definido
mais adiante) estagnou o crescimento das fungoes de base dos estados ro-vibracionais
do reagente e do produto, em termos das quais a funcao de onda nuclear era ex-
pandida: a partir de J = kmax, cada momento angular total, que requer quatro
execugoes independentes do programa ABC (as paridades triatdmica e a diatémica
podem assumir dois valores distintos cada, de acordo com a Tabela 3.2), utilizaria
um total de 3691, 3664, 2906 ou 2878 canais para esse propoésito.

A logistica computacional requerida para a exequibilidade destes célculos
nao é simples: devido ao grande empenho no procedimento de derivadas logarit-
micas, que pode responder por em média 77% do tempo total de execugao [48],
escrever todo o progresso parcial em arquivos que pudessem retomar as contas em
caso de interrupgao acidental (como queda de energia, por exemplo) demandaria
nao somente um consideravel tempo adicional, como também um armazenamento
de memoria impraticével, em se tratando de um cluster de uso compartilhado (com
cotas definidas para cada usuério).

Destarte, a tinica opgao disponivel que nos permitiria avangar até que a
convergéncia desejada fosse alcancada se materializou nos computadores do Centro
Nacional de Processamento de Alto Desempenho em Sao Paulo (CENAPAD-SP),
através do “proj634”: Calculos de Alto Desempenho Aplicados a Eletréonica Mole-
cular, com uma cota anual autorizada de 50000 unidades de servigo — Service Units
(SU), quando o padrao é de 8000 (cada unidade corresponde a 4 horas de uso da
unidade central de processamento — Central Processing Unit (CPU) nas maquinas
IBM-P750).

A titulo de informagao, o equipamento IBM do CENAPAD-SP é composto

por 40 nés computacionais de processamento multi-simétrico modelo IBM P750, que
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utilizam processadores Power7 de 3.55GHz. Denotando uma operagao de ponto-
flutuante por segundo — FLoating-Point Operation Per Second por 1 FLOPS, cada
nd computacional contém 32 ntucleos de processamento, 128GB de memoéria RAM
e 908.8 GFLOPS de desempenho tedrico, totalizando 1280 cores, 5TB de memoria
de acesso randémico — Random Access Memory (RAM) e capacidade teorica de
processamento de aproximadamente 37 TFLOPS.

Cada execugao do programa ABC, otimizada com a opg¢ao de autopara-
lelizagao do OpenMP implementada por padrao nas bibliotecas BLAS/LAPACK
instaladas no ambiente e com o uso simultaneo de duas CPU, levou em média entre
5 e 14 dias para ser concluida, o que, em termos praticos, pode representar algo
entre 60 e 168 SU. Um usuério, nessas condigoes, pode ter rodando seguramente ao
mesmo tempo até 12 execugoes divididas em 6 scripts sem que sejam ultrapassados
os limites a ele disponibilizados.

E importante frisar que a convergéncia obtida com o conjunto de funcdes
de base foi extensivamente estudada para J = 0 através da criteriosa analise das
curvas adiabaticas, razao pela qual apenas foi dada continuidade aos calculos com
a maioria dos parametros da Tabela 3.2 inalterados; a insercao do truncamento da
helicidade, no entanto, além de ser necessario do ponto de vista operacional, foi mo-
tivado por anélises realizadas a outros sistemas na literatura em que uma descri¢cao
suficientemente completa do problema era alcancada com kmax &~ 4, argumento que

ganhou um peso ainda maior pela previsao das Ref. [30, 32].



Capitulo 3

Convergéncia dos Parametros de Entrada

do Programa ABC

A confiabilidade dos resultados trazidos pelo estudo aqui realizado esté for-
temente relacionada a qualidade dos dados de entrada empregados. Com isso, quere-
mos dizer que nenhuma escolha de parametro de entrada se baseou em aleatoriedade

ou mera conveniéncia.

3.1 SEP da Reacao H + Li,

Comecamos esta secao enfatizando que, para a superficie de energia poten-
cial do sistema em estudo, a saber, a SEP da reacao H + Li, — LiH + Li que
entra no problema formulado no capitulo anterior como a grandeza V' na Eq. (2.11),
os autores da Ref. [25] consideraram apenas pontos relevantes ao ajuste, nao recor-
rendo, por exemplo, & pratica de posicionar inimeros pontos nas regioes assintoticas
apenas para diminuir o valor do desvio quadratico médio 6 sem um ganho real e
correspondente em qualidade: geometrias, energias, frequéncias ro-vibracionais, va-
riacao de entalpia e outras propriedades sao muito bem reproduzidas por esta SEP,

o que é reforcado por dados tedricos e experimentais independentes na literatura

18
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[49, 50, 51, 52, 53, 54].

A Tabela 3.1 exemplifica o que queremos dizer, apesar de pequenas divergén-
cias que aparecem devido as diferentes metodologias envolvidas. Particularmente,
Song e colaboradores [28] calcularam 3726 energias ab-initio no nivel MRCI usando
a fungao de referéncia Full Valence Complete Active Space (FVCAS) e o conjunto de
base V5Z de Dunning. Uma correcao foi implementada pelo método Double Many-
Body Expansion - Scaled External Correlation (DMBE-SEC). De outra forma, Yuan
et al. [31] empregaram o método MRCI-F12 com o conjunto de base aug-cc-pVTZ
para calcular 30000 energias eletronicas, realizando em seguida um ajuste de super-
ficie baseado em redes neurais.

Muito embora os autores da Ref. [25] tenham feito uso de consideravelmente
menos pontos ab-initio que os outros pesquisadores referenciados, nao se pode inferir
que a SEP empregada aqui é inferior: quando comparada a da Ref. [28], ela mostra
resultados diatémicos ligeiramente melhores com respeito aos dados experimentais
disponiveis, e uma concordancia um pouco menos refinada no que concerne a confi-
guracao triatomica de minimo; no caso da SEP da Ref. [31], por outro lado, tanto
as comparagoes diatdmicas quanto as triatomicas favorecem a Ref. [25]. Deve-se
ressaltar, no entanto, que todas as trés SEP representam acuradamente a reagao em
questao, e os resultados delas derivados devem ser comparados sempre que possivel.
Duas das caracteristicas mais marcantes do processo de espalhamento, indepen-
dentemente obtidas pelos trés estudos, sao o comportamento essencialmente sem
barreira e sua alta exotermicidade (por volta de 34 kcal/mol).

De qualquer maneira, quando se trata da situagao pratica em que a SEP
do LisH deve ser inserida na forma de uma subrotina nos calculos independentes do
tempo do programa ABC, dois aspectos devem ser avaliados. Primeiramente, o uso
de formas analiticas mais elaboradas como aquelas contidas nas Refs. [28, 31| po-
deriam ter levado a uma maior complexidade as custas de recursos computacionais,
que ja foram exaustivamente explorados com o uso do polinémio BO da Ref. [25].

Em segundo lugar, os parametros de expansao ajustados das superficies |28, 31| ndo
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Ref. |25] Ref. [28] Ref. [31] Experimental

nimero de pontos ab-initio 394 3726 30000
desvio quadratico médio (kcal/mol) 1 0.636 0.299

Lip (X'%,)
R, (bohr) 5.0512 5.0877 5.0531 5.0512[49]
D, (kcal/mol) 24.438 24.445 24.398 24.444[51]
we (cm™1) 351.48 353.528 351.49 351.4]49|
weTe (cm™1) 2.652 2.655 2.595[49]

LiH (X'%)
R, (bohr) 3.151 3.0336 3.0160 3.0160[49]
D, (kcal/mol) 58.099 58.113 58.0203  58.112[50]
we (cm™1) 1405.7 1387.886 1410.82  1405.6[49]
wete (cm™1) 21.2 23.693 23.2[49]

LioH (X2A7)
R, (Li-Li) (bohr) 4.7366 4.7621 4.7205 4.7621[54]
R, (Li-H) (bohr) 3.2212 3.2474 3.2201 3.2409(54]
HLiLi ©) 42.675 42.843 42.813 42.708[54]
Profundidade do minimo relativo
a assintota H+Li+Li (kcal/mol) 86.9 87.91 85.16 87.943[53]

Tabela 3.1: Distancias de equilibrio, energias de dissociacao, constantes espectros-
cOpicas, angulos e outras propriedades obtidas para os diatomos Liy/LiH e para a
regiao de interagao de trés corpos na configuragao global de minimo.

estao disponiveis na literatura da maneira em que se encontra os da SEP [25], tor-
nando impossivel seu emprego a nao ser que ao leitor interessado seja franqueado o

devido acesso aos dados.

3.2 Dados de entrada do Programa ABC

Prosseguindo com a discussao para os dados de entrada descritos na Ref. [39],
fornecemos ao programa os parametros da Tabela 3.2. Para diferentes escolhas da
tripla (J, P,p), tivemos de nos assegurar de que os valores designados para rmax
e mtr eram tais que: a) o espalhamento seria estudado até que o comportamento

assintotico se manifestasse; e b) o tamanho das grades nos permitiria tratar os
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setores em uma aproximacao adiabatica. Mais precisamente, prestamos atencao
as curvas adiabaticas da forma preconizada pela Ref. [24| para diferentes execu-
¢oes do programa, e ambas as conclusoes puderam ser tiradas pois essas curvas: a)
estabilizam-se antes do maximo hiperraio considerado; e b) sofrem variagoes suaves
o suficiente quando passamos de setor em setor. Além disso, fixar rmax e mtr em
25 ag e 300 revelou-se conveniente uma vez que inspecionamos cuidadosamente o
impacto gerado pela variagao desses parametros na convergéncia final das secoes de
choque, especialmente para a energia de colisao mais baixa estudada (0.21 meV para
o estado Liz(v = 0,5 = 0)), onde a mudanca de rmax e mtr respectivamente para 30

ag e 400 representou um decréscimo de menos de 1.9 % nas SCI.

Parametro Significado

mass =1,7,7 Massas dos atomos em unidades de massa atomica.
jtot =0,1,2,...,80 Momento angular total J.

ipar = +1 Autovalor de paridade triatémica P.

jpar = +1 Autovalor de paridade diatomica p = (—1)7.

emax = 0.68 Méaxima energia interna em qualquer canal (eV).
jmax = 35 Maximo niimero quantico rotacional em qualquer canal (5 ou j').
kmax = 4 Parametro de truncamento da helicidade.

rmax = 25.0 Hiperraio maximo p (ag).

mtr = 300 Namero de setores log-derivativos.

enrg = 0.022 Energia total inicial (eV).

dnrg = 0.02 Incremento a energia total (eV).

nnrg = 20 Numero de diferentes energias totais.

nout = 3 Valor méaximo de v de saida.

jout =15 Valor maximo de j de saida.

Tabela 3.2: Parametros de entrada do ABC usados para a reacao H + Lis.

