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❊♥❣❡♥❤❡✐r♦ ❊❧❡tr✐❝✐st❛✳

❯♥✐✈❡rs✐❞❛❞❡ ❋❡❞❡r❛❧ ❞❡ ❙❛♥t❛ ❈❛t❛r✐♥❛✱ ✶✾✽✼✲✶✾✾✶✳

• Mestrado

❚ít✉❧♦✿ ▼❡str❡ ❡♠ ❋ís✐❝❛

❉✐ss❡rt❛çã♦✿ ❊st✉❞♦ ❱❛r✐❛❝✐♦♥❛❧ ❞♦ ▼♦❞❡❧♦ ❞❡ ▼♦s③❦♦✇s❦✐ q✲❉❡❢♦r♠❛❞♦

❖r✐❡♥t❛❞♦r✿ Pr♦❢❛✳ ❉r❛✳ ❉é❜♦r❛ P❡r❡s ▼❡♥❡s❡s ✭❯❋❙❈✲❈❋▼✮

■♥st✐t✉✐çã♦✿ ❉❡♣❛rt❛♠❡♥t♦ ❞❡ ❋ís✐❝❛✱ ❈❡♥tr♦ ❞❡ ❈✐ê♥❝✐❛s ❋ís✐❝❛s ❡ ▼❛t❡♠á✲

t✐❝❛s✱ ❯♥✐✈❡rs✐❞❛❞❡ ❋❡❞❡r❛❧ ❞❡ ❙❛♥t❛ ❈❛t❛r✐♥❛

■♥❣r❡ss♦✿ ✵✸✴✶✾✾✷✱ ❚ér♠✐♥♦✿ ✵✽✴✶✾✾✹✳
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Resumo

❋♦r❛♠ r❡❛❧✐③❛❞♦s ❡st✉❞♦s ♣♦r ❙✐♠✉❧❛çõ❡s ❞❡ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r ❡♠ s✐st❡♠❛s

❢♦r♠❛❞♦s ♣♦r ❛❧❝❛❧ó✐❞❡s ❡♠ ❈❖2 s✉♣❡r❝rít✐❝♦ ♣❛r❛ ❞❡t❡r♠✐♥❛r♠♦s s✉❛s ♣r♦♣r✐❡❞❛✲

❞❡s ❡str✉t✉r❛✐s ❡ ❞✐♥â♠✐❝❛s✳ ❖s ❛❧❝❛❧ó✐❞❡s ❡st✉❞❛❞♦s ❢♦r❛♠ ❛s ①❛♥t✐♥❛s ✭❝❛❢❡í♥❛✱

t❡♦✜❧✐♥❛ ❡ t❡♦❜r♦♠✐♥❛✮ ❡ ♦s ❛❧❝❛❧ó✐❞❡s ✐♥❞ó❧✐❝♦s ✭✈♦❛❝❛♥❣✐♥❛ ❡ ❝♦r♦♥❛r✐❞✐♥❛✮✱ t♦✲

❞❛s s✉❜stâ♥❝✐❛s ❞❡ ❣r❛♥❞❡ ✐♥t❡r❡ss❡ ❞❛ ✐♥❞ústr✐❛ ❢❛r♠❛❝ê✉t✐❝❛ ❡✴♦✉ ❞❡ ❛❧✐♠❡♥t♦s✳

❉❡t❛❧❤❡s ❞❛ ❡str✉t✉r❛ ❞❡ s♦❧✈❛t❛çã♦ ❡♠ t♦r♥♦ ❞♦ s♦❧✉t♦ ❢♦r❛♠ ♦❜t✐❞♦s ❛tr❛✈és ❞❡
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Abstract

▼♦❧❡❝✉❧❛r ❉②♥❛♠✐❝s ❙✐♠✉❧❛t✐♦♥ ♦❢ s②st❡♠s ❢♦r♠❡❞ ❜② ❛❧❦❛❧♦✐❞s ✐♥ s✉♣❡r❝r✐t✐❝❛❧

❈❖2 ❤❛✈❡ ❜❡❡♥ ♣❡r❢♦r♠❡❞ ✐♥ ♦r❞❡r t♦ ❞❡t❡r♠✐♥❡ t❤❡✐r str✉❝t✉r❛❧ ❛♥❞ ❞②♥❛♠✐❝

♣r♦♣❡rt✐❡s✳ ❚❤❡ st✉❞✐❡❞ ❛❧❦❛❧♦✐❞s ❛r❡ t❤❡ ①❛♥t❤✐♥❡s ✭❝❛✛❡✐♥❡✱ t❤❡♦♣❤②❧❧✐♥❡✱ ❛♥❞

t❤❡♦❜r♦♠✐♥❡✮ ❛♥❞ ✐♥❞♦❧❡ ❛❧❦❛❧♦✐❞s ✭✈♦❛❝❛♥❣✐♥❡ ❛♥❞ ❝♦r♦♥❛r✐❞✐♥❡✮✱ s✉❜st❛♥❝❡s ♦❢

❣r❡❛t ✐♥t❡r❡st ♦❢ t❤❡ ♣❤❛r♠❛❝❡✉t✐❝❛❧ ❛♥❞ ❢♦♦❞s ✐♥❞✉str②✳ ❉❡t❛✐❧s ♦❢ t❤❡ s♦❧✈❛t✐♦♥

str✉❝t✉r❡ ❛r♦✉♥❞ t❤❡ s♦❧✉t❡ ✇❡r❡ ♦❜t❛✐♥❡❞ ❜② ♠❡❛♥s ♦❢ ❞❡♥s✐t② ♠❛♣s r❡♣r❡s❡♥t✐♥❣

t❤❡ ❧♦❝❛❧ ❞❡♥s✐t② ✐♥ r❡❧❛t✐♦♥ t♦ t❤❡ ❛✈❡r❛❣❡ ✈❛❧✉❡ ♦❢ t❤❡ ❞❡♥s✐t② ✐♥ ❜✉❧❦✳ ❚❤❡ ♠❛♣s

s❤♦✇ ❛♥ ✐♥❤♦♠♦❣❡♥❡♦✉s ❞✐str✐❜✉t✐♦♥ s♦❧✈❡♥t ✇✐t❤ ❝♦♥❝❡♥tr❛t✐♦♥s ✐♥ s♣❡❝✐✜❝ r❡❣✐♦♥s

s✉❝❤ ❛s ❛❜♦✈❡ ❡♥❞ ❜❡❧♦✇ t❤❡ ♣❧❛♥❛r r✐♥❣s ❛♥❞ ❝❛r❜♦♥②❧ ❣r♦✉♣s ♦❢ t❤❡ ♠♦❧❡❝✉❧❡s✳ ❚❤❡

s✐♠✉❧❛t✐♦♥s r❡s✉❧ts ❢♦r t❤❡ ❞✐✛✉s✐♦♥ ❝♦❡✣❝✐❡♥ts ♦❢ ♣✉r❡ s♦❧✈❡♥t ❛♥❞ t❤❡ ❝❛✛❡✐♥❡✴❈❖2

s②st❡♠ r❡♣r♦❞✉❝❡ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ✈❛❧✉❡s ✈❡r② ✇❡❧❧✳

■t ✐s ❦♥♦✇♥ t❤❛t t❤❡ ❛❞❞✐t✐♦♥ ♦❢ s♠❛❧❧ ❛♠♦✉♥ts ♦❢ ♣♦❧❛r ❝♦✲s♦❧✈❡♥t ✐♥❝r❡❛s❡s

t❤❡ ♣♦✇❡r ♦❢ ❈❖2 s♦❧✉❜✐❧✐③❛t✐♦♥✳ ❲❡ ✐♥✈❡st✐❣❛t❡❞ t❤❡ ❡✛❡❝ts ♦❢ ❝♦✲s♦❧✈❡♥t ❡t❤❛♥♦❧

t♦ t❤❡ s②st❡♠s str✉❝t✉r❛❧ ❛♥❞ ❞②♥❛♠✐❝❛❧ ♣r♦♣❡rt✐❡s✳ ❲❡ ♦❜s❡r✈❡ ❛ ♠❛❣♥✐✜❝❛t✐♦♥

♦❢ t❤❡ s♦❧✉t❡✲s♦❧✈❡♥t ✐♥t❡r❛❝t✐♦♥s ✇✐t❤ t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ ❤②❞r♦❣❡♥ ❜♦♥❞✐♥❣ ❛♥❞ t❤❡

♣r❡❢❡r❡♥t✐❛❧ s♦❧✈❛t✐♦♥ ❜② t❤❡ ❝♦✲s♦❧✈❡♥t✳ ❚❤❡ ❞②♥❛♠✐❝s ♦❢ t❤❡ s♦❧✉t❡ ❜❡❝♦♠❡ s❧♦✇❡r

✉♣♦♥ ❛❞❞✐t✐♦♥ ♦❢ t❤❡ ❝♦✲s♦❧✈❡♥t✳
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s♦❧✉t♦ ❝❛❢❡í♥❛✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✼

✺✳✾ ❉✐str✐❜✉✐çã♦ ❆♥❣✉❧❛r ❞♦s s♦❧✈❡♥t❡s ❡♠ t♦r♥♦ ❞❛s ❝❛r❜♦♥✐❧❛s ❞♦

s♦❧✉t♦ t❡♦✜❧✐♥❛✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✼

✺✳✶✵ ❉✐str✐❜✉✐çã♦ ❆♥❣✉❧❛r ❞♦s s♦❧✈❡♥t❡s ❡♠ t♦r♥♦ ❞❛s ❝❛r❜♦♥✐❧❛s ❞♦

s♦❧✉t♦ t❡♦✜❧✐♥❛✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✽

✺✳✶✶ ❈♦♠♣❛r❛çã♦ ❞❛ ❉✐str✐❜✉✐çã♦ ❆♥❣✉❧❛r ❞♦s s♦❧✈❡♥t❡s ❡♠ t♦r♥♦ ❞❛s

❝❛r❜♦♥✐❧❛s ❡♥tr❡ ♦s três s♦❧✉t♦s ❡st✉❞❛❞♦s✳ P❛r❛ ♦s s✐st❡♠❛s ❞❡

❜❛✐①❛ ❞❡♥s✐❞❛❞❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✾

✺✳✶✷ ❋✉♥çã♦ ❣ss✭s✮ ♣❛r❛ ♦ s✐st❡♠❛ ❝❛❢❡í♥❛✴❈❖2 ♥❛s t❡♠♣❡r❛t✉r❛s ❞❡

✸✶✸ ❡ ✸✹✸❑✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✵

✺✳✶✸ ❋✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ t❡♠♣♦r❛❧ ❞♦ ❞✐♣♦❧♦ ✉♥✐tár✐♦ ♣❛r❛ ❛ ❝❛❢❡í♥❛