Em seguida, tivemos de limitar os parametros emax, jmax e kmax uma vez
que eles ditam o quao robusto nosso conjunto de base deve ser, levando em conta
que quanto maior ele for, mais tempo os calculos levarao e mais eles vao custar em
termos computacionais. Considerando que estamos interessados no limite de baixas
energias colisionais (até 0.4 eV), que para célculos precedentes com J = 0 a escolha
dos dois primeiros parametros provou ser adequada para o problema, e que para
reacoes lineares kmax nao precisa ser muito maior que zero, investigamos os efeitos

de modificar cada uma dessas quantidades independentemente.
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Para esse proposito, variamos primeiramente o parametro emax mantendo os
outros dois constantes de modo a visualizar a consequéncia as contribuigoes parciais
das segbes de choque integrais. A Fig. 3.1 (a) mostra um caso particular para
um incremento de 0.05 eV na energia interna méxima variando de 0.58 a 0.73 eV.
A titulo de ilustragao, o nimero de canais considerados para o calculo com (J =
5P = —1,p = +1) salta de 3286 para 3853 nesses limites, sendo igual a 3664
para emax = 0.68. Efetuados em uma méaquina IBM P750 usando processadores
Power7 com 3.55 GHz de frequéncia (contendo nicleos de 128 GB de memoria
RAM e 908.8 GFlops de performance tedrica), os calculos para emax = 0.68 levaram
aproximadamente 12 dias.

A partir da anélise da Fig. 3.1 (a), vemos que mais uma vez emax = 0.68 ¢é
uma boa escolha nao somente para J = 0, uma vez que pouca variacao € identificada
entre diferentes curvas para o caso particular em que J = 5 (uma caracteristica
também observada para outros valores de J néo-triviais).

Verificando agora o resultado da variagao de jmax mantendo emax e kmax
fixos, percebemos uma convergéncia satisfatoria para jmax = 35, como exemplifica a
Fig. 3.1 (b) para a situacao especifica de J = 11. E de grande importancia salientar,
contudo, que outras contribuicoes parciais as secoes de choque integrais também
foram devidamente estudadas, embora apenas uma delas esteja representada aqui.

Passando & mesma andlise para kmax, observamos pouca variacao quando
incrementamos esse parametro de 2 para 4, e menos ainda quando levamos em conta
kmax = 6, de modo que nao seria muito razoavel explorar muito além desse limite.
A Fig. 3.1 (c) traz um desses exemplos para um dado valor de J (J = 28). Para
a proposta deste trabalho, portanto, considerar o parametro de truncamento da
helicidade kmax = 4 ¢é suficiente para gerar os resultados desejados.

O dltimo parametro que resta ser comentado tem a ver com o quao longe
vamos com os valores de .J até ser atendido algum tipo de critério. Nesse sentido, ve-
rificamos que trabalhar com J,,,, = 80, como sugerido pela Ref. [29], conduz a uma

convergéncia razodvel, pois (0778 — ¢7=7) /(¢7780) < 0.32%. Essa ¢ uma conclusio
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Figura 3.1: Testes de convergéncia realizados nas segoes de choque integrais da
reacao H + Liy(v = 0,5 = 0) — LiH + Li para: a) a contribui¢ao parcial de
J =5 fixando jmax = 35 e kmax = 4; b) a contribuigao parcial de J = 11 fixando
emax = 0.68 e kmax = 4; ¢) a contribui¢do parcial de J = 28 fixando emax = 0.68 e
jmax = 35; e d) a soma sobre todas as contribui¢oes do momento angular total de
0 a J em cada curva (emax = 0.68, jmax = 35 e kmax = 4).
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graficamente trazida pela Fig. 3.1 (d): ja se esperava que uma grande quantidade de
valores de J seriam necessérios para a reacao em questao, devido a suas peculiari-
dades intrinsecas, como a alta exotermicidade diretamente relacionada a um grande
numero de func¢oes de base requeridos para expandir a funcao de onda nuclear. Essa
abordagem quase impraticavel ajuda a explicar o porqué de um tratamento quantico
independente do tempo ter demorado tanto a acontecer.

Um topico que particularmente merece nossa atencao, todavia, tem a ver
com a confiabilidade do ABC no caso de reacoes indiretas como a que se estuda
aqui, em que um pogo de potencial profundo envolvendo uma espécie de complexo
intermediario relativamente persistente separa reagentes e produtos. Em outras pa-
lavras, questionamentos podem surgir acerca da viabilidade de fungoes vibracionais
dos diatomos dos trés arranjos expandirem fungoes de superficie, que podem ser en-
tendidas a partir do uso de um potencial de referéncia constante ao invés do potencial
triatomico verdadeiro para um dado valor do hiperraio. Nesse sentido, enquanto o
ceticismo pode parecer valido, deve-se ressaltar que um cuidado extremamente me-
ticuloso foi empregado ao considerarmos uma quantidade suficientemente grande de
autoestados para expandir a funcao de onda nuclear de modo a vencer esse obs-
taculo aparente. Dessa forma, a presente aplicagao da metodologia evidencia bons
resultados quando comparados a diferentes estudos, como serd mostrado no pro-
ximo capitulo. Outros calculos do ABC que obtiveram sucesso para espalhamentos
procedendo sobre pogos de potencial profundos ja foram catalogados na literatura e

podem ser encontrados nas Refs. [55, 56, 57, 58, 59].



Capitulo 4

Resultados e Discussoes

4.1 Secoes de Choque Integrais

Tendo rodado o programa ABC como indicado no capitulo anterior, tivemos
como resultado diversos blocos de elementos de matriz S resolvidos estado a estado
na representacao adaptada a paridade S;f}f;f)nk(E). Entao, visando a obtencao das
secoes de choque correspondentes, tivemos que externamente desenvolver um c6digo
na linguagem de programacao FORTRAN que basicamente efetuasse as transforma-
¢oes descritas nas Eqs. (2.17) e (2.18) antes de proceder as somatorias presentes
na Eq. (2.20). Para maiores detalhes acerca desse assunto, o leitor ¢ convidado a
consultar o material suplementar da Ref. [60]. Selecionamos, pois, o estado inicial
(v=0,j = 0) do reagente por simplicidade e de modo a comparar nossos resultados,
representados por circulos pretos na Fig. 4.1, com outros disponiveis na literatura,
fornecidos a partir da aplicacao de diferentes métodos.

Com isso, pode-se observar uma concordancia teoérica suficientemente pro-
xima com a tUnica exce¢ao dos resultados originais publicados na Ref. [26], que
trouxe dados muito abaixo da média, embora o uso de trajetérias quase cléssicas

— Quasi-Classical Trajectories (QCT) pudesse parecer aconselhéavel pelo fato de as

caracteristicas da SEP do LisH nao sugerirem uma contribui¢ao de tunelamento.

25



26

Em que pese o reforgo desses calculos QCT preliminares pela Ref. [25], a discrepan-
cia sistemética de uma ordem de magnitude aproximadamente 10 vezes menor com
base em todos os demais resultados nos forcou a rechecar o trabalho original atréas
de possiveis erros. Apods uma depuracao laborosa do codigo original cedido pelos
autores, foi identificado e corrigido um procedimento incorreto de leitura a nivel
de interpretagao dos coeficientes BO na subrotina da SEP. A curva revisada obtida

neste trabalho agora concorda com o restante, como seria de se esperar.
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Figura 4.1: Seg¢oes de choque integrais como uma fungao da energia de colisao para
a reacao H + Lis(v =0,5 =0) — LiH + Li.

Ademais, para os trabalhos baseados em SEP distintas, ji era de se esperar
que as menores diferencas com respeito a regiao de grande interagao de trés corpos
— como a presenga/auséncia de uma barreira, a profundidade precisa do pogo de
potencial, as geometrias e frequéncias no caminho de minima energia, por exemplo
— ou a natureza do formalismo de espalhamento tedrico envolvido levasse a resulta-
dos nao necessariamente relacionéaveis, conduzindo talvez a discrepancias numeéricas
importantes, o que felizmente nao foi o caso. No que se refere aos métodos quanticos
de espalhamento, no entanto, pode-se em geral afirmar que enquanto calculos de-
pendentes do tempo (Ref. [29, 31, 32]) oferecem uma interpretagao mais simples dos

mecanismos microscopicos da reacao quando comparados aos estudos independentes
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do tempo, alguns problemas podem surgir naqueles quando se propagam pacotes de
onda iniciais a baixas energias de colisao, sendo requerido portanto um cuidado adi-
cional [61, 62]. As andlises combinadas desses estudos independentes servirdo como
uma futura referéncia para comparacao, eventualmente sendo sujeitas a validagao

ou confronto com resultados experimentais.
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Figura 4.2: Segoes de choque integrais (somadas para todos os estados dos produtos)
como uma funcao da energia de colisao para a excitagdo puramente vibracional
(painel da esquerda) ou rotacional (painel da direita) da reagao H + Lis(v,j) —
LiH + Li.

Examinando agora os efeitos devido & excitagao puramente vibracional /ro-
tacional na Fig. 4.2, vemos que em ambos os casos a reagao H + Li, é cada vez mais
inibida com o crescimento dos valores de v ou j. Para o caso rotacional, identificamos
uma consideravel promocao da reagao aumentando até j = 4, onde entao comeca a
retrair, eventualmente se tornando uma inibi¢ao para j maiores. Além disso, todas
as curvas revelam um comportamento de queda monotonico, uma constatacao inti-
mamente relacionada (como deveria) & auséncia de barreira e a alta exotermicidade
do espalhamento. A conclusao que a reatividade é inibida para os dois tipos de
excitagao e a tendéncia geral das se¢oes de choque integrais para diferentes estados
iniciais é consistente com as ultimas publica¢oes na literatura |24, 29|.

Para elucidarmos ainda mais a dindmica envolvida, também investigamos as
secoes de choque estado-a-estado com o escopo de avaliar a distribui¢ao de produtos

com relagao aos nimeros quanticos v’ e j’, como mostrado na Fig. 4.3 para o estado
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Figura 4.3: Seg¢oes de choque integrais estado-a-estado com diferentes energias totais
E para o estado inicial (v =0, j = 0).

inicial (v = 0, j = 0). Dessa analise, basicamente dois padroes também identificados
na Ref. [32] s@o evidenciados. Primeiramente, para um dado ntimero quantico vibra-
cional (rotacional), percebemos que as se¢oes de choque tendem a crescer até que os
valores de j' (v") comecam a se relacionar com energias ro-vibracionais proibitivas,
experimentando, pois, uma queda abrupta daquele ponto em diante e revelando que
os estados do produto mais provéaveis de serem formados sao aqueles que incorpo-
ram a maior parte da energia total na forma de excitacao diatéomica, reforcando as
conclusoes preliminares descritas na Ref. [24] sobre esse topico. Ademais, a distri-
buigao rotacional globalmente densa percebida na Fig. 4.3 sugere fortemente que o

mecanismo de reagao é substancialmente estatistico.
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4.2 Segoes de Choque Diferenciais

Procedendo analogamente ao que fora feito para as segoes de choque in-
tegrais, é possivel avaliarmos as se¢oes de choque diferenciais da reacao H + Lis,
onde, ao invés de empregarmos a Eq. (2.20), levamos agora em conta a Eq. (2.19).
Este célculo, de grande valia para a area experimental uma vez que se pode facil-
mente detectar a dependéncia angular das se¢oes de choque de espalhamento, resulta
diretamente do formalismo independente do tempo implementado no ABC, desde
que usemos adequadamente as expressoes para os elementos de matriz reduzida de
Wigner com o aumento dos valores de J.