à ✸✶✸❑✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✵
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✺✳✶✹ ❈♦rr❡❧❛çã♦ t❡♠♣♦r❛❧ ❞❡ r❡♦r✐❡♥t❛çã♦ ❞♦ ❞✐♣♦❧♦ ✉♥✐tár✐♦ ❞♦s s✐st❡✲

♠❛s ❈❛❢❡í♥❛✱ t❡♦❜r♦♠✐♥❛ ❡ t❡♦✜❧✐♥❛✴❈❖2 ♥❛ t❡♠♣❡r❛t✉r❛ ❞❡ ✸✶✸❑✳ ✻✶

✺✳✶✺ ❈♦❡✜❝✐❡♥t❡ ❞❡ ❞✐❢✉sã♦ ♣❛r❛ ❛ ❝❛❢❡í♥❛✱ ♦❜t✐❞♦s ♣♦r s✐♠✉❧❛çã♦ ✭❝ír✲

❝✉❧♦s✮ ❝♦♠♣❛r❛❞♦s ❛♦s ✈❛❧♦r❡s ❡①♣❡r✐♠❡♥t❛✐s ✭tr✐â♥❣✉❧♦s✮ à ✸✶✸❑✳ ✻✷

✻✳✶ ❋✉♥çã♦ ❣ss✭s✮ ♣❛r❛ ♦s s♦❧✉t♦s ❝❛❢❡í♥❛✱ t❡♦❜r♦♠✐♥❛ ❡ t❡♦✜❧✐♥❛ ❝♦♠

❚❂✸✶✸❑ ♣❛r❛ ρ = 0.25ρc ❡ 2.00ρc✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✼

✻✳✷ ❋✉♥çã♦ ❣ss✭s✮ ❡ ❛ ❡q✉✐✈❛❧❡♥t❡ ❢✉♥çã♦ ❞❡ ❡♥❡r❣✐❛ ❧✐✈r❡ ❛Ω✭s✮ ♣❛r❛ ♦s

s✐st❡♠❛s ❝❛❢❡í♥❛✴❈❖2✰❡t❛♥♦❧ ❡♠ ❝♦♠♣❛r❛çã♦ ❛♦ s✐st❡♠❛ só ❝♦♠

❈❖2 ♣✉r♦✳ P❛r❛ ❛s ❞❡♥s✐❞❛❞❡s ❛❧t❛ ❡ ❜❛✐①❛ ♣❛r❛ ❚❂✸✶✸❑ ✳ ✳ ✳ ✳ ✳ ✻✽

✻✳✸ P❛✐♥é✐s ❝♦♠ ♦s ♠❛♣❛s ❞❡ ❝♦r❡s ❞❛s ❞❡♥s✐❞❛❞❡s r❡❧❛t✐✈❛s ♣❛r❛ ❛ ❝❛✲

❢❡í♥❛✱ t❡♦❜r♦♠✐♥❛ ❡ t❡♦✜❧✐♥❛✱ ♥♦ ♣❧❛♥♦ ❞❛ ♠♦❧é❝✉❧❛✱ ❝♦♠ ❚❂✸✶✸❑

❡ ρ = 0, 25ρc✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✵

✻✳✹ ❉✐str✐❜✉✐çã♦ ❞♦ ♥ú♠❡r♦ ❞❡ ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ ❡♥tr❡ ❛ ❝❛❢❡í♥❛

❡ ♦ ❡t❛♥♦❧ ♣❛r❛ ❚❂✸✶✸❑ ♥❛s ❞❡♥s✐❞❛❞❡s ❜❛✐①❛ ❡ ❛❧t❛✳ ❆s ❧✐♥❤❛s

sã♦ ❛♣❡♥❛s ♣❛r❛ ❣✉✐❛r ♦s ♦❧❤♦s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✷

✻✳✺ ❉✐str✐❜✉✐çã♦ ❞♦ ♥ú♠❡r♦ ❞❡ ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ s✐♠✉❧tâ♥❡❛s ❡♥✲

tr❡ ♦ s♦❧✉t♦ ❡ ❛s ♠♦❧é❝✉❧❛s ❞❡ ❡t❛♥♦❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✷

✻✳✻ ❈♦rr❡❧❛çã♦ t❡♠♣♦r❛❧ ❞❡ r❡♦r✐❡♥t❛çã♦ ❞♦ ❞✐♣♦❧♦ ✉♥✐tár✐♦ ❞♦s s✐st❡✲

♠❛s ❝❛❢❡í♥❛✱ t❡♦❜r♦♠✐♥❛ ❡ t❡♦✜❧✐♥❛✴❈❖2 ✰ ❝♦✲s♦❧✈❡♥t❡ ♥❛ t❡♠♣❡✲

r❛t✉r❛ ❞❡ ✸✶✸❑✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✺

✻✳✼ ❊❢❡✐t♦ ❞❛ t❡♠♣❡r❛t✉r❛ ♥❛ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ ❞❡ ❞✐♣♦❧♦ ✉♥✐tár✐♦

♣❛r❛ ❛ ❝❛❢❡í♥❛ ♥❛s ❞❡♥s✐❞❛❞❡s ❜❛✐①❛ ❡ ❛❧t❛✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✻

✻✳✽ ❊❢❡✐t♦ ❞❛ ♣r❡s❡♥ç❛ ❞♦ ❝♦✲s♦❧✈❡♥t❡ ♥❛ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ ❞❡ ❞✐✲

♣♦❧♦ ✉♥✐tár✐♦ ♣❛r❛ ❛ ❝❛❢❡í♥❛ ♥❛s ❞❡♥s✐❞❛❞❡s ❜❛✐①❛ ❡ ❛❧t❛ ♣❛r❛

❚❂✸✶✸❑✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✻

✼✳✶ ❊str✉t✉r❛s ♠♦❧❡❝✉❧❛r❡s ❞❛ ❝❛❢❡í♥❛ ❡ ✈♦❛❝❛♥❣✐♥❛✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✾

✼✳✷ ❋✉♥çã♦ ❣ss✭s✮ ♣❛r❛ ❛ ❝♦r♦♥❛r✐❞✐♥❛ ❡ ❛ ✈♦❛❝❛♥❣✐♥❛ ♥❛ ❞❡♥s✐❞❛❞❡

❜❛✐①❛ ✭✵✳✷✺ ρc✮ ❝♦♠ ❚❂✸✵✽❑ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✶

✼✳✸ ❋✉♥çã♦ ❣ss✭s✮ ❞♦ s♦❧✉t♦ ❝♦r♦♥❛r✐❞✐♥❛ ♣❛r❛ ❚❂✸✵✽❑ ♥♦s s✐st❡♠❛s

s♦❧✉t♦✴❈❖2 ♣✉r♦ ❡ s♦❧✉t♦✴❈❖2✰❡t❛♥♦❧ ♣❛r❛ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ✵✱✷✺ ρc

❡ ✶✱✾✷ ρc ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✶
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✼✳✹ ❋✉♥çã♦ ❣ss✭s✮ ❞♦ s♦❧✉t♦ ✈♦❛❝❛♥❣✐♥❛ ♣❛r❛ ❚❂✸✵✽❑ ♥♦s s✐st❡♠❛s

s♦❧✉t♦✴❈❖2 ♣✉r♦ ❡ s♦❧✉t♦✴❈❖2✰❡t❛♥♦❧ ♣❛r❛ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ✵✱✷✺ ρc

❡ ✶✱✾✷ ρc✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✷

✼✳✺ ❘❡♣r❡s❡♥t❛çã♦ ❞♦s ♣❧❛♥♦s ❡♠♣r❡❣❛❞♦s ♥❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦s ♠❛♣❛s

❞❡ ❞❡♥s✐❞❛❞❡s r❡❧❛t✐✈❛s ❞♦s ✜t♦❢ár♠❛❝♦s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✹