Esse apontamento se baseia em investigacoes recentes acerca do referido
tema, de acordo com as quais comportamentos erroneamente divergentes comecam
a ser evidenciados quando .J se torna >> 1 se forem usadas as expressoes mais
comumente conhecidas para dj,,. (f). No nosso caso, por exemplo, uma inconsisténcia
repentina proxima a 6 = 7/2 se manifesta na forma de um grande pico para J > 56

com a aplicagdo da seguinte equacao [63]:

Al (B) = /(T + k) (J — k)(J + k(T — k)!

—1Dtlcos 6 2 2J+k—k' —2t sin 6 2 2t+k'—k
XZ( )'[cos(5/2)] [sin(5/2)]

(J+Ek—t)(J—K -ttt + K —k) (4.1)

onde a somatoéria considera apenas os valores de t que nao conduzem a fatoriais
negativos.

Argumenta-se que uma séria perda de precisao acontece por causa da inclu-
sao de grandes nimeros que excedem a precisao de ponto flutuante para a férmula
originalmente atribuida a Wigner (Eq. 4.1) ou devido a instabilidades numeéricas
severas no caso de grandes valores de spin em relagoes de recorréncia. Um exem-
plo esquematico de concepcao relativamente simples baseado em recorréncia utiliza

3 relagoes desse tipo para determinar dj, (/) uma vez que termos de ordens mais
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baixas tenham sido calculados:

o, (J+Ek)(J+E-1) ;4
di’,k(ﬂ) = CO8 (5/2)\/((]_’_ k‘l)(J—f— k! — 1)di’71,k71<6>

—2sin(3/2) 008(5/2)\/(J(_;_]2;)]Z)](_‘J_;,k_) l)di/_}m(ﬁ)

.. =k k=1
+ sin <6/2)\/(J—|— k/)(J—i— k' — 1)dk’—17k+1<ﬁ)

. 9 (J+Ek)(J+E-1) ;4
diﬂk(ﬁ) = S (B/2>\/(J _ k/)(J — k! — 1)dlgc]’+1,k71<ﬂ)

+2sin(/3/2) cos(8/2) \/(J(;] ;)IE}({ ;,k_) 0 di/jrluc(ﬂ)

+ 0082(5/2)\/ S h e ®)

4L4(8) = sin(3/2) cosw/z)\/ )

Heost(5/2) - sin2(5/2)]\/ S )

. (J—Kk)(J—k+1) ;4
—sin(5/2) COS(ﬁ/?)\/ T— B+ 1) dis. +1(8)

(4.2)

(4.3)

(4.4)

Muito embora seja extremamente pratico, o método comega a encontrar

problemas de precisdo com o aumento dos ntimeros quéanticos [64|. Para resolver

isso, Tajima [65] propos uma expansao em séries de Fourier para os elementos de
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matriz, introduzindo um método muito ttil e eficiente para melhorar a estabilidade
numérica e a precisao. Indo um pouco além, Feng et al. [66] aperfeicoaram a ideia ao
proporem o calculo dos coeficientes de expansao pela diagonalizacao exata do ope-
rador momento angular J, na base de auto-estados de J,. Como a norma de cada
coeficiente de Fourier nao excede a unidade, problemas decorrentes de se utiliza-
rem grandes nimeros em operagoes de ponto flutuante sao evitados, permitindo-nos
computar a matriz d para spins da ordem de alguns milhares com uma precisao de

cerca de 107 (neste trabalho, paramos em J = 80).
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Figura 4.4: Segoes de choque diferenciais (somadas sobre todos os estados do produto
e multiplicadas por sinf) como uma func¢do da energia de colisdo e do angulo de
espalhamento para a excitagdo puramente vibracional da reagao H + Liy(v,j = 0)
— LiH + Li: a) v = 0 (painel superior da esquerda); b) v = 1 (painel superior da
direita); c) v = 2 (painel inferior da esquerda); e d) v = 3 (painel inferior da direita).
Cada curva de nivel representada difere da adjacente por 1A2 /sr.

Empregando essa sugestao, os cédlculos das segoes de choque diferenciais
resultaram nos graficos mostrados nas Figs. 4.4 e 4.5 (excitagdo puramente vibra-
cional /rotacional, respectivamente): a mesma tendéncia de queda ao compararmos
painéis distintos nos forca a concluir da mesma forma que anteriormente para o

caso integral, com uma anéalise adicional. Em que pese a Ref. [32] afirmar que os
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Figura 4.5: Segoes de choque diferenciais (somadas sobre todos os estados do produto
e multiplicadas por sinf) como uma func¢do da energia de colisdo e do angulo de
espalhamento para a excitagdo puramente rotacional da reacao H + Liy(v = 0,7)
— LiH + Li: a) j = 0 (painel superior da esquerda); b) j = 5 (painel superior
da direita); ¢) j = 10 (painel inferior da esquerda); e d) j = 15 (painel inferior da
direita). Cada curva de nivel representada difere da adjacente por 1A2/sr.

picos encontrados proximo a # = 0 e § = 180° revelam que o espalhamento colinear
apresenta a maior contribuicao na dinamica da reagao, deve-se ter em mente que
para chegar a essa conclusao, o fator multiplicativo de sin § também deveria ter sido
levado em consideracao. Portanto, apesar de termos chegado basicamente aos mes-
mos graficos da Ref. [32] num primeiro momento, multiplicamos as se¢oes de choque
diferenciais pelo referido fator e verificamos se tratar de um cenario isotrépico, cor-
respondendo essencialmente a uma distribuigao que nao privilegia nenhum angulo

de espalhamento em particular.

4.3 Coeficientes Térmicos de Reagao

Uma vez que cada execugao do programa ABC gera uma saida para uma

combinagao diferente de (J, P,p), contendo, no final de cada arquivo, as grandezas
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NP P(F) que aparecem na Eq. (2.22) para as nnrg energias totais comegando em
enrg com um passo de dnrg (como estabelecido nos parametros de entrada cons-
tantes na Tabela 3.2), somos capazes de calcular as Probabilidades Cumulativas de
Reagao (PCR) por meio da Eq. (2.21). Entao, propondo um ajuste linear aos pontos
mencionados acima, obtivemos um coeficiente de correlacao de 0.9962319, de modo
que pudemos descrever convenientemente N (FE) em energias de interpolagao e extra-
polagao. No que se refere a fungao de partigao Q.. na Eq.(2.23), cobrimos todos os
estados, impares e pares, da molécula Lis do reagente obedecendo E(v,j) < 5.0 eV,
portanto incluindo um total de 5885 e 5919 termos na soma sobre vj para p = —1 e
p = +1, respectivamente. Este grande ntimero de estados é mais que suficiente para
garantir a convergéncia no denominador aparecendo na Eq. (2.24), entao o limite
superior da integral desempenha o papel mais importante em ditar a acuracia com
a qual estamos lidando.

No caso de uma reagao sem barreira como a nossa, onde a energia total mais
baixa para a qual os elementos de matriz S foram computados é de 0.022 eV, pode
parecer que um limiar ficticio de reatividade esta sendo inadvertidamente posicio-
nado nessa energia, provavelmente atrapalhando a correta determinagao de k(7),
uma vez que as secoes de choque abaixo desse limite estariam sendo implicitamente
consideradas nulas. Dessa forma, com o intuito de mostrar que nenhum rigor foi
perdido em nossa abordagem, computamos as Probabilidades Térmicas Cumulati-
vas de Reagao (PTCR) da forma proposta na Ref. [67] e as plotamos na Fig. 4.6
para diferentes valores de temperatura, o que inclui o minimo e o maximo valor de
temperatura 7' com os quais trabalhamos. Como toda contribui¢ao para a integral
da PTCR se encontra do lado direito da linha vermelha pontilhada que indica E
= 0.022 eV, as constantes térmicas de taxa de reacao obtidas pela integracao das
PTCR teriam sido identicamente aquelas calculadas seguindo os célculos indicados,
se nao tivessemos decidido desconsiderar, naquele caso, a area abaixo das curvas
depois de E = 0.402 eV, para mostrar melhor que os pontos das PCR antes desse

limite foram suficientes para convergir satisfatoriamente nossos calculos.
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Figura 4.6: Probabilidades térmicas cumulativas de reagao como uma funcao da
energia total.

Explorando ainda mais esse assunto, para uma melhor compreensao, veri-
ficamos que para limites mais baixos da temperatura (7' = 500 K, T = 700 K, e
T = 900 K), o truncamento da integragao das PTCR em E = 0.402 eV foi res-
ponsavel por 99.7%, 98% e 94% da contribui¢ao final em k(7T'), respectivamente.
Devemos considerar, pois, que quanto menor a temperatura, mais convergidos estao
nossos calculos dos CTR, mostrados na Fig. 4.7 juntamente com a integragao das
PTCR entre £ = 0.022 e 0.402 eV, com os resultados prévios usando a aproximagao
J-shifting [24] e com os resultados dependentes do tempo da Ref [31].

A partir da comparacao das diferentes curvas ilustradas na Fig. 4.7, perce-
bemos que, dada uma mesma SEP, a aproximacgao J-shifting falha gravemente em
predizer os termos N7PP(E) baseando-se exclusivamente no comportamento para
J = 0 em conformidade com a Ref. [46]: com o calculo de N/=° deslocado de E
por uma contribuigao devido as geometrias envolvidas nos estados de transicao J-
dependentes (que aparecem por causa da adigao do potencial centrifugo ao caminho
de minima energia), N (F) foi determinado como quadratico, enquanto que o célculo
quéntico independente do tempo mais completo (contido neste trabalho) identificou

uma resposta linear ao aumento de energia. Por essa razao, nossos resultados es-
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tao posicionados consideravelmente abaixo daqueles provenientes da aplicacao do
formalismo J-shifting, embora mais uma vez os CTR revelem um crescimento até
determinado ponto na temperatura (7' ~ 350 K) e entdao um decréscimo com o au-
mento de T', mostrando um comportamento que nao obedece o padrao de Arrhenius,

o que ja fora descrito na literatura para outras reagoes altamente exotérmicas [68].
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Figura 4.7: Coeficientes térmicos de taxa da reagao H + Liy — LiH + Li revelando
uma discrepancia entre a previsao J-shifting e os calculos quanticos independentes
do tempo convergidos.



Capitulo 5

Conclusoes e Perspectivas

Este trabalho teve o objetivo de apresentar convergidos os calculos quanti-
cos independentes do tempo para a reacao H + Li, — LiH + Li, através do uso do
programa ABC [39] combinado com a SEP da Ref. [25]. Para tanto, tivemos que de-
senvolver um c6digo FORTRAN que interpretasse corretamente os arquivos de saida
do programa e calculasse as se¢oes de choque integrais, diferenciais e os coeficientes
térmicos de taxa de reagao. Com essa metodologia, tivemos éxito em identificar
um decréscimo na se¢ao de choque com o aumento da energia, como se esperava de
antemao por se tratar de uma reacao altamente exotérmica e sem barreira. Uma
boa concordéancia, tanto qualitativa como quantitativa, foi observada com relagao
a estudos teodricos prévios, enrobustecendo nossos resultados e disponibilizando-os
para futura validacao ou confronto com dados experimentais de que ainda carece a
literatura.

Tendo calculado as se¢oes de choque diferenciais para a avaliacao da de-
pendéncia angular do espalhamento, identificamos na reagao um comportamento
essencialmente isotropico, o que contradiz as predigoes da Ref. [32], onde se obser-
vou que o autor deixou de contabilizar o fator multiplicativo senoidal oriundo do
elemento de area do angulo solido. Além dessa analise, obtivemos que a excitagao
puramente vibracional /rotacional dos reagentes inibe a reacdo, algo observado mais

intensamente no caso rotacional, em que se reporta uma promocao significativa que

36
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aumenta até j = 4 e depois comecga a se retrair, eventualmente se tornando uma
inibicao para j maiores.

Por fim, nossos resultados foram plotados e comparados aqueles proveni-
entes de pesquisas independentes. Muito embora se tenha uma certa similaridade
no comportamento dos coeficientes térmicos de reagao, principalmente no que diz
respeito & fuga ao padrao de Arrhenius, com o crescimento da curva até tempe-
raturas ambientes seguido por um decréscimo quando 7" aumenta, a discrepancia
consideravel com a aproximacao J-shifting nos leva a concluir que a aplicacao desta
provavelmente conduz a erros para a reacgao em destaque.

Esperamos que os resultados aqui obtidos sirvam de referéncia para estudos
futuros, sobretudo os de cunho experimental ainda pendentes na literatura. Muito
embora seja dificil de se esperar algum resultado estereodindmico particularmente
relevante para uma reacao estatistica como a nossa, trabalhos que estao sendo condu-
zidos em colaboragao com outros grupos de pesquisa buscam ainda assim encontrar
padroes de comportamento, como concentragoes privilegiadas das representacoes ge-
ométricas de Majorana na esfera para momentos angulares, ou proje¢oes vetoriais

desses momentos em diregoes especialmente importantes.
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Abstract This work presents a detailed study concerning
the quantum isotope effects on the H+Li, — LiH + Li
reaction, when the hydrogen is replaced by muonium, deu-
terium, and tritium. To verify such effects on these isotope
reactions, it was applied an accurate time-independent quan-
tum scattering approach to determine the dynamic prop-
erties, such as state-to-state probabilities as a function of
the total energy, the product energetic distribution, and the
contribution of the ro-vibrational excitation on the reac-
tion probabilities. From the obtained results, it was possible
to observe a significant increase on the promotion of the
H+Li; reaction when hydrogen is replaced by tritium. This
fact shows the importance of the isotopic substitution in the
making and breaking of the chemical bonds in the reactive
systems.
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Isotopic substitutions are very important in the making and
breaking of chemical bonds in chemical reactions. Their
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effects on reaction dynamics and molecular properties play
an important role in chemistry [1-3]. Isotope substitutions
can also modify the nature of chemical bondings as reported
by Fleming et al. [1] using an accurate quantum calculation.

Isotope effects also appear in the photodissociation of
small molecules and this can be explained by different
mechanisms [2]. One of them can be noted when shifts in
the ro-vibrational energies of both ground and electronically
excited states happen. This feature yields shifts in the tran-
sition energies that connect a specific ground and excited
state on isotopic substitution. On the other hand, if iso-
topic substitution yields a loss of symmetry, some forbidden
transitions in the normal molecule may become possible in
the isotope form. This fact indicates that substituted form
may have additional transitions that are not found in the
unsubstituted molecule.

Due to the great importance of the isotope effects in the
chemical reactivity, we present in this work a detailed study
about the isotopic variants of the H+Lip reaction. More
precisely, we have investigated the reactions formed when
the hydrogen is replaced by the following isotopes: muo-
nium (Mu=pe™), an ultralight isotope of hydrogen with
a mass of 0.114 am.u (mys,/my=1/9) [4, 5], deuterium
(D), which is twice as heavy as hydrogen [6], and tritium
(T) that is three times as heavy as hydrogen. The H+Li,
reaction has been chosen due to its importance in investigat-
ing chemisorption phenomena [7-12]. Furthermore, H4-Li»
reaction and their isotopic variants have been of great
interest to both theoreticians [13—17] and experimentalists
[18-20].

To perform this study, we have considered the approach
of the time-independent quantum mechanics, implemented
on ABC program [21], with the total angular momentum
J = 0. Furthermore, we have used an accurate potential

@ Springer
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energy surface (PES) built by our research group [22, 23].
The quality of this PES has been demonstrated in previous
studies [24, 25].

Methods

To obtain the dynamical and kinetic properties of a reactive
scattering, it is necessary to solve the nuclear Schrédinger
equation. In general, the solution of this equation is not
an easy task because the coordinates that define the reac-
tant usually do not define the product so well and vice
versa. Thus, the first step in solving this equation is the
appropriate choice of the coordinates that define accurately
all reactive collisional process. Several studies have shown
that the hyperspherical coordinates are the more appropriate
coordinate system to describe a reactive process. In the
literature, there are several hyperspherical parametrization
schemes (such as Delves [26], APH [26], Smith [26]) to
describe the hyperangles. In the present work, the Delves

(@)

€ pusri, (€V)

K | | | |
3 5 10 15 20

P, (8)

parametrization [26], which is implemented in the ABC
program, is adopted. A major advantage of choosing this
coordinate system lies in the fact that it is able to simultane-
ously describe the three arrangements of triatomic reactive
collisional process such A+BC— AC+B or A+BC— AB+C,
where, in the present work, A=Mu (muonium), D (deu-
terium) or T (tritium) and B=C=Li.

To solve the time independent nuclear Schrédinger equa-
tion for the X+Liy (with X=Mu, D and T) reactive process
with the potential energy surface described in Ref. [22], the
nuclear wave function y is expanded in terms of hyperspher-
ical basis functions B (coefficients g yet to be determined):

JM __ . JM
X = Z Eruyjr Ko (p)BkvAjAKA
A Ko

x(0, n, Ox, Vs Yas M), (D

where A is the channel arrangement index, J the total angu-
lar momentum number, M and K are projections on the

€H+Liz ( eV )

5 10 15 20 25
Py, (39)

K | | | |
3 5 10 15 20

Proi, (@)

Fig. 1 Adiabatic vibrational function eigenvalues as a function of the hyperradius of the Mu+Li; (a), H+Li> (b), D+Li, (c), and T+Li, (d)

systems for the even case
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Table 1 Asymptotic vibrational energies (eV) calculated through both
ABC program and DVR methods

Diatom v,)) ABC program DVR
Lip (v=0,j=0) 0.02179 0.02179
(v=1,j=0) 0.06478 0.06478
(v=2,j=0) 0.10694 0.10695
(v=3,j=0) 0.14827 0.14828
LiMu w=0,7=0) 0.24260 0.24262
w=1j=0) 0.69745 0.69757
w=2,7=0) 1.10969 1.11002
(v=3,7=0) 1.47540 1.47610
LiH w=0,7=0) 0.08673 0.08674
w=1j=0) 0.25658 0.25662
w=2,7=0) 0.42165 0.42171
(v=3,7=0) 0.58173 0.58180
LiD v =0,7=0) 0.06521 0.06522
w=1j=0) 0.19361 0.19364
w=2,7=0) 0.31936 0.31942
(v =3,7=0) 0.44237 0.44244
LiT v =0,7=0) 0.05619 0.05623
w=1j=0) 0.16709 0.16720
w=2,7=0) 0.27604 0.27622
(v=3,7=0) 0.38297 0.38322

coordinate system in space and fixed body frame, respec-
tively, v and j are vibrational and rotational quan-
tum numbers, respectively, p is the hyperradius and
®xs 0., Ui, ¥a, ny. are the three Euler’s angles and the two
interior angles of Delves, respectively [26]. For the present
study, the total momentum angular is fixed to zero.

The basis functions B presented in Eq. 1 are used to
obtain a relation with the matrix elements of the Wigner’s
rotation operator D, the spherical harmonics Y and the
vibrational functions ¢. These basis functions are given by:

When the number of required basis functions is reached,
the truncation parameters are provided to the ABC program
for the maximum internal energy (0.68eV and with a step of
0.005eV) less than that of all open channels on maximum
rotational quantum number considered (j=25).

In the current study, the program divided the hyperra-
dius in sections from pnin=4.54 bohr (for H), 7.46 bohr
(for Mu), 3.88 bohr (for D) and 3.57 bohr (for T) bohr until
Pmax=25 bohr into 300 equally spaced sectors and follow-
ing that the functions into each sector can be considered
approximately adiabatic.

The vibrational functions are calculated inside each
section through the diagonalization of the part of full Hamil-
tonian responsible for describing the n-dependent motions,
in which it is used the potential energy curves for each
arrangement considered (Lip, LiMu, LiD and LiT) on a sur-
face of the hypersphere. Once all considered eigenvalues
(€, ) of ¢ are obtained, the complete behavior of the basis
functions B can be determined.

The ABC program solves the matrix CC equations
(named propagation) by means of a logarithmic derivative
method developed by Johnson [27]. The integrals of each
sector are determined and the nuclear wave functions (x)
are obtained for all sectors and matched between the sectors,
propagating from the p,i, (strong region) to the p =25.0
bohr (asymptotic region). In this region, after projecting x
in Jacobi coordinates, one can set the appropriate scattering
boundary conditions [26]. Lastly, ABC program determines
the scattering matrix which is used to calculate the dynam-
ical (state-to-state reaction probabilities for example) and
kinetic properties (thermal rate constants).

Results and discussion

Ro-vibrational spectroscopy constants and adiabatic
curves

IM _ Dk, @1, 61, OYj; k5, (vas i) o, (13) ?) To verify the reliability of the reaction probabilities and
Mgk p3/2sinny, cos n;, ' ro-vibrational distribution an analysis on whether if there
Table 2 Fundamental
harmonic vibrational frequency Molecule Method We WeXe ®eYe o Ye
(w,), anharmonic vibrational
frequencies (wex, and weye), LiMu DVR 3982.45216 148.09638 5.18250 3.58970 0.26855
rotor-vibrating coupling Dunham 3976.28314 143.98280 6.73523 3.48657 0.36091
constants (a, and y) of the LiD DVR 1056.57474  10.17568 0.11938  0.06556  0.00161
LiMu, LiD, and LiT molecules
determined through DVR and Dunham 105652843  10.15180  0.12634  0.06535  0.00179
Dunham methods exp [32] 1055.00696 13.05489 0.07453 0.09149 0.00066
LiT DVR 910.42311 7.55077 0.07706 0.04191 0.00090
Dunham 910.40108 7.53763 0.08083 0.04181 0.00099

All spectroscopic constants are given in cm™

1
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is sufficient convergence for the expansion of the nuclear
wave function y should be carried out. In other words, one
needs to establish a criteria to provide a basis set complete-
ness. The first step on doing this is to depict the adiabatic
vibrational function eigenvalues (¢) as a function of the
hyperradius (p), as shown in Fig. 1. It is important to ver-
ify the absence of discontinuities and divergent points at
these adiabatic energy curves. These facts give more relia-
bility to the basis set applied to the reaction systems studied
in the present work. Figure 1 shows adiabatic vibrational
function eigenvalues of the Mu+Liy, H+Lip, D+Liy, and
T+Li, reactions for the even case. Due the reactant molecule
being homonuclear (Liy), the angular functions in Eq. 2
can generate diatomic parity eigenfunctions. Then, to esti-
mate the reaction probabilities to the initial ro-vibrational
state (v,j), the problem is divided into two independent parts
in the ABC program. Such independence is specified on
ABC input as even (41) or odd (—1) with diatomic parity
eigenvalue given by p = (—1)/ = 1 [28]. The sec-
ond step in order to ensure the reliability of the reaction
probabilities and ro-vibrational distribution is to verify the
quality of the ABC ro-vibrational energies (Fig. 1) in the
asymptotic region (for p=25 bohr) for each channels (Li»,
LiMu, LiD and LiT). Accordingly, it was used the Discrete
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Variable Representation method (DVR) [29] to determine
only these asymptotic energies using the same potential
energy surface. The obtained values were compared with
the ones obtained with ABC program as shown in the Table
1. One can see a great agreement between the ABC and
DVR values. This feature evidences the quality the adiabatic
curves shown in Fig. 1. Furthermore, it was also determined
the spectroscopic constants of the diatomic molecules for
the each isotope channel (LiMu, LiD and LiT) using both
DVR [30] and Dunham methods [31] (See Table 2). From
this Table, it is possible to see that the obtained results
of these two methods are also in a good agreement. Also,
experimental data found from literature (LiD molecule)
are significantly close both Dunham and DVR methods,
demonstrating an excellent reliability for the energies levels
of the diatomic molecules discussed in this work.