✼✳✻ ▼❛♣❛ ❞❡ ❞❡♥s✐❞❛❞❡ ❞❛ ❝♦r♦♥❛r✐❞✐♥❛ ❡ ✈♦❛❝❛♥❣✐♥❛ ♣❛r❛ ρ ❂ ✵✱✷✺ ρc

❡ ❚❂✸✵✽❑ ♥♦s s✐st❡♠❛s ❝♦♠ ❝♦✲s♦❧✈❡♥t❡✳ ❈♦♠♣❛r❛♥❞♦ ❛s ❞✐str✐✲

❜✉✐çõ❡s ❞❡ ❞❡♥s✐❞❛❞❡s ❡♥tr❡ ✈♦❛❝❛♥❣✐♥❛ ❡ ❝♦r♦♥❛r✐❞✐♥❛ ❡♠ t♦r♥♦

❞♦s ♣❧❛♥♦s ❞♦s ❛♥é✐s✳ ❈❛❞❛ q✉❛❞r♦ ❛♣r❡s❡♥t❛ ✉♠❛ ár❡❛ ❞❡ ✷✷×✷✷ ➴2✳ ✽✺

✼✳✼ ▼❛♣❛ ❞❡ ❞❡♥s✐❞❛❞❡ ❞❛ ❝♦r♦♥❛r✐❞✐♥❛ ❡ ✈♦❛❝❛♥❣✐♥❛ ♣❛r❛ ρ ❂ ✶✱✾✷ ρc

❡ ❚❂✸✵✽❑ ♥♦s s✐st❡♠❛s ❝♦♠ ❝♦✲s♦❧✈❡♥t❡✳ ❈♦♠♣❛r❛♥❞♦ ❛s ❞✐str✐✲

❜✉✐çõ❡s ❞❡ ❞❡♥s✐❞❛❞❡s ❡♥tr❡ ✈♦❛❝❛♥❣✐♥❛ ❡ ❝♦r♦♥❛r✐❞✐♥❛ ❡♠ t♦r♥♦

❞♦s ♣❧❛♥♦s ❞♦s ❛♥é✐s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✻

✼✳✽ ▼❛♣❛ ❞❡ ❞❡♥s✐❞❛❞❡ ❞❛ ❝♦r♦♥❛r✐❞✐♥❛ ❡ ✈♦❛❝❛♥❣✐♥❛ ♣❛r❛ ρ ❂ ✵✱✷✺ρc

❡ ❚❂✸✵✽❑ ♥♦s s✐st❡♠❛s ❝♦♠ ❝♦✲s♦❧✈❡♥t❡✳ ❈♦♠♣❛r❛♥❞♦ ❛s ❞✐str✐✲

❜✉✐çõ❡s ❞❡ ❞❡♥s✐❞❛❞❡s ❡♥tr❡ ✈♦❛❝❛♥❣✐♥❛ ❡ ❝♦r♦♥❛r✐❞✐♥❛ ❡♠ t♦r♥♦

❞♦ ést❡r✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✻

✼✳✾ ▼❛♣❛ ❞❡ ❞❡♥s✐❞❛❞❡ ❞❛ ✈♦❛❝❛♥❣✐♥❛ ♣❛r❛ ρ ❂ ✵✱✷✺ρc ❡ ✸✵✽❑ ♥♦

s✐st❡♠❛ ❈❖2✴❡t❛♥♦❧✳ ❈♦♠♣❛r❛♥❞♦ ❛s ❝♦♥tr✐❜✉✐çõ❡s ❞♦ ❈❖2 ❡ ❞♦
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✼✳✺ ◆ú♠❡r♦ ♠é❞✐♦ ❞❡ ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ ❡♥tr❡ ♦s s♦❧✉t♦s ✭✈♦❛❝❛♥✲

❣✐♥❛ ❡ ❝♦r♦♥❛r✐❞✐♥❛✮ ❡ ♦s ❝♦✲s♦❧✈❡♥t❡s ♣❛r❛ ❚❂✸✵✽❑ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✽

✼✳✻ ❈♦❡✜❝✐❡♥t❡s ❞❡ ❉✐❢✉sã♦ ✭❉✮ ♣❛r❛ ❝♦r♦♥❛r✐❞✐♥❛ ❡ ✈♦❛❝❛♥❣✐♥❛ ❡♠

❈❖2 ♣✉r♦ ❡ ❈❖2✰❡t❛♥♦❧✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✷

✼✳✼ ❊❢❡✐t♦ ❞❛ t❡♠♣❡r❛t✉r❛ s♦❜r❡ ♦ ❈♦❡✜❝✐❡♥t❡s ❞❡ ❉✐❢✉sã♦ ✭❉✮ ❞♦

s♦❧✉t♦ ✈♦❛❝❛♥❣✐♥❛ ❡♠ ❈❖2 ♣✉r♦ ♣❛r❛ ❚❂✸✵✽❑ ❡ ❚❂✸✶✽❑✳ ✳ ✳ ✳ ✳ ✾✷



Caṕıtulo 1

Introdução

❯♠ ✢✉✐❞♦ s✉♣❡r❝rít✐❝♦ é q✉❛❧q✉❡r s✉❜stâ♥❝✐❛ q✉❡ s❡ ❡♥❝♦♥tr❛ ❛❝✐♠❛ ❞❡ s✉❛ t❡♠✲

♣❡r❛t✉r❛ ❝rít✐❝❛✳ ◆❛ ár❡❛ s✉♣❡r❝rít✐❝❛ ❤á ✉♠ ú♥✐❝♦ ❡st❛❞♦✿ ♦ ✢✉✐❞♦✳ ❯♠ ✢✉✐❞♦

s✉♣❡r❝rít✐❝♦ ❡①✐❜❡ ♣r♦♣r✐❡❞❛❞❡s ❢ís✐❝♦✲q✉í♠✐❝❛s q✉❡ ♦s❝✐❧❛♠ ❡♥tr❡ ❛s ❞♦s ❧íq✉✐❞♦s ❡

❞♦s ❣❛s❡s✳ ❆s ❝❛r❛❝t❡ríst✐❝❛s ❞❡ ✉♠ ✢✉✐❞♦ s✉♣❡r❝rít✐❝♦ ✐♥❝❧✉❡♠ ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ s❡

❛t✐♥❣✐r ❞❡♥s✐❞❛❞❡s ♣ró①✐♠❛s ❛ ❞❛ ❢❛s❡ ❧íq✉✐❞❛✱ ❜❡♠ ❝♦♠♦ ✈✐s❝♦s✐❞❛❞❡ ❡ ❞✐❢✉s✐✈✐❞❛❞❡

tí♣✐❝❛s ❞❡ ❣❛s❡s✳ ❆s ♣r♦♣r✐❡❞❛❞❡s ❞❡ s♦❧✈❛t❛çã♦ ❞♦s ✢✉✐❞♦s s✉♣❡r❝rít✐❝♦s sã♦ ♠✉✐t♦

s❡♥sí✈❡✐s às ✈❛r✐❛çõ❡s ❞❛s ❝♦♥❞✐çõ❡s t❡r♠♦❞✐♥â♠✐❝❛s✳ ❊❧❡s sã♦ ♠✉✐t♦ ❝♦♠♣r❡ssí✈❡✐s✱

❡s♣❡❝✐❛❧♠❡♥t❡ ♥❛ ✈✐③✐♥❤❛♥ç❛ ❞♦ ♣♦♥t♦ ❝rít✐❝♦✳ ❈♦♠♦ ❝♦♥s❡qüê♥❝✐❛✱ s❡✉s ♣♦❞❡r❡s

❞❡ s♦❧✉❜✐❧✐③❛çã♦ ♣♦❞❡♠ s❡r ❛♠♣❧❛♠❡♥t❡ ❛❧t❡r❛❞♦s ✈❛r✐❛♥❞♦✲s❡ ❛ ♣r❡ssã♦ ♦✉ ❛ t❡♠✲

♣❡r❛t✉r❛ ❞♦ s✐st❡♠❛✳ ❆ ✜❣✉r❛ ✶✳✶ ❞❡s❝r❡✈❡ ✉♠ ❞✐❛❣r❛♠❛ ❞❡ ❢❛s❡s ❡sq✉❡♠át✐❝♦ ♣❛r❛

✉♠❛ s✉❜stâ♥❝✐❛ ♣✉r❛ ♦♥❞❡ ♣♦❞❡♠♦s ✈❡r ❛ ❝✉r✈❛ ❞❡ ❝♦❡①✐stê♥❝✐❛ ❧íq✉✐❞♦✴✈❛♣♦r ❡ ♦

♣♦♥t♦ ❝rít✐❝♦ ✭P❈✮ ❛ ♣❛rt✐r ❞♦ q✉❛❧ ❛ ❞✐st✐♥çã♦ ❡♥tr❡ ♦ ❣ás ❡ ♦ ❧íq✉✐❞♦ ❞❡s❛♣❛r❡❝❡ ❡

❛ ❝✉r✈❛ t❡r♠✐♥❛✳ ❆ s✉❜stâ♥❝✐❛ é ❞❡s❝r✐t❛ ❛❣♦r❛ ❝♦♠♦ ✉♠ ✢✉✐❞♦✳ P❛r❛ ❛s ❛♣❧✐❝❛çõ❡s

♣rát✐❝❛s ❛ r❡❣✐ã♦ s♦♠❜r❡❛❞❛ ✭t❡♠♣❡r❛t✉r❛ ♠❛✐♦r ❞♦ q✉❡ ❚❝ ❡ ♣r❡ssã♦ ♠❛✐♦r ❞♦ q✉❡

P❝✮✱ é ❛ ♠❛✐s ✐♠♣♦rt❛♥t❡✳

❋❧✉✐❞♦s ❙✉♣❡r❝rít✐❝♦s ❞❡s❡♠♣❡♥❤❛♠ ♣❛♣é✐s ❡①tr❡♠❛♠❡♥t❡ ✐♠♣♦rt❛♥t❡s ❡♠ ♣r♦✲

❝❡ss♦s ✐♥❞✉str✐❛✐s ❞❡ s❡♣❛r❛çã♦✳ ❖ ✉s♦ ❞❡ ✢✉✐❞♦s s✉♣❡r❝rít✐❝♦s ♥❡ss❡s ♣r♦❝❡ss♦s

❛♣r❡s❡♥t❛♠ ❞✐✈❡rs❛s ✈❛♥t❛❣❡♥s ❡♠ r❡❧❛çã♦ ❛♦s s♦❧✈❡♥t❡s ✉s❛❞♦s ♥♦s ♣r♦❝❡ss♦s tr❛✲

❞✐❝✐♦♥❛✐s✱ ♣♦✐s✱ ❢♦r♥❡❝❡♠ ♣r♦❞✉t♦s s❡♠ ❝♦♥t❛♠✐♥❛♥t❡s ♦r❣â♥✐❝♦s✱ s❡♥❞♦ ❝♦♥s✐❞❡r❛❞❛

✉♠❛ t❡❝♥♦❧♦❣✐❛ ❛♠❜✐❡♥t❛❧♠❡♥t❡ ❜❡♥é✜❝❛ ❬✶❪✳ ❖ ❈❖2 ❞❡✈✐❞♦ ❛ s✉❛ ❜❛✐①❛ t❡♠♣❡r❛✲

t✉r❛ ❝rít✐❝❛✱ ♥ã♦ t♦①✐❞❛❞❡ ❡ ❜❛✐①♦ ❝✉st♦✱ t♦r♥❛✲s❡ ❛❞❡q✉❛❞♦ ♣❛r❛ ✉s♦ ❝♦♠♦ s♦❧✈❡♥t❡

s✉♣❡r❝rít✐❝♦ ♥❛ ✐♥❞ústr✐❛ ❞❡ ♣r♦❞✉t♦s ❛❧✐♠❡♥tí❝✐♦s ❡ ❢❛r♠❛❝ê✉t✐❝♦s✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡

1



2 Caṕıtulo 1. Introdução

Figura 1.1. ❊sq✉❡♠❛ ❞♦ ❞✐❛❣r❛♠❛ ❞❡ ❢❛s❡ ♣❛r❛ ✉♠❛ s✉❜stâ♥❝✐❛ ♣✉r❛

♥❛ s❡♣❛r❛çã♦ ❞❡ ❝♦♠♣♦st♦s t❡r♠♦✲s❡♥sí✈❡✐s ❬✷❪✳ ❆♣❡s❛r ❞❡ ✉s❛❞♦s ❤á ♠❛✐s ❞❡ ❞✉❛s

❞é❝❛❞❛s✱ ❛ s❡♣❛r❛çã♦ ❡ ❡①tr❛çã♦ s✉♣❡r❝rít✐❝❛ ❛✐♥❞❛ sã♦ ❝♦♥s✐❞❡r❛❞❛s t❡❝♥♦❧♦❣✐❛s

♥♦✈❛s✱ ❝✉❥❛s ♣❡sq✉✐s❛s ✈ê♠ s❡ ✐♥t❡♥s✐✜❝❛♥❞♦✳ P♦❞❡♠♦s ❝✐t❛r ❛ ❞❡s❝❛❢❡✐♥✐③❛çã♦ ❞♦

❝❛❢é ❝♦♠♦ ✉♠❛ ❞❛s ❛♣❧✐❝❛çõ❡s ❝♦♠❡r❝✐❛✐s ♠❛✐s ❝♦♥❤❡❝✐❞❛s ❞♦s ✢✉✐❞♦s s✉♣❡r❝rít✐❝♦s

s❡♥❞♦ ♦❜❥❡t♦ ❞❡ ✈ár✐❛s ♣❛t❡♥t❡s ❬✸❪✳ ❆❧é♠ ❞❛s ❛♣❧✐❝❛çõ❡s ❞❡ ❡①tr❛çã♦ ❡ s❡♣❛r❛çã♦ ♦s

✢✉✐❞♦s s✉♣❡r❝rít✐❝♦s ❡♥❝♦♥tr❛♠ ❛♣❧✐❝❛çõ❡s ❝♦♠❡r❝✐❛✐s ❡♠ ❝r♦♠❛t♦❣r❛✜❛✱ ♣✉r✐✜❝❛çã♦

❡ ♣❛st❡✉r✐③❛çã♦ ❞❡ ♣r♦❞✉t♦s✱ ♣r♦❞✉çã♦ ❞❡ ♠✐❝r♦ ♦✉ ♥❛♥♦♣❛rtí❝✉❧❛s ♣♦r ❡①♣❛♥sã♦

rá♣✐❞❛ ❡ ♣♦r ♣r❡❝✐♣✐t❛çã♦ ❛♥t✐✲s♦❧✈❡♥t❡ ♣❛r❛ ❛ ✐♥❞ústr✐❛ ❢❛r♠❛❝ê✉t✐❝❛ ✶ ❬✹❪✳

❖s s♦❧✉t♦s ❝❛❢❡í♥❛✱ t❡♦❜r♦♠✐♥❛ ❡ t❡♦✜❧✐♥❛ ❢♦r❛♠ ❡s❝♦❧❤✐❞♦s ♣❡❧♦ ❣r❛♥❞❡ ✐♥t❡r❡ss❡

❢❛r♠❛❝ê✉t✐❝♦ ❡ ❛❧✐♠❡♥tí❝✐♦✳ ❊ss❛s s✉❜stâ♥❝✐❛s ♣❡rt❡♥❝❡♠ ❛♦ ❣r✉♣♦ ❞❡ ❝♦♠♣♦st♦s

❞❛s ♠❡t✐❧①❛♥t✐♥❛s✳ ❆s ①❛♥t✐♥❛s sã♦ s✉❜stâ♥❝✐❛s ❝❛♣❛③❡s ❞❡ ❡st✐♠✉❧❛r ♦ s✐st❡♠❛

♥❡r✈♦s♦✱ ♣r♦❞✉③✐♥❞♦ ❝❡rt♦ ❡st❛❞♦ ❞❡ ❛❧❡rt❛ ❞❡ ❝✉rt❛ ❞✉r❛çã♦✳ ❆❧é♠ ❞♦ ❝❛❢é ❡ ❞♦

❝❤á✱ ❛ ❝❛❢❡í♥❛ t❛♠❜é♠ é ❡♥❝♦♥tr❛❞❛ ❡♠ ♦✉tr❛s ❜❡❜✐❞❛s✱ ❡♠ ♣r♦♣♦rçõ❡s ♠❡♥♦r❡s✱

t❛✐s ❝♦♠♦ ❜❡❜✐❞❛s ❝♦♥t❡♥❞♦ ❝❛❝❛✉ ❡ ❝♦❧❛ ❡ ❡stá ♣r❡s❡♥t❡ t❛♠❜é♠ ❡♠ ❛♥❛❧❣és✐❝♦s

❡ ❛♥t✐✲❣r✐♣❛✐s✳ ❚❡♦❜r♦♠✐♥❛ ❡ t❡♦✜❧✐♥❛ sã♦ ❞✉❛s ❞✐♠❡t✐❧①❛♥t✐♥❛s✱ ❡♠ ❝♦♥tr❛st❡ à

❝❛❢❡í♥❛✱ q✉❡ é ✉♠❛ tr✐♠❡t✐❧①❛♥t✐♥❛✳ ❆♠❜❛s tê♠ ❡❢❡✐t♦s s✐♠✐❧❛r❡s à ❝❛❢❡í♥❛✱ ♣♦ré♠

❜❡♠ ♠❡♥♦s ❛❝❡♥t✉❛❞♦s✳ ❆ t❡♦❜r♦♠✐♥❛ é ❡♥❝♦♥tr❛❞❛ ♥♦ ❝❛❝❛✉✱ ♥♦ ❝❤á✱ ♥❛ ♥♦③

♠♦s❝❛❞❛✳ ◆♦ ❝❛❝❛✉✱ ❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ t❡♦❜r♦♠✐♥❛ é s❡t❡ ✈❡③❡s ♠❛✐♦r ❞♦ q✉❡ ❞❡

✶◆❛ ú❧t✐♠❛ ❞é❝❛❞❛ s✉r❣✐r❛♠ ❛❧❣✉♠❛s ❡♠♣r❡s❛s q✉❡ ♣r❡st❛♠ s❡r✈✐ç♦s✱ ❞❡s❡♥✈♦❧✈❡♠ t❡❝♥♦❧♦❣✐❛✱

♣r♦❥❡t❛♠ ❡ ❝♦♠❡r❝✐❛❧✐③❛♠ ❡q✉✐♣❛♠❡♥t♦s q✉❡ ❡♠♣r❡❣❛♠ ❛s t❡❝♥♦❧♦❣✐❛s s✉♣❡r❝rít✐❝❛s✳ ❊♥tr❡ ❡❧❛s

♣♦❞❡♠♦s ❝✐t❛r ❛ ❙❡♣❛r❡① ✭❤tt♣✿✴✴✇✇✇✳s❡♣❛r❡①✳❢r✮✱ ❯❍❉❊ ✭❤tt♣✿✴✴✇✇✇✳✉❤❞❡✳❜✐③✮✱ ❚❤❛r ❚❡❝❤♥♦✲

❧♦❣✐❡s✱ ■♥❝ ✭❤tt♣✿✴✴✇✇✇✳t❤❛rt❡❝❤✳❝♦♠✴✮ ❡ P❤❛s❡① ❈♦r♣♦r❛t✐♦♥ ✭❤tt♣✿✴✴✇✇✇✳♣❤❛s❡①✹s❝❢✳❝♦♠✴✮✳
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❝❛❢❡í♥❛✳ ❆ t❡♦✜❧✐♥❛ ♣♦ss✉✐ ❡❢❡✐t♦s ♠❛✐s ❛❝❡♥t✉❛❞♦s ♥♦ ❜❛t✐♠❡♥t♦ ❝❛r❞í❛❝♦ ❡ ♥♦ r✐t♠♦

r❡s♣✐r❛tór✐♦✱ s❡♥❞♦✱ ♣♦r ✐ss♦✱ ♠❛✐s ❡♠♣r❡❣❛❞❛ ❞♦ q✉❡ ❛ ❝❛❢❡í♥❛ ❡♠ ♠❡❞✐❝❛♠❡♥t♦s

♣❛r❛ ❛s♠❛✱ ❜r♦♥q✉✐t❡ ❡ ❡♥✜s❡♠❛s ❬✺❪✳

❆ ❡①tr❛çã♦ s✉♣❡r❝rít✐❝❛ ❞❡ss❛s s✉❜stâ♥❝✐❛s ✈❡♠ s❡♥❞♦ ♣❡sq✉✐s❛❞❛ ❡①♣❡r✐♠❡♥✲

t❛❧♠❡♥t❡ ♣❡❧❛ ❋❛❝✉❧❞❛❞❡ ❞❡ ❊♥❣❡♥❤❛r✐❛ ◗✉í♠✐❝❛ ❞❛ ❯◆■❈❆▼P✳ ❖❜s❡r✈❛✲s❡ ❡①♣❡✲

r✐♠❡♥t❛❧♠❡♥t❡ q✉❡ ❛ s♦❧✉❜✐❧✐❞❛❞❡ ❞❡ ❝❛❢❡í♥❛ é ❝❡r❝❛ ❞❡ ❞✉❛s ♦r❞❡♥s ❞❡ ♠❛❣♥✐t✉❞❡

♠❛✐♦r ❞♦ q✉❡ ❛ ❞❛ t❡♦✜❧✐♥❛ ❡ ♠❛✐♦r ❛✐♥❞❛ ❞♦ q✉❡ ❛ ❞❛ t❡♦❜r♦♠✐♥❛✳ ❊s♣❡❝✉❧❛✲s❡

q✉❡ ❡ss❡ ❡❢❡✐t♦ s❡ ❞❡✈❛ ❛ ❛ss♦❝✐❛çõ❡s ❡♥tr❡ ♦s ❝♦♠♣♦st♦s✱ ✈✐st♦ q✉❡ ❛ t❡♦✜❧✐♥❛ ❡ ❛

t❡♦❜r♦♠✐♥❛ sã♦ ❝❛♣❛③❡s ❞❡ ❢♦r♠❛r ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ ❛♦ ❝♦♥trár✐♦ ❞❛ ❝❛❢❡í♥❛ ❬✻❪✳