Contribution of the ro-vibrational excitation
on the reaction probabilities

Once demonstrated the quality of the adiabatic curves, the
matrix CC equations can be solved. The S-matrix elements
for total energy equal to 0.68 eV (with a step of 0.005
eV) are obtained at each initial ro-vibrational state of the
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Fig. 2 Reaction probabilities as a function of the translational energy of reactant muonium (a), hydrogen [24] (b), deuterium (c) and tritium (d),

considering the Li, molecule in a pure vibrational state
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Fig. 3 Reaction probabilities as a function of the translational energy of reactant muonium (a), hydrogen [24] (b), deuterium (c) and tritium (d),

considering the Li molecule in a pure rotational state

reactants, and adding the reaction probabilities correspond-
ing to the all possible open channels of the products.
Figure 2 shows the reactive probabilities of the collisional
process H+Li, —LiH+Li and its isotopic collisional pro-
cess X+Lip — LiX+Li (X=Mu, D or T) as a function of the

08 . T . T . T

3,j) -->LiD+Li

P D+Li, (v

04 . ! . I . | .
0 0.1 02 03 04

E (eV)

translation energy of the respective reactant atom and con-
sidering the Lip reactant in the vibrational pure states v=0,
1, 2, and 3. In the case of the Mu+Li, — LiMu+Li reaction,
the Lip was considered only at v=0. This was due to the fact
of the reduced mass of diatom LiMu being smaller when

0.8 T T T

[

0.7

j)-->LiT+Li

0.6

=3,

P T+Li, (v

05 —

0.1 0.2 0.3 0.4
E (V)

Fig. 4 Reaction probabilities as a function of the translational energy of reactant deuterium (a) and tritium (b) for the Li, molecule prepared in

its vibrational excitation v=3
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Fig. 5 Reaction probabilities as
a function of the internal energy

of the product LiMu (for 0,09
different values of the total
energy) and with the Lij
molecule prepared in its ground

state
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compared to the diatoms LiD and LiT molecules and only
one vibrational state appearing for energy considered (0.68
eV). From Fig. 2, one can see that the reactive probabilities
obtained for the isotope reactions have a small dependence
of the initial vibrational states of the Li, reactant. This fact
is in complete agreement with the absence of barrier in
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the potential energy surface. A similar result was found for
the H+Li, quantum reactive study [24] and Quasiclassical
total reactive cross section determined for the X+Liy (X=D
and T) [25]. For D+Li, — LiD+Li and T+Li, — LiT+Li
reactive processes, it is observed that the reaction probabil-
ity is higher when the Lip reactant is in the fundamental
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Fig. 6 Reaction probabilities as a function of the internal energy of the product LiX, with X=D (black line) and T (red line), for different values

of the total energy and with the Li, molecule prepared in its ground state
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vibrational state v=0 and the atom X (D, T and Mu) has
a small translational energy. This feature is also consistent
with the absence of barrier of the potential energy surface of
these reactions associated to its high exoergicity. Indeed, the
difference between reactant and product energies (enthalpy)
of these reactions is about 34 kcal/mol. In other words, high
exoergicity combined with absence of barrier may favor the
reactivity of isotope reactions more massive (for instance
T+Li, reaction) due to the greater coupling of ro-vibrational
states between the rectants and products of a reactive pro-
cess. It is also noted that, in the case where the reactant
has only the vibration movement, the highest reaction prob-
abilities of the D+Liy and T+Liy systems happen at low
translational energies of deuterium and tritium, respectively.
For Mu+Li, isotope reaction, the probability is practically
independent of the translational energy of the muonium.
Mu-+Li;, D+Li; and T+Li; reaction probabilities as func-
tions of the translational energies and considering the reac-
tant Lip in a pure rotational state (j=0, 5, 10, and 15), are
shown in the Fig. 3. We can see that for D+Liy reaction
(for the deuterium lower translational energies), the reaction
probabilities are increased when the reactant Li is found
in the fundamental rotational state j = 0. However, for
the highest translational energies considered for reactant,
the reactivity of the system becomes higher when the Liy

0.8 T T T T T T

PD+Liz(v=3,j)——>LiD+Li

04 : :
0 0.1

1
0.2
E, V)

0.3 0.4

molecule is in the excited rotational state j = 15, although
with less probability. The same trend is found for Mu+Lij
system, with the difference that the higher rotational exci-
tation (e.g. j = 15) no longer affects the reactivity of
the system. Finally, it is observed that the T+Li, reactivity
is barely unchanged when the higher rotational excitations
are taken into consideration. A common fact found for
these results was that, for purely vibrational and rotational
excitations, the reactivity of this reaction is higher when the
Li; translational energy is lower.

Analysis of excited states was performed for the reactions
involving deuterium and tritium. Figure 4 presents a partic-
ular case when the Li, reactant is found in its vibrational
state v=3. From this figure, it is noted that the more proba-
ble channel tends to be those in rotational quantum number
j = 0. This feature appears in both D+Li; and T+Li, reac-
tions. It is also noted that the highest reaction probabilities
occur for lower translational energies, as in previous cases.
The Mu+Li; reaction presents only the channels for v = 0
(the other channels are energetically closed). Again, these
results show that the isotope reactions follow the same trend
of Vila et al. studies [24] for the hydrogen atom obtained by
accurate quantum study and also, by studies conducted by
da Cunha et al. [25] on the H+Li; reaction and its isotopic
variants using quasiclassical trajectory method.

0.8 T T T T T T

PT+Li2(V=3,j)——>LiT+Li

0.4 : :
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1
0.2
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0.3 04

Fig. 7 Reaction probabilities as a function of the internal energy of the product LiMu (for different values of the total energy) and with the Li

molecule prepared in its excited state v=0, j=15
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From this study, it was also observed that the reaction
with tritium is the most reactive, followed by isotope reac-
tion with deuterium, after the reaction with hydrogen and
finally the reaction containing the muonium. For reasons
already aforementioned, these facts suggest that the more
massive is the arrangement of a reactive process, the more
ro-vibrational levels between reactant and product can be
interlaced.

Product Energetic distribution

Figures 5 and 6 show the reactive probabilities as functions
of the energies of LiMu, LiD and LiT product molecules,
respectively, for different values of the total energy. In
these figures, the energy reference was considered on ro-
vibrational ground state energy of the reactant Li(v=0,j=0),
whose value is £=0.022 eV. Based on this choice, the higher
ro-vibrational level of the LiMu, LiD, and LiT products
should reveal the lower translational energy of the lithium
product atom free.

E, =0.257 eV

E, =0.302 eV

The experimental information that the hydrogen atoms
are emitted for temperatures less than 3000 K [33] sug-
gests that the reaction may favor the formation of excited
molecules (by an amount equivalent to the enthalpy of the
process) if the translational energies are fixed in the same
value.

Figure 5 presents only three values of total energy. This
occurs due to the few open channels to the arrangements in
the Mu+Li, reaction. One can also observe in Fig. 6 that as
the total energy is increased, more values of internal energy
of the LiD and LiT products are revealed (most of the added
energy is converted to the product molecules). From Fig. 6,
it is possible to note that the LiT product energy is higher
than the LiD one.

Figures 7 and 8 describe the reaction probabilities as
a function of the internal energy of the LiMu, LiD, and
LiT products, considering the reactant Lip in excited ro-
vibrational states. In this case, more values of the internal
energy of the product are revealed to increase the total
energy (the energy efficiency is higher in T+Lissystem).

E, =0.377 eV

0.04 — T T T 1 T
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Fig. 8 Reaction probabilities as a function of the internal energy of the product LiXwith X=D (black line) and T (red line), for different values of
the total energy and with the Li, molecule prepared in its excited state v=3, j=15
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However, as the Li, ro-vibrational levels are increased, the
reaction probabilities tend to become zero for the lowest
total energy.

Finally, it is also observed that when the Li; is found
in both ground state and excited state, the highest values
of total energy (higher temperatures) show peaks that tend
to be lower and spread. This fact indicates that more ro-
vibrational states of product are available, but with less
probability in the reaction.

Conclusions

This work has presented a quantum isotope effect study on
the H+Li; reaction. More precisely, it was investigated how
the Lip reactant ro-vibrational excitation contributes to the
reaction probabilities and the product energetic distribution
of the Mu+Lip — Li+LiMu, D+Li; — Li+LiD, and T+Li;
— Li+LiT isotope reactions.

From this theoretical study, it was possible to observe that
the obtained reactive probabilities for the isotope reactions
have a small dependence of the initial vibrational states of
the Li; reactant (the same feature was found for the H+Li»)
and the highest reaction probabilities happen at low trans-
lational energies of the deuterium and tritium. Furthermore,
it was also verified that the reactivity of the H+Li, reaction
is greater when the hydrogen is replaced by its heavier iso-
tope (tritium). This fact indicates that the larger the mass
of the molecules of a given channel, the greater will be the
coupling of the ro-vibrational states between the reactants
and products involved in an elementary reactive collisional
process.
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On the Angular Distribution of the
H+Li, Cross Sections: a Converged
Time-Independent Quantum
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Ricardo Gargano?!

A thorough time-independent quantum scattering study is performed on a benchmark potential energy
surface for the H+Li, reaction at the fundamental electronic state. Integral and differential cross
sections are calculated along with thermal rate coefficients until convergence is reached. Our findings
show that vibrational and rotational excitations of the reactant hinder reactivity, though for the

latter a considerable reaction promotion was spotted as we increase the reactant rotational quantum
number until the critical value of j=4. Such a promotion then begins to retract, eventually becoming

an actual inhibition for larger j. In a straightforward manner, the concept of time-independent methods
implemented in this study allowed this accurate state-to-state analysis. Furthermore, a nearly isotropic
behaviour of the scattering is noted to take place from the angular point of view. Remarkably, our
computational protocol is ideally suited to yield converged thermal rate coefficients, revealing a non-
Arrhenius pattern and showing that J-shifting approach fails to describe this particular reaction. Our
results, when compared to previous and independent ones, reinforce the latest theoretical reference for
future validation in the experimental field.

Three body reactions of the type A+BC play a central role in chemical physics as they can provide essential
mechanistic informations on chemical reactions in the gas phase. Far from being trivial, they have entailed a
great experimental effort since the cross molecular beam technique was first demonstrated in 1953 by Taylor and
Datz'. The importance of studying this class of reactions can be highlighted by the 1986 Nobel Prize in Chemistry,
awarded to Herschbach, Lee and Polanyi for their contributions concerning the dynamics of chemical elementary
processes’.

Early cross beam experiments were performed for chemical reactions among hydrogen (or deuterium) atoms
and (K,, Rb, or Cs,) alkali homonuclear diatoms, and they all revealed considerable enthalpy variations. These
observations allowed Lee, Gordon and Herschbach® to infer a valuable analogy between such processes and the
dynamics of the deuteron, an important projectile in nuclear physics. On the other hand, reactions involving
hydrogen and lighter alkali such as lithium has become of great interest for experimentalists*-, which justifies the
modeling of the scattering process for the lightest alkali diatom, the Li, molecule’"’.

In addition to hydrogen, lithium is a key element in cosmology, galatic evolution and stellar models'’. The
reaction of hydrogen and lithium yields probably the first condensed structure in the early universe'"'?, lithium
hydride, which is also of relevance for neutron shielding'® and hydrogen storage'*. Moreover, the chemisorp-
tion of hydrogen on lithium clusters''>-'” and the formation and depletion of LiH'8-?* have both been exten-
sively investigated in the theoretical field, and it is also in this context that the importance of studying the
H + Li, — LiH+Li reaction is inserted.

A time-independent quantum scattering study** was published in 2012 at zero total angular momentum with
the potential energy surface (PES) built by Maniero et al.>* for the Li,H ground electronic state. In this work?, the
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energetic distribution of products and the reaction probabilities for the purely vibrational/rotational excitation of
the reactant molecule were investigated, as well as the thermal rate coeflicients (TRC) by means of the J-shifting
approach. The behaviour of the TRC at higher temperatures and the decreasing forms of the probabilistic curves
appeared to agree with an expected barrierless and highly exothermic PES, which is also supported by the absence
of a threshold of reactivity. This study concluded that the formation of LiH molecules which are ro-vibrationally
excited by an amount of energy comparable to —AH in the particular H+Li, bimolecular exchange reaction is
somewhat favored, a feature observed in similar reactions involving other alkali diatoms like K,, Rb, and Cs,’.
Besides, our research group also investigated the isotopic effects for the H+Li, reaction when hydrogen is substi-
tuted by muonium, deuterium or tritium, and we found that both quasi-classical?® and quantum?” results came to
terms with the fact that the higher the isotope mass, the greater the cross section.

In 2014, Song et al.?® published a PES with 3726 points calculated using the multireference configuration
interaction (MRCI) method, and they subsequently investigated the integral cross sections (ICS)* and also the
integral Coriolis coupling cross sections®. Gao et al. found in these studies that the Li, rotation hinders the reac-

tion® and that the Coriolis coupling effect plays an important role in the H+Li, (XIE;) process®. Recently, Yuan
et al.®! constructed a PES with about 30000 points employing a MRCI-F12 method and they observed deviations
for the low collision energy range when compared to results from Vila ef al.?%, probably on account of the
J-shifting approach and of the different PES adopted by the latter. Still in the time-dependent formalism and on
the same PES proposed in ref.?, Zhu, Dong and Li*? employed the wave packet method with a second order split
operator in order to obtain state-to-state resolved quantities, having observed that forward and backward scatter-
ing signals peaked at the two extreme angles.

The purpose of this work is to continue the H+Li, time-independent quantum scattering investigations, now
considering as many J > 0 as necessary to reach sufficient convergence on the cross sections. The reaction TRC
are also calculated, and our results are qualitative and quantitatively compared to previous ones. To this end,
this paper is organized as follows: while Sec. II briefly exposes the methodology employed, Sec. III brings some
comments on the convergence criteria adopted in our calculations. Results are given in Sec. IV, followed by final
remarks in Sec. V.

Methodology

The ABC program? solves the time-independent nuclear Schrédinger equation for an atom-diatom reaction
employing the coupled channel (CC) method?, facing up the coordinate problem by simultaneously expanding
the wave function in the Delves hyperspherical coordinates of the different arrangement channels 7=1, 2, 3.
Written in these coordinates, the nuclear hamiltonian assumes the form:

0 50
2y L H,

2 0p” 9p (1)
where 1 is the three-body reduced mass, p is the hyperradius, and H,, is the adiabatic term™®. Therefore, if we
denote by 7 and -y the two Delves angles, ¢, § and v the three Euler angles, ] the total angular momentum, M and
K its projections in the Space Frame and Body Frame coordinate systems, v and j the asymptotic vibrational and
rotational quantum numbers, a convenient way to span the nuclear wave funcion x comes in terms of the eigen-
functions of H,; with coefficients g to be determined:

‘M ‘M
XM= 30 8 (0) Bk (0 60 0 s v ).
v K. (2)

H=-—

The basis functions B are conceived to obey a relation written in terms of the matrix elements of the Wigner
rotation operator D, the spherical harmonics Y and the “vibrational” functions ¢:

Iy Dk (62 0, 0, ¢ (1 ¥, (1)
Bk, = 52 :
' p’'" sinm_cosn_ (3)
As far as basis set convergence is concerned, ABC requires that we feed it with suitable input parameters (hence-
forth denoted 1ike this), and the ones that mainly account for different B functions in Eq. (2) are emax,
jmax and kmax, which respectively label the internal energy below which all open channels are considered, the
maximum rotational and the maximum helicity quantum numbers.

The first major task performed by the program is then the basis set determination. In this step, ABC segments
the hyperradius interval in mt r equally spaced grids until p=rmax. The n-dependent part of the hamiltonian
is solved within each segment yielding the ¢ functions by means of a finite difference method, using as reference
potentials the diatomic ones of each arrangement on the surface of the hypersphere.

Secondly, ABC proceeds to the calculation of the overlap and (potential/kinetical) coupling matrix elements:

Vi, Ky :<B’,M |B/M >
T

T K v gk Bruj k. )
and
ud e = (M Mg g - g™
T LK T TV K ? ad 2 [Prvg K.
4p ()
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which appear in the CC equations:

2
72 _o 'ug,
dp (6)
solved in the program by a constant reference potential log derivative algorithm® so that the coefficient matrix g
becomes determined.

This means that after integrations are performed in each sector for the evaluation of the O and U matrices by
using Gauss-Legendre quadratures for +, trapezoidal rules for ) and analytical integrations for the Euler angles,
the nuclear wave function is then matched between neighbour sectors, being propagated until the asymptotic
value of the hyperradius is reached. It must be stressed that the coordinate system is switched from hyperspherical
to Jacobi’s as the propagation moves away from the strong interaction domain in order to save computing time.

Finally, scattering boundary conditions are applied by the program and the parity-adapted S-matrix elements
are then given in the output files for a previously specified (J, P, p) triple, where P and p label the triatomic and the
diatomic parity eigenvalues. As parity is preserved both in the interchannel matrix elements and in the asymptotic
solutions, the calculations are straightforwardly decoupled so that each different triple requires an independent
program run.

Gathering sufficiently many outputs to ensure J-convergence, these matrix elements can be used to yield
any observable property of the reaction. Nevertheless, prior to obtaining that, we need to convert them into
helicity-representation S-matrix elements by means of the following equations®:

(1 + ko)1 + b49) §/iP=+1 | ghP=-1
- [ n'k! nk ’k/ nk ]

Sk = Sukn g = \/ > ) )

and

J _g/ _ 7 [+ 8 + k) grp=s1 _ g1 p=—1
Swr—knk = Swin—k = (1) \/— (Swikmk - — Swkrnk 1>
2 ®)
where n and n’ are composite indices for initial 7 v j and final 7/ v/ j' states. Restrictions are made so that
0<k<min(], j, kmax) and 0<k’ <min(], j/, kmax).
This way, we are able to compute the differential cross sections™:

hz min(j’,kmax) min(j,kmax)

do, ;
0B = g 2 > (0, E)
e SﬂH+L' Eo(2j + 1)y j' K'=—min(j', kmax)k= —min(j, kmax)lfnk’n k |

]

Faww @B = > Q]+ DA{(0)S )y u(E)
J=max(|k|.|K']) 9)
and the integral cross sections®®:
min(j’,kmax) min(j,kmax)  Jpax J 2
o,(E) = —EZ > > IS BN
2ty 1 ool + 1) 575 k= inG kanask=—minG kmaz) /=0 (10)

where E_,; stands for the collision energy, for the reactant reduced mass and d//,(6) for the Wigner small
d-matrix elements.
The computation of the thermal rate coefficients also becomes possible* once we are able to truncate the fol-

lowing series for the cumulative reaction probabilities:

FryLi,

N(E) = 2(21+ 1)N(E),
J=0 (11)

which can be expressed in terms of the different (J, P, p)-output and of the H+Li, nuclear-spin weights (w,_,, =6
for even and w,__; = 10 for odd diatomic parities*’) if we take into account that:

N(E) = w,_ [NITTHP=H(E) + NPP=HP ()
W, [N”P:“’P:_I(E) + NPT )

N = SIS
nk n'k’ (12)

Then, writing Qj, (translational and ro-vibrational reactant partition function) as:
QR = thns : Qrovib’
3/
2mpy LiszT

Qtrans = hz

(13)

and

SCIENTIFICREPORTS| (2018) 8:1044 | DOI:10.1038/s41598-018-19233-0 3



www.nature.com/scientificreports/

Qi = Y Wy(2j + e kT,
Vi

the TRC can be calculated by means of the following expression:

1  _Elk,T
k(T) = — B N(E)dE .
D hQy Jo ¢ ) (14)

Input and Convergence

Potential Energy Surface. The reliability of the results yielded by the study performed here is strongly
connected to the quality of the input employed. By this we mean that no choice on any parameter used should be
seen as pure randomness or mere convenience.

That said, we begin this section by emphasizing that the PES, which enters the problem as a part of the adiaba-
tic term of Eq. (1), was chosen as the one published in ref.?*, where 394 non-equivalent electronic energies for the
Li,H system in the fundamental state were computed using a norm-conserving pseudo-potential to represent the
lithium core and a 6-311 G (2df, 2pd) basis set to perform a full configuration interaction (CI) calculation. These
specific 394 ab-initio points were taken in the most important parts of the interaction, in order to describe the
electronic part of the H+Li, reaction avoiding under or overcompleteness that would compromise the expected
behaviour elsewhere.

Bond-Order (BO) polynomials of degree 8 for two- and three-body terms were then used to yield the analyti-
cal representation, which resulted in a root mean square deviation 6 of about 1 kcal/mol. It is worth stressing that
only relevant ab-initio energies were taken into account, as the authors did not resort to placing numerous points
(in the asymptotic regions, for instance) just to grandstand about the low 8-value of the surface fitting without a
relevant (and corresponding) gain in quality. This statement can be underpined by the satisfactorily good com-
parison among properties extracted from the PES and their equivalent in the literature: geometries, energies,
ro-vibrational frequencies, enthalpy variation and other characteristics were well reproduced by this PES, being
supported by independent theoretical and experimental data available in the literature*'=*".

Table 1 exemplifies what we mean, regardless of minor divergences that arise on account of the different meth-
odologies involved. For instance, Song and collaborators® have calculated 3726 ab initio energies at the MRCI
level using the full valence complete active space (FVCAS) reference function and the Dunning’s V5Z basis set. A
correction was then implemented by the double many-body expansion-scaled external correlation (DMBE-SEC)
method. Conversely, Yuan et al.*! employed the MRCI-F12 method with the aug-cc-pVTZ basis set to calculate
30000 electronic energies, performing next a surface fitting based on neural networks.