❖s ✜t♦❢ár♠❛❝♦s ❜r❛s✐❧❡✐r♦s t❛♠❜é♠ sã♦ ♦❜❥❡t♦s ❞❡ ✐♥t❡r❡ss❡✱ ♣♦✐s ♦ ❇r❛s✐❧ é

♠✉✐t♦ r✐❝♦ ❡♠ ♣❧❛♥t❛s ♠❡❞✐❝✐♥❛✐s ❡ ❛r♦♠át✐❝❛s✳ ❆ ✐♥❞ústr✐❛ ❢❛r♠❛❝ê✉t✐❝❛✱ ❞❡ ❝♦s✲

♠ét✐❝♦s ❡ ❛❧✐♠❡♥tí❝✐❛ t❡♠ ✐♥t❡r❡ss❡ ❡♠ ❡①♣❧♦r❛r ❡st❡s r❡❝✉rs♦s✳ ❊♥tr❡ ♦s ✜t♦❢ár♠❛✲

❝♦s ❞❡ ✐♥t❡r❡ss❡ ❡♥❝♦♥tr❛♠✲s❡ ♦s ❛❧❝❛❧ó✐❞❡s ✐♥❞ó❧✐❝♦s ✭❝❛r❛❝t❡r✐③❛❞♦s ♣❡❧❛ ♣r❡s❡♥ç❛

❞❡ ✉♠ ❛♥❡❧ ❛r♦♠át✐❝♦ ❧✐❣❛❞♦ ❛ ✉♠ ❛♥❡❧ ❞❡ ❝✐♥❝♦ át♦♠♦s ❝♦♠ ✉♠ ♥✐tr♦❣ê♥✐♦✮ ♣r❡s❡♥✲

t❡s ❡♠ ♣❧❛♥t❛s ♥❛t✐✈❛s ❜r❛s✐❧❡✐r❛s ❞♦ ❣ê♥❡r♦ ❚❛❜❡r♥❛❡♠♦♥t❛♥❛ ❡♥❝♦♥tr❛❞❛s ♥♦ ❙✉❧

❡ ❙✉❞❡st❡ ❞♦ ♣❛✐s✳ ❊ss❡s ❛❧❝❛❧ó✐❞❡s ♣♦ss✉❡♠ ❛t✐✈✐❞❛❞❡s ❛♥t✐t✉♠♦r❛❧✱ ❛♥t✐✐♥✢❛♠❛tó✲

r✐❛✱ ❛♥❛❧❣és✐❝❛✱ ❛♥t✐♦①✐❞❛♥t❡✱ ❛♥t✐♠✐❝♦❜❛❝t❡r✐❛♥❛✱ ❛♥t✐❝❛♥❝❡rí❣❡♥❛✱ tr✐♣❛♥♦♠✐❝✐❞❛ ❡

❧❡✐s❤♠❛♥✐❝✐❞❛ ❬✼✱ ✽❪✳ ❊♠ ❞♦✐s r❡♣r❡s❡♥t❛♥t❡s ❞❡st❛ ❝❧❛ss❡ ❞❡ ❛❧❝❛❧ó✐❞❡s ✭❛ ✈♦❛❝❛♥✲

❣✐♥❛ ❡ ❛ ❝♦r♦♥❛r✐❞✐♥❛✮ ❢♦✐ ❞❡t❡❝t❛❞❛ ✉♠❛ ❛çã♦ ❧❡✐s❤♠❛♥✐❝✐❞❛✱ ✐st♦ é✱ ❡❧❡s ❝♦♠❜❛t❡♠

❛ ❧❡✐s❤♠❛♥✐♦s❡✱ ❝♦♥s✐❞❡r❛❞❛ ✉♠ ♣r♦❜❧❡♠❛ ❞❡ s❛ú❞❡ ♣ú❜❧✐❝❛ ❡♠ ♣❛ís❡s s✉❜❞❡s❡♥✲

✈♦❧✈✐❞♦s ❬✾❪✳ ❆ ❡①tr❛çã♦ ❞❛ ✈♦❛❝❛♥❣✐♥❛ ❡ ❛ ❝♦r♦♥❛r✐❞✐♥❛ ❝♦♠ ❈❖2 s✉♣❡r❝rít✐❝♦

❡stá s❡♥❞♦ ❡st✉❞❛❞❛✱ ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡✱ ♣❡❧♦ ❣r✉♣♦ ❞❡ ♣❡sq✉✐s❛ ✏❚❡❝♥♦❧♦❣✐❛ ❙✉✲

♣❡r❝rít✐❝❛ ❆♣❧✐❝❛❞❛ ❛♦ Pr♦❝❡ss❛♠❡♥t♦ ❞❡ Pr♦❞✉t♦s ◆❛t✉r❛✐s✑ ❞♦ ▲❛❜♦r❛tór✐♦ ❞❡

❙❡♣❛r❛çõ❡s ❋ís✐❝❛s ✭▲❆❙❊❋■✮ ❞❛ ❊♥❣❡♥❤❛r✐❛ ❞❡ ❆❧✐♠❡♥t♦s ❞❛ ❯◆■❈❆▼P ❬✶✵✱✶✶❪✳

❈♦♠♣r❡❡♥❞❡r ♦s ♠❡❝❛♥✐s♠♦s ❛ss♦❝✐❛❞♦s ❛♦s ♣r♦❝❡ss♦s ❞❡ s♦❧✈❛t❛çã♦ ♥♦ ❡st❛❞♦

s✉♣❡r❝rít✐❝♦ é ❞❡ ❢✉♥❞❛♠❡♥t❛❧ ✐♠♣♦rtâ♥❝✐❛ ♣❛r❛ ❛ ♦t✐♠✐③❛çã♦ ❡ ❛♣r✐♠♦r❛♠❡♥t♦ ❞❡s✲

t❡s ♣r♦❝❡ss♦s✳ ➱ ♥❡st❡ ❝♦♥t❡①t♦ q✉❡ ❛ s✐♠✉❧❛çã♦ ❞❡ ❞✐♥â♠✐❝❛ ♠♦❧❡❝✉❧❛r ✭▼❉✮ t❡♠

s❡ ❞❡st❛❝❛❞♦ ❝♦♠♦ ✉♠❛ ✐♠♣♦rt❛♥t❡ ❢❡rr❛♠❡♥t❛ ♣❛r❛ ❛ ♠♦❞❡❧❛❣❡♠ ❡ ❝♦♠♣r❡❡♥sã♦

❞❡ss❡s ❢❡♥ô♠❡♥♦s ❡♠ ❡s❝❛❧❛ ♠♦❧❡❝✉❧❛r✳ ❊♠ ♥♦ss♦s ❡st✉❞♦s ❡♠♣r❡❣❛♠♦s s✐♠✉❧❛çõ❡s

❞❡ ▼❉ ✈✐s❛♥❞♦ ❝♦♠♣r❡❡♥❞❡r ♦s ❢❡♥ô♠❡♥♦s r❡❧❛❝✐♦♥❛❞♦s à s♦❧✈❛t❛çã♦ ❡ tr❛♥s♣♦rt❡

❞❛s ♠♦❧é❝✉❧❛s ♦r❣â♥✐❝❛s ❡♠ ♠❡✐♦s s✉♣❡r❝rít✐❝♦s✳ ❘❡s✉♠✐❞❛♠❡♥t❡✱ ❢♦r❛♠ ❡st✉❞❛✲

❞♦s✿ ❛✮ ♦s s✐st❡♠❛s ❞❛s ①❛♥t✐♥❛s ❡♠ ❈❖2 ♣✉r♦ ❡♠ ❞✐✈❡r❛s ❝♦♥❞✐çõ❡s s✉♣❡r❝rít✐❝❛s

❡ t❛♠❜é♠ ♥❛ ♣r❡s❡♥ç❛ ❞❡ ❡t❛♥♦❧ ❝♦♠♦ ❝♦✲s♦❧✈❡♥t❡❀ ❜✮ s♦❧✉çõ❡s ❞♦s ❛❧❦❛❧♦✐❞❡s ✐♥✲
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❞ó❧✐❝♦s ❝♦♠♣❧❡①♦s ❡♠ ❈❖2 s✉♣❡r❝rít✐❝♦ ❝♦♠ ❡ s❡♠ ❡t❛♥♦❧ s♦❜ ❞✐st✐♥t❛s ❝♦♥❞✐çõ❡s

t❡r♠♦❞✐♥â♠✐❝❛s✳ P❛r❛ t❛♥t♦✱ ❢♦r❛♠ ♥❡❝❡ssár✐♦s ❡st✉❞♦s ✐♥✐❝✐❛s ❡♠ ❈❖2 s✉♣❡r❝rí✲

t✐❝♦ ♣✉r♦ ♣❛r❛ ✈❛❧✐❞❛çã♦ ♠❡t♦❞♦❧ó❣✐❝❛ ❡ t❛♠❜é♠ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ✐♥é❞✐t♦ ❞❡