Even though the authors from ref.”> make use of considerably fewer ab-initio points than the other referred
researchers, it cannot be inferred that the PES we employed here is inferior in any sense: when compared to the
PES from ref.?, the former shows slightly better diatomic results with respect to the experimental data available,
and alittle less refined agreement as far as the triatomic minimum configuration is concerned; as for the PES from
ref.’!, on the other hand, both diatomic and triatomic comparisons favor ref.?>. It should be emphasized, how-
ever, that all three PES accurately represent the title reaction, and results derived from them should be compared
whenever possible. Two of the most remarkable features of the scattering process, independently obtained by all
three studies, are its essentially barrierless behaviour and its high exothermicity (around 34 kcal/mol).

Be that as it may, when it comes to the practical situation in which the Li,H PES must be embedded as a sub-
routine in the ABC time-independent calculations, two aspects must be highlighted. First, the use of more elab-
orate analytical forms like the ones comprised in refs***! might have led to a mounting complexity at the expense
of computational resources, which have already been exhaustively explored with the use of the BO polynomials
of ref.?®. Second, the fitted expansion parameters of the?®! potential energy surfaces are not available from the
literature the way? is, making them impossible to be employed unless the interested reader is granted access to
the data upon request.

ABC Input Parameters. Moving on with the discussion to the ABC input described in ref.**, we provided
the program with the parameters shown in Table 2. For different choices on the (J, P, p) triple, we had to make
sure that the designated values for rmax and mt r were such that: a) the scattering would be studied until the
asymptotic behaviour manifests itself; and b) the size of the grids would allow us to treat the sectors with an adi-
abatic approach. As a matter of fact, attention has been paid to the adiabatic curves in the manner described by
ref.?* for different program executions, and both conclusions could be drawn because these curves: a) stabilize
before the maximum hyperradius considered is reached; and b) they experience sufficiently smooth variations
as we move from one sector to another. Also, fixing rmax and mtr at 25 a; and 300 proved to be convenient for
us since we carefully inspected the impact to the final convergence of the cross sections of further varying these
parameters, especially in the lowest collision energy studied (0.21 meV for the Li,(v=0, j=0) state), conditions
under which changing rmax and mt r simultaneously to 30 a0 and 400 represented only a decrease of less than
1.9 % in the ICS.

Next, we had to limit the emax, jmax and kmax parameters as they dictate how robust our basis set should
be, keeping in mind that the bigger they are, the longer calculations will take and the more they will cost in com-
putational terms. Considering that we are interested in the low collision energy range (up until 0.4eV), that for
early calculations with J=0 the choice on the first two parameters proved to be well suited for the problem, and
that for linear reactions kmax does not need to be way greater than zero, we investigated the effects of modifying
each and every single one of these quantities independently.
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number of ab-initio points root 394 3726 30000
mean square deviation (kcal/mol) 1 0.636 0.299
Li, (X'2g)
R, (bohr) 5.0512 5.0877 5.0531 5.0512%4
D, (kcal/mol) 24.438 24.445 24.398 24.444*
w, (em™) 351.48 353.528 351.49 351.4%
wx, (cm™) 2.652 2.655 2.5954
LiH (X 'X)
R, (bohr) 3.151 3.0336 3.0160 3.0160*
D, (kcal/mol) 58.099 58.113 58.0203 58.112%
w, (em™) 1405.7 1387.886 1410.82 1405.6%
wex, (cm™) 21.2 23.693 2324
Li,H (X?A)
R, (Li-Li) (bohr) 47366 | 4.7621 4.7205 4.76217
R, (Li-H) (bohr) 3.2212 3.2474 3.2201 3.2409Y
HLILI () 12675 | 42.843 12813 | 42.708Y
T U SR X RS (e

Table 1. Comparison among data extracted from different PES in the literature and experimental results:
equilibrium distances, dissociation energies, spectroscopic constants, angles and other properties obtained for
the Li,/LiH diatoms and for the three-body interaction region in the global minimum configuration.

mass=1,7,7

Masses of the atoms in atomic mass units.

jtot=0,1,2,..,80

Total angular momentum J.

ipar=+=+1 Triatomic parity eigenvalue P.

jpar==+1 Diatomic parity eigenvalue p=(—1).

emax =0.68 Maximum internal energy in any channel (in eV).

jmax =35 Maximum rotational quantum number of any channel (j or j’).
kmax =4 Helicity truncation parameter.

rmax =25.0

Maximum hyperradius p (in a 0).

mtr =300 Number of log derivative sectors.
enrg=0.022 Initial total energy (in eV).
dnrg=0.02 Total energy increment (in eV).
nnrg=20 Number of different total energies.
nout =3 Maximum value of v for the output.
jout=15 Maximum value of j for the output.

Table 2. ABC input parameters used for the H+Li , reaction.

To this end, we first varied the emax parameter keeping the other two constant so to visualize the conse-
quence on the partial contributions of the integral cross sections. Figure 1(a) displays one particular case for a
0.05eV increment on the maximum internal energy ranging from 0.58 to 0.73 eV. Out of curiosity, the number
of channels considered for the (J=5, P=—1, p=+1) calculation jumps from 3286 to 3853 in these limits, being
equal to 3664 for emax = 0.68. Performed on an IBM P750 machine using Power7 processors with 3.55 GHz of
frequency (containing cores of 128 GB RAM memory and 908.8 GFlops of theoretical performance), the calcula-
tions for emax =0.68 took almost 12 days.

From the analysis of Fig. 1(a), we see that once again emax = 0.68 is a good choice not only for =0, as little
variation is identified among the different curves for the particular case in which J=5 (a feature also remarked
for other non-trivial J-values).

Verifying now the outcome of the variation on jmax once emax and kmax are fixed, we end up with satisfac-
tory convergence for jmax =35, as Fig. 1(b) exemplifies for a specific situation (J=11). It is of utter importance
to stress that other partial contributions on the integral cross sections were also duly studied, although only one
of them is represented here.

Passing to the same analysis for kmax, we observe that very little is changed when we increase this parameter
from 2 to 4, and even less when we take into account kmax =6, so it would be pointless to go way beyond that
limit. Figure 1(c) depicts one such example for a given J-value (J=28). For our purposes, thus, considering the
helicity truncation parameter kmax =4 suffices to yield the desired results.
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Figure 1. Convergence tests performed on the H+Liy(v=0, j=0) — LiH + Li integral cross sections for:

(a) the partial contribution of J=5 fixing jmax = 35 and kmax =4; (b) the partial contribution of J=11 fixing
emax =0.68 and kmax =4; (c) the partial contribution of ] =28 fixing emax =0.68 and jmax = 35; and

(d) the sum over all total angular momentum contributions from 0 to ] in each curve (emax =0.68, jmax =35
and kmax =4).

The last parameter that remains to be commented on has to do with how far we must go with the J-values until
some sort of criterion is met. On that subject, we verified that working with J,,.. = 80, as suggested by ref.”, leads
to reasonable convergence, for (o7=% — ¢/=7°)/(6/=%) <0.32%. This is a conclusion that is brought graphically by
Fig. 1(d): it was already expected that a huge amount of J-values would be required for the title reaction, owing
to its own peculiarities, such as high exothermicity directly related to a large number of basis functions needed
to span the nuclear wave function. This almost unfeasible approach helps to explain why it took so long for a full
time-independent quantum scattering approach to happen.

A particular topic that deserves our attention, however, has to do with the reliability of ABC in the case of
indirect reactions such as the title one, in which a deep potential well involving a long-lived intermediate com-
plex separates reactants and products. In other words, questionings may arise on the suitability of the diatomic
vibrational functions of the three arrangements to expand the surface functions, what can be understood as the
use of a constant reference potential instead of the true triatomic potential for a given value of the hyperradius. In
this concern, while this doubtfulness may seem valid, it must be stressed that extra care was paid so to consider a
sufficiently big amount of eigenstates to span the nuclear wave function in order to surmount this apparent short-
coming. This way, the present application of the methodology evidences good results when compared to different
studies, as will be shown in the next section. Other successful ABC calculations for scatterings proceeding over
deep potential wells were already reported in the literature and can be found in refs*->2.

Results and Discussions

Integral Cross Sections. Having run the ABC program as indicated in the previous section, we came up
with numerous blocks of state-resolved S-matrix elements in the parity-adapted representation S J,‘f,,’ﬁk(E ). Then,
aiming to obtain the integral cross sections, we had to externally develop a FORTRAN code that would basically
perform the transformations of Eqs (7) and (8) prior to proceeding to the summation described by Eq. (10). For
further details on this subject, please refer to the Supplemental Material. Selecting first the initial state (v=0,
j=0) of the reactant for the sake of simplicity and in order to compare our results with others available in the lit-
erature (yielded by the application of different methods), we ended up with the black circles plotted in Fig. 2.

On this subject, it can be stated that sufficiently close theoretical agreement has been reached with the minor
exception of the original data published by ref.?, which brought results laying way below the average, although
the use of quasi-classical trajectories (QCT) might have seemed advisable given that the characteristics of the
Li, H PES did not suggest a considerable tunneling contribution. Despite the endorsement by preliminary QCT
calculations performed in ref.?’, the overall discrepancy of about 10 times less the order of magnitude of all other
available results urged us to recheck it for possible errors. After a thorough debugging of the original code gently
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Figure 2. Integral cross sections as a function of the collision energy for the H+Li,(v=0, j=0) — LiH+ Li
reaction.

provided to us by the authors, an improper reading procedure at the level of the interpretation of the PES subrou-
tine (causing a swapped identification of the BO coeflicients) has been spotted and corrected. The Revised QCT
curve now agrees with the others, as it should.

Furthermore, for those works relying on distinct PES, we sort of expected in advance that the slightest dif-
ference regarding mainly the three-body high interaction region - such as the presence or not of a barrier, the
precise depth of the potential well, or even the geometries and frequencies in the minimum energy path, for
example - or the nature of the theoretical scattering formalism involved would entail very unrelated results, lead-
ing perhaps to important numerical discrepancies, which fortunately was not the case. As far as quantum scatter-
ing methods are concerned, however, it can be claimed that while time-dependent calculations (refs?**!%2.) offer
an easier interpretation to the microscopic mechanisms of the reaction when compared to the time-independent
studies, some problems may arise in the former when propagating initial wave packets with low collision energies,
thus requiring extra care®>**. The combined analyses of these independent studies will serve as future reference
for comparison, ultimately being subject to experimental validation or confrontation.

Examining now the effects due to the purely vibrational/rotational excitation in Fig. 3, we see that for both
cases the H+Li, reaction is more and more inhibited as the v or j-values are increased. For the rotational case,
however, we identified a considerable reaction promotion that augments until j =4 is reached, and then begins
to retract, eventually becoming an actual inhibition for larger j. Additionally, all curves reveal a monotonically
decreasing behaviour, a fact that is intimately related (as it should be) to the highly exothermic and barrierless
nature of the scattering. The overall conclusion that the reactivity is hindered for both types of excitation and the
general trend of the integral cross sections for different initial states is consistent with the latest publications in
the literature?*?.

In order to better elucidate the dynamics involved, we also investigated the state-to-state cross sections aiming
to account for the product distribution with respect to the v/ and j/ quantum numbers, as shown in Fig. 4 for the
(v=0,j=0) initial state. From this analysis, basically two patterns also identified in ref.>* emerge. First, for a given
vibrational (rotational) quantum number, we see that the reaction cross sections tend to grow until the j’-values
(v/-values) begin to relate to prohibitive ro-vibrational energies, thus experiencing a sudden drop from that point
on and revealing that the product states most likely to be formed are those which incorporate the majority of the
total energy in the form of diatomic excitation, reinforcing the preliminary conclusions drawn by ref.?* on that
matter. Second, the globally dense rotational distribution seen in Fig. 4 strongly suggests that the reaction mech-
anism is substantially statistical.

Differential Cross Sections. As far as the H+Li, differential cross sections are concerned, they can
promptly be evaluated once we proceed analogously as before, where instead of Eq. (10) for the integral cross
sections, we now take into account Eq. (9).

This calculation, of great value to experimentalists as they can easily detect the angular dependence of the
scattering cross sections, yields directly from the time-independent formalism employed by ABC, provided that
we use the most suitable expressions for the Wigner small d-matrix elements d/,(6) as the ] values are increased.

This unusual remark is based on recent investigations on the referred theme, according to which incorrect
divergent behaviour begins to be evidenced when J becomes >>1 if we use the most commonly known expressions
for d,(6). In our case, for instance, a sudden inconsistency near 6 = 7/2 manifested itself in the form of a large
peak for ] > 56 with the application of the following equation®:

dl(B® = [0+ = B0 + k)T — k)t
S D Leos( P sin(Br2) P ¢
C U+ k=00 K -+ K — R (15)

where the sum takes place for all values of ¢ that do not lead to negative factorials.
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Figure 3. Integral cross sections (summed over all product states) as a function of the collision energy for the
purely vibrational (left) or rotational (right) excitation of the H+Li,(v, j) — LiH + Li reaction.

It is argumented that a serious loss of precision happens because of the inclusion of large numbers that exceed
the floating-point precision for Wigner’s original formula (Eq. 15) or because of severe numerical instability in the
case of high spin for recurrence relations. An example of a very straightforward scheme based upon recurrence
uses 3 such relations in order to determine d/,;(d) provided that lower order terms have already been calculated:

J+RkU+k-1
J+K){J+K -1
J+KJ -k
J+K)YJ+K =1

J-kJ-k—-1)
d/
J+KYJT+K -1 o 1ka(B) o

)

) (B)

cos*(53/2) \/

-2 sin(,@'/Z)cos(ﬁ/Z)\/ dk]’_—ll,k(ﬂ)

+sin*(6/2) \/

J+hU+k-1)

J-1
J-—K)(J—K —1) diry1k-1(B)
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. KN(J -k _
+2 sm(ﬂ/Z)cos(ﬂ/Z)\/U EJ lj'—)(])(i o _) D dk]/+11,k(ﬁ)
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+cos™ (3 )\/(] 0K 1) o+ 1,k+1(0) 1)
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28/2) — sin¥(3)2 U+kJ -k a1
+ [cos™(B/2) — sin"(B/2)] —(]—i—k’)(]—k') ik (B)

— sin(B/2)cos(8/2) \/w -

1
T g k) wn® (18)

Despite its practicality, the method also begins to encounter some problems in precision as the quantum
numbers are increased™.

To remedy that, Tajima®” has proposed a Fourier-series expansion for the matrix elements, introducing a very
powerful and useful method to enhance the numerical stability and precision. Going a little beyond, Feng et al.>®
presented a brilliantly simple idea to calculate the expansion coefficients by exactly diagonalizing the angular
momentum operator ], in the eigenbasis of J.. As the norm of each Fourier coefficient does not exceed unity,
large-number problems in floating-point calculations are avoided, allowing us to compute the d-matrix for spins
up to a few thousand with a precision of about 10~!* (we actually stopped at J=80).

Making use of this suggestion, calculations for the differential cross sections (DCS) resulted in the graphs
shown in Figs 5 and 6 (purely vibrational/rotational excitation of the reactant, respectively): same downward
trend evidenced as we compare distinct panels compels us to conclude the same way as before for the integral
case, with one additional analysis. Even though ref.*? asserts that the peaks found around § =0 and 6 = 180° reveal
that exact forward and back scatterings play a major role in the reaction dynamics, it must be underlined that in
order to reach such a conclusion, the contribution of sinf ought to have been taken into consideration as well.
Thus, despite having ended up with basically the same graphs of ref.>* at first, we multiplied the DCS by sin and
verified a nearly isotropic scenario, corresponding to an essentially flat angular distribution.

SCIENTIFICREPORTS| (2018) 8:1044 | DOI:10.1038/s41598-018-19233-0 8



www.nature.com/scientificreports/

0’6 OI—CV‘I:(] T 4 T = T £ T L T z OLCV'I*O T T 3 T T X T Y
vl E=1.02eV vl E=2.02eV
—-y = —sv' =2
sy =3 025 ~—=v=3 —
vi=4 v=4
0,45 v—~v=5 — vv=5
V=6 V=6
—y =7 02 —v=17 1
2 Vs £ v=g
s oo = < v e LA
z 0 r W) % 20151 1 g@'\,\f
DS ‘ 7‘, lx V/ﬁ 4 bo \ |
Sk, | 0.1 b
0,15 24 \ - \
'\ 00s-jf | 7
A / \
L 1 1 |\\
0 5 10 15 . 20 25 30 35 0 5 10 15 20 25 30 35
j i
02 —evilo T PR PR B B B R
—avel —ev=]
pam et =V
v o4 0.12 vl
—yv =5 —vv =5
V=6 V=6
—v'=7 —tv' =7
& V=8 R V=3
< 10 95 0,08 V10
- o—ov' =11 o~ o—ov' =11
> > —ov =12
2 2
o o
0,04
35 0 5 10 15 20 25 30 35
i il

Thermal rate coefficients. Once each execution of the ABC program yields a different (J, P, p)-output,
containing, at the end of every single file, the N*#?(E) quantities that appear in Eq. (12) for the nnrg total ener-
gies starting from enrg with a dnrg step (as we set in the input parameters of Table 2), we are able to compute
the cumulative reaction probabilities (CRP) by means of Eq. (11). Then, proposing a linear curve fitting for the
particular points mentioned above (correlation coeflicient was calculated as 0.9962319), we managed to describe
N(E) at interpolation and extrapolation energies in an incredibly suitable way. As for the ro-vibrational partition
function Q,,,; in Eq. (13), we covered all even and odd diatomic states of the Li, reactant molecule obeying E(v,
j) <5.0¢eV, thus including a total of 5885 and 5919 terms in the sum over vj for p=+1 and p =—1, respectively. This
huge amount of states is more than enough to guarantee convergence on the denominator appearing in Eq. (14),
so the upper limit of the integral plays the major role in dictating the accuracy we are dealing with.

In the case of a barrierless reaction such as the title one, where the lowest total energy at which S-matrix ele-
ments were computed is 0.022 eV, it may seem that a fictitious threshold of reactivity is being inadvertently placed
at this energy, most probably impairing the correct determination of k(T), for the cross sections below that limit
would implicitly be considered null. Accordingly, in order to show that no rigor was lost in the adopted proce-
dures, thermal cumulative reaction probabilities (TCRP) were computed the way proposed in ref.’® and plotted
in Fig. 7 for different values of temperature, what includes the minimum and maximum T with which we aim to
work. As every contribution to the integral of the TCRP stood in the right-hand side of the red dashed line indi-
cating E=0.022 eV, the thermally averaged rate constants obtained by integration of the TCRP would have been
identically those calculated following the aforementioned steps, hadn't we decided to disregard, in the former
case, the area below the curves after E=0.402 eV, to better show that the CRP points before that limit sufficed to
satisfactorily converge our calculations.

Just to further illustrate what we mean by that, we verified that for lower temperature limits (T=500K,
T=700K, and T=900K), the truncation of the TCRP’s integration at E=0.402 eV was responsible for 99.7%,
98% and 94% of the final contributions to k(T), respectively. We must therefore bear in mind that the lower the
temperature, the more converged are our TRC, shown in Fig. 8 together with the integration of the TCRP between
E=0.022 and 0.402 eV, as well as previous J-shifting®* and time-dependent results’’.

From the comparison of the different curves depicted in Fig. 8, we see that, given a same PES, J-shifting
approach fails here to predict the N**(E) terms based solely on the J=0 behaviour the way proposed by ref.*
with the computation of N'=° shifted from E by a contribution due to the geometries involved in the J-dependent
transition states (that appear because of the addition of a centrifugal potential to the minimum energy path), N(E)
had been found to be quadratic, whereas thorough quantum time-independent calculations performed in this
work identified a linear response to an energy increase. For this reason, our results lay considerably lower than
those derived from the application of J-shifting formalism, though once again the TRC are expected to grow up
until some point in temperature (T ~350K) and then decrease as T becomes higher, revealing a non-Arrhenius
pattern that can also emerge from different highly exothermic reactions®.
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Figure 5. Differential cross sections (summed over all product states and multiplied by sin §) as a function of the
collision energy and of the scattering angle for the purely vibrational excitation of the H+ Li,(v, j=0) — LiH+Li
reaction: (a) v=0 (top left); (b) v=1 (top right); (c) v=2 (bottom left); and (d) v=13 (bottom right). Each level
curve represented differs from its predecessor by 1 A¥/sr.
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Figure 6. Differential cross sections (summed over all product states and multiplied by sin 0) as a function of the
collision energy and of the scattering angle for the purely rotational excitation of the H+Li,(v=0, j) — LiH+Li
reaction: (a) j=0 (top left); (b) j=5 (top right); (c) j=10 (bottom left); and (d) j=15 (bottom right). Each level
curve represented differs from its predecessor by 1 A/sr.

Conclusions

Thorough time-independent quantum scattering investigations were conducted in this study for the
H+Li, — LiH + Li reaction using the ABC program® and the PES of ref.?, once we have developed FORTRAN
codes that read the program outputs and calculate the integral and the differential cross sections, as well as the
reaction TRC.

Thence, an already anticipated cross section decrease owing to an increase in energy has been spotted, a trend
commonly shared by highly exothermic and barrierless reactions. Qualitative and quantitative agreement with
previous theoretical works supports the good quality obtained by the application of our methodology, though
experimental validation or confrontation is still pending in the literature.

Having calculated the H+Li, — LiH + Li differential cross sections, we identified a nearly isotropic behaviour
of the reaction, which contradicts earlier predictions from ref.*>. Moreover, reactant purely vibrational/rotational
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Figure 8. Thermally averaged rate constants for the H+Li, — LiH + Li reaction revealing the discrepancy
between J-shifting predictions and thorough quantum time-independent calculations.

excitation was found to hinder reactivity, a fact that is observed more intensely for the rotational case, in which
we reported a significant reaction promotion that augments until j =4 is reached, and then begins to retract,
eventually becoming an actual inhibition for larger j.

Finally, our results were plotted and compared to the ones given by independent research. Even though we
ended up with a similar non-Arrhenius pattern of TRC growth until ambient temperatures followed by a decrease
as T becomes higher, the considerable discrepancy with the J-shifting approach urges us to conclude that the
application of the latter most likely leads to incorrect outcome for the title reaction.
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