♣❛r❛♠❡tr✐③❛çã♦ ❞❡ ❛❧❣✉♥s ❛s♣❡❝t♦s ❞♦ ❝❛♠♣♦ ❞❡ ❢♦rç❛s ❞♦s s♦❧✉t♦s ❞❡ ✐♥t❡r❡ss❡✳



Caṕıtulo 2

Metodologia

❆ ❙✐♠✉❧❛çã♦ ♣♦r ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r ✭▼❉✮ é ✉♠ ♠ét♦❞♦ q✉❡✱ ❛ ♣❛rt✐r ❞❛ ✐♥✲

t❡❣r❛çã♦ ♥✉♠ér✐❝❛ ❞❛s ❡q✉❛çõ❡s ❞❡ ♠♦✈✐♠❡♥t♦ ❞❛s ♣❛rtí❝✉❧❛s ❡♠ ✉♠ ❞❡t❡r♠✐♥❛❞♦

s✐st❡♠❛✱ ♥♦s ♣❡r♠✐t❡ ❝❛❧❝✉❧❛r ♣r♦♣r✐❡❞❛❞❡s ❞❡ ✐♥t❡r❡ss❡ ❝♦rr❡s♣♦♥❞❡♥t❡s ❛ ✉♠ s✐s✲

t❡♠❛ ♥♦ ❧✐♠✐t❡ t❡r♠♦❞✐♥â♠✐❝♦✳ ❆ r❡s♣♦♥sá✈❡❧ ♣❡❧❛ ❝♦♥❡①ã♦ ❡♥tr❡ ❛s ✐♥❢♦r♠❛çõ❡s

❣❡r❛❞❛s ♥♦ ♥í✈❡❧ ♠✐❝r♦s❝ó♣✐❝♦ ❝♦♠ ❛s ❣r❛♥❞❡③❛s ♠❛❝r♦s❝ó♣✐❝❛s ❝♦♠♦ ♣r❡ssã♦ ❡

❡♥❡r❣✐❛ t♦t❛❧ é ❛ ♠❡❝â♥✐❝❛ ❡st❛tíst✐❝❛ ❬✶✷❪✳

❖ ♠ét♦❞♦ ❢♦✐ ❛♣r❡s❡♥t❛❞♦ ♣❡❧❛ ♣r✐♠❡✐r❛ ✈❡③ ♣♦r ❆❧❞❡r ❡ ❲❛✐♥✇r✐❣❤t ♣❛r❛ ❡st✉✲

❞❛r ✐♥t❡r❛çõ❡s ❡♥tr❡ ❡s❢❡r❛s rí❣✐❞❛s ❝✉❥♦ ♣♦t❡♥❝✐❛❧ ❡r❛ ❞❡s❝♦♥tí♥✉♦ ❬✶✸✱ ✶✹❪✳ ❆❧❣✉♥s

❛♥♦s ♠❛✐s t❛r❞❡ ❘❛❤♠❛♥ ❞❡s❡♥✈♦❧✈❡✉ ❛ té❝♥✐❝❛ ❞❡ ▼❉ ♣❛r❛ s❡r ❛♣❧✐❝❛❞❛ ❝♦♠ ♣♦✲

t❡♥❝✐❛✐s ❞❡ ▲❡♥♥❛r❞✲❏♦♥❡s ✻✲✶✷✱ ❝♦♥tí♥✉♦s ❡ ♠❛✐s r❡❛❧íst✐❝♦s✱ ♥♦ ❡st✉❞♦ ❞♦ ❛r❣ô♥✐♦

❧íq✉✐❞♦ ❬✶✺❪✳ ❏✉♥t♦ ❝♦♠ ❙t✐❧❧✐♥❣❡r✱ ❘❛❤♠❛♥ ❢♦✐ ♦ ♣✐♦♥❡✐r♦ ♥❛ s✐♠✉❧❛çã♦ ❞❡ á❣✉❛

❧íq✉✐❞❛ ❬✶✻❪✱ ❞❛♥❞♦ ✐♥í❝✐♦ ❛♦ ❡st✉❞♦ ❞❡ s✐st❡♠❛s ❧íq✉✐❞♦s ♠❛✐s ❝♦♠♣❧❡①♦s✳

❖s ✐♥❣r❡❞✐❡♥t❡s ❜ás✐❝♦s ❞❛ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r ❝♦♥s✐st❡♠ ❞❛ ❡s❝♦❧❤❛ ❞❛s ❝♦♥✲

❞✐çõ❡s ✐♥✐❝✐❛✐s ❞❡ s✐♠✉❧❛çã♦✱ ❞♦s ♣♦t❡♥❝✐❛✐s ❞❡ ✐♥t❡r❛çã♦ ❡♥tr❡ ♦s sít✐♦s ❞❛s ♠♦❧é❝✉✲

❧❛s✱ ❞♦ ❡♥s❡♠❜❧❡ ❡ ❞❛ té❝♥✐❝❛ ❞❡ ✐♥t❡❣r❛çã♦ ♥✉♠ér✐❝❛ ❞❛s ❡q✉❛çõ❡s ❞♦ ♠♦✈✐♠❡♥t♦✳

❙❡❣✉❡✲s❡ ❡♥tã♦ ✉♠❛ ❡t❛♣❛ ❞❡ s✐♠✉❧❛çã♦ ♣❛r❛ ❡q✉✐❧✐❜r❛r ♦ s✐st❡♠❛ ♥❛s ❝♦♥❞✐çõ❡s

✐♥✐❝✐❛✐s ❞❡s❡❥❛❞❛s ❡ ❛ ❡t❛♣❛ ❞❡ ♣r♦❞✉çã♦ q✉❡ ✈❛✐ ❣❡r❛r ❛s tr❛❥❡tór✐❛s ❞❛s ♣❛rtí❝✉❧❛s

♥♦ t❡♠♣♦✱ ❞❡ ♦♥❞❡ ❛s ♣r♦♣r✐❡❞❛❞❡s ❞♦ s✐st❡♠❛ s❡rã♦ ❝❛❧❝✉❧❛❞❛s✳

2.1 Condições Iniciais

❖ ♥ú♠❡r♦ ❞❡ ✐♥t❡r❛çõ❡s q✉❡ ❞❡✈❡♠ s❡r ❛✈❛❧✐❛❞❛s ♥♦s ❝á❧❝✉❧♦s ♣♦r s✐♠✉❧❛çõ❡s ❞❡

▼❉ é ❞❛ ♦r❞❡♠ ❞❡ ◆2 ♦♥❞❡ ◆ é ♦ ♥ú♠❡r♦ ❞❡ sít✐♦s ❞♦ s✐st❡♠❛✳ ▲íq✉✐❞♦s ♠♦❧❡❝✉✲

5



6 Caṕıtulo 2. Metodologia

❧❛r❡s ♣♦ss✉❡♠ ❝♦♠♣♦rt❛♠❡♥t♦s ❞✐❢❡r❡♥t❡s ❞❡ ❧íq✉✐❞♦s s✐♠♣❧❡s✱ ♣♦✐s s✉❛ ❣❡♦♠❡tr✐❛

❡stá ❞✐r❡t❛♠❡♥t❡ ❝♦rr❡❧❛❝✐♦♥❛❞❛ ❝♦♠ s✉❛s ♣r♦♣r✐❡❞❛❞❡s ❡str✉t✉r❛✐s ❡ ❞✐♥â♠✐❝❛s✳

❈♦♥s✐❞❡r❛r s✉❛ ❡str✉t✉r❛ é ✐♠♣♦rt❛♥t❡ ♣❛r❛ ✉♠ ❡st✉❞♦ ♠❛✐s ❞❡t❛❧❤❛❞♦ ❞♦ s✐st❡♠❛

❛♣❡s❛r ❞❡ ❛♠♣❧✐❛r ❛ ❝♦♠♣❧❡①✐❞❛❞❡ ❝♦♠♣✉t❛❝✐♦♥❛❧✳

❆ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ♣r♦❝❡ss❛♠❡♥t♦ ❥á ❢♦✐ ✉♠ ❢♦rt❡ ❧✐♠✐t❛♥t❡ ♥♦s ❡st✉❞♦s ❞❛s s✐✲

♠✉❧❛çõ❡s ♣♦r ▼❉✳ ❍♦❥❡ ❡♠ ❞✐❛✱ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞♦ ♣♦❞❡r ❞❡ ♣r♦❝❡ss❛♠❡♥t♦ ❞♦s

♠✐❝r♦❝♦♠♣✉t❛❞♦r❡s ❡ ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ❝♦♥❡①ã♦ ❞❡ ✈ár✐♦s ♠✐❝r♦❝♦♠♣✉t❛❞♦r❡s ❡♠

✏❝❧✉st❡r ✑ ❝♦♠ ♣r♦❝❡ss❛♠❡♥t♦ ♣❛r❛❧❡❧♦✱ ❥á é ♣♦ssí✈❡❧ s✐♠✉❧❛r s✐st❡♠❛s ♠❛✐♦r❡s ❡ ♠❛✐s

❝♦♠♣❧❡①♦s✳ ❉❡ q✉❛❧q✉❡r ❢♦r♠❛✱ s✐♠✉❧❛çõ❡s ✈❡r❞❛❞❡✐r❛♠❡♥t❡ ♥♦ ❧✐♠✐t❡ t❡r♠♦❞✐♥â✲

♠✐❝♦ ✭◆→ ∞✮ ❝♦♥t✐♥✉❛♠ ✐♥✈✐á✈❡✐s✳

2.1.1 Condições Periódicas de Contorno

❊st✉❞♦s ❞❡ ❧íq✉✐❞♦s sã♦ r❡❛❧✐③❛❞♦s ❡♠ ✉♠❛ ❛♠♦str❛ ❝♦♠ ✉♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦

❞❡ ♠♦❧é❝✉❧❛s ✭t✐♣✐❝❛♠❡♥t❡ ❞❛ ♦r❞❡♠ ❞❡ 102 ❡ 103✮ ❛❧♦❝❛❞❛s ❡♠ ✉♠❛ r❡❣✐ã♦ ♥♦r♠❛❧✲

♠❡♥t❡ ❝ú❜✐❝❛ q✉❡ r❡❝❡❜❡ ♦ ♥♦♠❡ ❞❡ ❝❛✐①❛ ❞❡ s✐♠✉❧❛çã♦✳ ❯♠ ♣r♦❜❧❡♠❛ ♥❡st❡ ❝❛s♦

é q✉❡ ✉♠❛ ❝❛✐①❛ ❞❡ s✐♠✉❧❛çã♦ ❢♦r♠❛❞❛ ♣♦r ✶✵✵✵ ♠♦❧é❝✉❧❛s ❝♦♥t❡rá ❛♣r♦①✐♠❛❞❛✲

♠❡♥t❡ ✺✵✵ ❡♠ ❝♦♥t❛t♦ ♦✉ ♣ró①✐♠❛s à s✉♣❡r❢í❝✐❡ ❞❛ ❝❛✐①❛✳ ❆ss✐♠✱ ❝♦♠ ❡①❝❡çã♦ ❞♦s

❡st✉❞♦s ❞❡ ✐♥t❡r❢❛❝❡✱ ♦ ❡st✉❞♦ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡ ❧íq✉✐❞♦s r❡q✉❡r q✉❡ ❡st❡s ❡❢❡✐t♦s

❞❡ s✉♣❡r❢í❝✐❡ s❡❥❛♠ ❡❧✐♠✐♥❛❞♦s✱ ♦ q✉❡ é ❢❡✐t♦ ❛♣❧✐❝❛♥❞♦✲s❡ ❝♦♥❞✐çõ❡s ♣❡r✐ó❞✐❝❛s ❞❡

❝♦♥t♦r♥♦✳

P❛r❛ ❡st✉❞❛r♠♦s s✐st❡♠❛s s❡♠ ♦s ❡❢❡✐t♦s ❞❡ s✉♣❡r❢í❝✐❡✱ ❞❡✈❡♠♦s ❝r✐❛r ✐♥✜♥✐t❛s

ré♣❧✐❝❛s ✐❞ê♥t✐❝❛s ❞❛ ❝❛✐①❛ ❞❡ s✐♠✉❧❛çã♦ ❡♠ t♦r♥♦ ❞❛ ❝❛✐①❛ ✐♥✐❝✐❛❧✱ ❞❛♥❞♦ ♦r✐❣❡♠ ❛

✉♠ s✐st❡♠❛ q✉❡ t❡♥❞❡ ❛♦ ❧✐♠✐t❡ t❡r♠♦❞✐♥â♠✐❝♦✳ ❆♣❧✐❝❛♥❞♦✲s❡ ❝♦♥❞✐çõ❡s ♣❡r✐ó❞✐❝❛s

❞❡ ❝♦♥t♦r♥♦✱ ♦s ♠♦✈✐♠❡♥t♦s ❞❛s ♣❛rtí❝✉❧❛s ♥❛ ❝❛✐①❛ ❞❡ s✐♠✉❧❛çã♦ ❡ ❞❡ s✉❛s ✐♠❛❣❡♥s

sã♦ ✐❞ê♥t✐❝♦s ❡ ♥ã♦ ❡①✐st❡ ♠❛✐s ❛ ❧✐♠✐t❛çã♦ ❞❛s ♣❛r❡❞❡s✳ ◗✉❛♥❞♦ ✉♠❛ ♠♦❧é❝✉❧❛

♠♦✈✐♠❡♥t❛✲s❡ ♣❛r❛ ❢♦r❛ ❞♦ ❧✐♠✐t❡ ❞❛ ❝❛✐①❛✱ ✉♠❛ ❞❛s s✉❛s ✐♠❛❣❡♥s ❡♥tr❛ ♣❡❧❛ ♣❛r❡❞❡

♦♣♦st❛ ❝♦♥s❡r✈❛♥❞♦ s❡♠♣r❡ ✜①♦ ♦ ♥ú♠❡r♦ ♠♦❧é❝✉❧❛s ❡♠ t♦❞❛s ❛s ré♣❧✐❝❛s ❬✶✼❪✳

❆ q✉❛♥t✐❞❛❞❡ ❞❡ ♠♦❧é❝✉❧❛s q✉❡ s❡rã♦ ✉s❛❞❛s ❡♠ ❝❛❞❛ ❝❛✐①❛ ❞❡ s✐♠✉❧❛çã♦ ❞❡✲

♣❡♥❞❡ ❞✐r❡t❛♠❡♥t❡ ❞❛s ♣r♦♣r✐❡❞❛❞❡s q✉❡ s❡rã♦ ✐♥✈❡st✐❣❛❞❛s ♥♦ s✐st❡♠❛✳ ❯♠❛ ♠❛✲

♥❡✐r❛ ❞❡ s❡ ♦❜t❡r ♦ ♥ú♠❡r♦ ♠í♥✐♠♦ ❞❡ ♣❛rtí❝✉❧❛s é ✈❡r✐✜❝❛r ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡

✉♠❛ ♣r♦♣r✐❡❞❛❞❡ ❞♦ s✐st❡♠❛ ❡♠ s✐♠✉❧❛çõ❡s q✉❡ ❢❛③❡♠ ✉s♦ ❞❡ ❝❛✐①❛s ❝♦♠ q✉❛♥t✐✲

❞❛❞❡s ❝r❡s❝❡♥t❡s ❞❡ ♠♦❧é❝✉❧❛s✳ ◗✉❛♥❞♦ ❛ ♣r♦♣r✐❡❞❛❞❡ ♥ã♦ ✈❛r✐❛r ♠❛✐s ♣❛r❛ ✉♠



2.1. Condições Iniciais 7

❛❝rés❝✐♠♦ ❡♠ ◆✱ ✐st♦ é✱ q✉❛♥❞♦ ❡❧❛ t♦r♥❛r✲s❡ ✐♥❞❡♣❡♥❞❡♥t❡ ❞♦ t❛♠❛♥❤♦ ❞♦ s✐st❡♠❛

❡st❡ ♥ú♠❡r♦ ♠í♥✐♠♦ ◆ ❞❡ ♠♦❧é❝✉❧❛s ❡st❛rá ❞❡t❡r♠✐♥❛❞♦✳

2.1.2 Imagem Ḿınima

❙❡ ❝♦♥s✐❞❡r❛r♠♦s ❛ ✐♥✢✉ê♥❝✐❛ q✉❡ ✉♠❛ ♣❛rtí❝✉❧❛ s♦❢r❡ ❞❡ t♦❞❛s ❛s ♦✉tr❛s ❡♠

✉♠ s✐st❡♠❛ ❝♦♠ ❝♦♥❞✐çõ❡s ♣❡r✐ó❞✐❝❛s ❞❡ ❝♦♥t♦r♥♦ t❡r❡♠♦s ✉♠ s♦♠❛tór✐♦ ✐♥✜♥✐t♦✳

❋❡❧✐③♠❡♥t❡ ❡ss❛s ✐♥✢✉ê♥❝✐❛s✱ ❝♦♠♦ ✈❡r❡♠♦s ❞❡t❛❧❤❛❞❛♠❡♥t❡ ♠❛✐s ❛❞✐❛♥t❡✱ ♣♦❞❡♠

s❡r ❞✐✈✐❞✐❞❛s ❡♠ ✐♥✢✉ê♥❝✐❛ ❞❡ ❝✉rt♦ ❛❧❝❛♥❝❡ ❡ ❞❡ ❧♦♥❣♦ ❛❧❝❛♥❝❡✳ ❆s ❞❡ ❝✉rt♦ ❛❧✲

❝❛♥❝❡ ✜❝❛♠ r❡str✐t❛s ❛ ❞✐♠❡♥sõ❡s q✉❡ ♥ã♦ ✉❧tr❛♣❛ss❛♠ ✉♠ r❛✐♦ ✐❣✉❛❧ à ♠❡t❛❞❡ ❞❛

❝❛✐①❛ ❞❡ s✐♠✉❧❛çã♦✳ ❊st❡ r❛✐♦ é ❝❤❛♠❛❞♦ ❞❡ r❛✐♦ ❞❡ ❝♦rt❡✳ ❆s ❞❡ ❧♦♥❣♦ ❛❧❝❛♥❝❡

r❡❝❡❜❡♠ ✉♠ tr❛t❛♠❡♥t♦ ❡s♣❡❝✐❛❧ ♣❛r❛ ♥ã♦ ✜❝❛r❡♠ r❡str✐t❛s ❛♦ r❛✐♦ ❞❡ ❝♦rt❡✳ ❆ss✐♠

♣❛r❛ ❝♦♥s✐❞❡r❛♠♦s ❛s ❢♦rç❛s q✉❡ ❛t✉❛♠ s♦❜r❡ ✉♠❛ ❞❡t❡r♠✐♥❛❞❛ ♣❛rtí❝✉❧❛ ✉s❛♠♦s

❛ ❝♦♥✈❡♥çã♦ ❞❡ ✐♠❛❣❡♠ ♠í♥✐♠❛ q✉❡ ❝♦♥s✐❞❡r❛ q✉❡ ❡ss❛ ♣❛rtí❝✉❧❛ ❡stá ♥♦ ❝❡♥tr♦ ❞❛

❝❛✐①❛ ❞❡ s✐♠✉❧❛çã♦ s♦❜ ❛ ✐♥✢✉ê♥❝✐❛ ❛♣❡♥❛s ❞♦s ✈✐③✐♥❤♦s q✉❡ ❡♥❝♦♥tr❛♠✲s❡ ❞❡♥tr♦

❞❡ ✉♠❛ ❡s❢❡r❛ ❞❡ r❛✐♦ ✐❣✉❛❧ ❛♦ r❛✐♦ ❞❡ ❝♦rt❡✱ ❣❛r❛♥t✐♥❞♦ q✉❡ ✉♠❛ ✈✐③✐♥❤❛ ❡ s✉❛

✐♠❛❣❡♠ ♥ã♦ s❡❥❛♠ ❝♦♥s✐❞❡r❛❞❛s s✐♠✉❧t❛♥❡❛♠❡♥t❡✳ P❛rtí❝✉❧❛s q✉❡ s❡ ❡♥❝♦♥tr❛♠

♥❛s ❡①tr❡♠✐❞❛❞❡s ❞❛ ❝❛✐①❛ ❞❡ s✐♠✉❧❛çã♦ ♦r✐❣✐♥❛❧ ♣♦ss✉❡♠ ✐♥✢✉ê♥❝✐❛ ❞❛s ✈✐③✐♥❤❛s

q✉❡ ❡stã♦ ♥❛s ❝❛✐①❛s ✐♠❛❣❡♥s ❝r✐❛❞❛s ♣❡❧❛s ❝♦♥❞✐çõ❡s ♣❡r✐ó❞✐❝❛s ❞❡ ❝♦♥t♦r♥♦✱ s❡♠

❛ ✐♥✢✉ê♥❝✐❛ ❞❛s ❢r♦♥t❡✐r❛s✳

2.1.3 Velocidades Iniciais

❆s ❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s ❡♥✈♦❧✈❡♠ ❛ ❛tr✐❜✉✐çã♦ ❞❡ ♣♦s✐çõ❡s ❡ ✈❡❧♦❝✐❞❛❞❡s ✐♥✐❝✐❛✐s

às ♣❛rtí❝✉❧❛s ❞❛ ❝❛✐①❛ ❞❡ s✐♠✉❧❛çã♦ ✭❝♦♥✜❣✉r❛çã♦ ✐♥✐❝✐❛❧✮✳ ❖ ♣r♦❝❡❞✐♠❡♥t♦ ♠❛✐s

✉s✉❛❧✱ ❞❡✈✐❞♦ à s✉❛ s✐♠♣❧✐❝✐❞❛❞❡✱ é ♦ ❞❡ ❝♦❧♦❝❛r ❛s ♣❛rtí❝✉❧❛s ♥✉♠❛ r❡❞❡ ❝r✐st❛❧✐♥❛

❡ ❣❡r❛r ✉♠❛ ❞✐str✐❜✉✐çã♦ ✉♥✐❢♦r♠❡ ♣❛r❛ ❛s ✈❡❧♦❝✐❞❛❞❡s✱ ✉♠❛ ✈❡③ q✉❡ ❡st❛ t❡♥❞❡

r❛♣✐❞❛♠❡♥t❡ ♣❛r❛ ❛ ❞✐str✐❜✉✐çã♦ ❞❡ ❡q✉✐❧í❜r✐♦✳

❊♠ ♥♦ss❛s s✐♠✉❧❛çõ❡s ❛s ❝♦♥✜❣✉r❛çõ❡s ✐♥✐❝✐❛✐s ❢♦r❛♠ ♦❜t✐❞❛s ❛tr❛✈és ❞♦ ♣r♦✲

❣r❛♠❛ P❛❝❦▼♦❧ q✉❡ ❝r✐❛ ✉♠❛ ❞✐str✐❜✉✐çã♦ ❛❧❡❛tór✐❛ ❞❡ ♠♦❧é❝✉❧❛s ❣❛r❛♥t✐♥❞♦ ✉♠❛

❞✐stâ♥❝✐❛ ♠í♥✐♠❛ ❡♥t❡ ❡❧❛s✱ ❡✈✐t❛♥❞♦ ❛ss✐♠ ❛ s✉♣❡r♣♦s✐çã♦ ❞❡ ♠♦❧é❝✉❧❛s✳ ❖ ♣r♦✲

❣r❛♠❛ ♣❡r♠✐t❡ ❛✐♥❞❛ ✉♠❛ sér✐❡ ❞❡ ❝♦♥✜❣✉r❛çõ❡s ❛❞✐❝✐♦♥❛✐s ❝♦♠♦ ❧♦❝❛❧✐③❛r ♦ s♦❧✉t♦

❡♠ ✉♠❛ ♣♦s✐çã♦ ❡s♣❡❝í✜❝❛✱ ❞✐str✐❜✉✐r ♠♦❧é❝✉❧❛s ❡♠ ❝❛♠❛❞❛s✱ ❡♥tr❡ ♠✉✐t❛s ♦✉tr❛s

♣♦ss✐❜✐❧✐❞❛❞❡s ❬✶✽❪✳
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➱ t❛♠❜é♠ ❝♦♠✉♠ ❡❢❡t✉❛r ❛ ❛tr✐❜✉✐çã♦ ❞❛s ✈❡❧♦❝✐❞❛❞❡s ✐♥✐❝✐❛✐s s❡❣✉♥❞♦ ❛ ❞✐s✲

tr✐❜✉✐çã♦ ❞❡ ▼❛①✇❡❧❧✲❇♦❧t③♠❛♥♥ ❬✶✷❪✳ ❉❡ss❛ ❢♦r♠❛ ❛s ✈❡❧♦❝✐❞❛❞❡s ✐♥✐❝✐❛✐s sã♦ ❛tr✐✲

❜✉í❞❛s ❛❧❡❛t♦r✐❛♠❡♥t❡ às ♠♦❧é❝✉❧❛s ❞♦ s✐st❡♠❛ ❞❡ ❢♦r♠❛ ❛ ❞❡✐①❛r ❛ ✈❡❧♦❝✐❞❛❞❡ t♦t❛❧

♥✉❧❛✱ ❡✈✐t❛♥❞♦ ❞❡s❧♦❝❛♠❡♥t♦ ❞❛ ❝❛✐①❛ ❞❡ s✐♠✉❧❛çã♦✳ ❆ ❞✐str✐❜✉✐çã♦ ❞❡✈❡ ❝♦rr❡s♣♦♥✲

❞❡r t❛♠❜é♠ ❛ ✉♠❛ ❞❡t❡r♠✐♥❛❞❛ t❡♠♣❡r❛t✉r❛ ✐♥st❛♥tâ♥❡❛ ❞❡s❡❥❛❞❛ ❞❡ ❛❝♦r❞♦ ❝♦♠

❛ r❡❧❛çã♦✿
3

2
NkT =

1

2

N∑

i=1

mivi
2 ✭✷✳✶✮

❡♠ q✉❡ ◆ é ♦ ♥ú♠❡r♦ ❞❡ ♣❛rtí❝✉❧❛s✱ ❦ é ❛ ❝♦♥st❛♥t❡ ❞❡ ❇♦❧t③♠❛♥♥✱ ❚ ❛ t❡♠♣❡r❛✲

t✉r❛✱ ♠i ❡ ✈i ❛ ♠❛ss❛ ❡ ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❛ ♣❛rtí❝✉❧❛ ✐✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❖ ♠♦♠❡♥t♦

t♦t❛❧ é ❝♦♥tr♦❧❛❞♦ ❛tr❛✈és ❞❛ ❛tr✐❜✉✐çã♦ ❞❛s ✈❡❧♦❝✐❞❛❞❡s ✐♥✐❝✐❛✐s ❞❛s ♣❛rtí❝✉❧❛s ❡

♥♦r♠❛❧♠❡♥t❡ é ♥✉❧♦✳

❆♣ós s❡r❡♠ ❞❡✜♥✐❞❛s ❛s ♣♦s✐çõ❡s ❡ ✈❡❧♦❝✐❞❛❞❡s ❞❡ t♦❞❛s ❛s ♠♦❧é❝✉❧❛s ♣❛r❛ ✉♠❛

❝❡rt❛ t❡♠♣❡r❛t✉r❛ ❞❛♠♦s ✐♥í❝✐♦ à ❢❛s❡ ❞❡ ❡q✉✐❧✐❜r❛r ♦ s✐st❡♠❛✱ ❞❡✐①❛♥❞♦✲♦ ❡✈♦❧✉✐r

❞✉r❛♥t❡ ✉♠ ❝❡rt♦ ♥ú♠❡r♦ ❞❡ ♣❛ss♦s t❡♠♣♦r❛✐s✳ ❉✉r❛♥t❡ ❡st❡ t❡♠♣♦ ❛ t❡♠♣❡r❛t✉r❛

é ♣❡r✐♦❞✐❝❛♠❡♥t❡ ❡s❝❛❧♦♥❛❞❛ ❛♦ ✈❛❧♦r ❞❡s❡❥❛❞♦ ❝♦♠♦ s❡ ♦ s✐st❡♠❛ ❡st✐✈❡ss❡ ✐♠❡rs♦

♥✉♠ ❜❛♥❤♦ tér♠✐❝♦✳ ❊st❡ ♣r♦❝❡ss♦ é ✉s✉❛❧♠❡♥t❡ ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ❛ t❡r♠❛❧✐③❛çã♦

❞♦ s✐st❡♠❛✳ ❆ ❢♦r♠❛ ✉s✉❛❧ ❞❡ s❡ ✈❡r✐✜❝❛r ❛ ❝♦♥✜❣✉r❛çã♦ ❞❡ ❡q✉✐❧í❜r✐♦ ❝♦♥s✐st❡

❡♠ ♠♦♥✐t♦r❛r ❝❡rt❛s ♣r♦♣r✐❡❞❛❞❡s tí♣✐❝❛s ❞♦ s✐st❡♠❛ ❝♦♠♦ ❛ ♣r❡ssã♦ ❡ ❛ ❡♥❡r❣✐❛

t♦t❛❧✳ ◗✉❛♥❞♦ s❡ ✈❡r✐✜❝❛r q✉❡ ❡❧❛s ♦s❝✐❧❛♠ ❡♠ t♦r♥♦ ❞❡ ✉♠ ✈❛❧♦r ♠é❞✐♦✱ ♣♦❞❡♠♦s

❝♦♥s✐❞❡r❛r ♦ s✐st❡♠❛ ❡q✉✐❧✐❜r❛❞♦✳ ❊st❡ ❡t❛♣❛ é ❝r✉❝✐❛❧ ♥❛s s✐♠✉❧❛çõ❡s ❛ ✜♠ ❞❡

♦❜t❡r♠♦s r❡s✉❧t❛❞♦s ❝♦♥✜á✈❡✐s✳

2.2 Potenciais de Interação

❆ ❡t❛♣❛ ❞❡ ❡s❝♦❧❤❛ ❞♦s ♣♦t❡♥❝✐❛✐s ❞❡ ✐♥t❡r❛çã♦ ✐♥tr❛ ❡ ✐♥t❡r♠♦❧❡❝✉❧❛r❡s é ❡ss❡♥✲

❝✐❛❧ ♣❛r❛ ❛ ❞❡s❝r✐çã♦ ❝♦rr❡t❛ ❞♦ s✐st❡♠❛ ❡♠ ❡st✉❞♦✳ ■st♦ ♣♦rq✉❡ sã♦ ❡st❡s ♣♦t❡♥❝✐❛✐s

q✉❡ ❞❡t❡r♠✐♥❛♠ ❛s ❢♦rç❛s q✉❡ ❛t✉❛♠ ❡♠ ❝❛❞❛ ♣❛rtí❝✉❧❛ ❡✱ ❝♦♥s❡qü❡♥t❡♠❡♥t❡✱ ❞❡✲

t❡r♠✐♥❛rã♦ ❝♦♠♦ ♦ s✐st❡♠❛ ✐rá ❡✈♦❧✉✐r ♥♦ t❡♠♣♦ ♣❛r❛ ❣❡r❛r ❛s tr❛❥❡tór✐❛s ♣❛r❛

❛♥á❧✐s❡✳

P❛r❛ ❞❡s❝r❡✈❡r ❛s ✐♥t❡r❛çõ❡s ❡♠ s✐st❡♠❛s ♠♦❧❡❝✉❧❛r❡s ❛ss✉♠❡✲s❡ ♥♦r♠❛❧♠❡♥t❡

q✉❡ ♦ ♣♦t❡♥❝✐❛❧ ❡♥tr❡ ❞✉❛s ♠♦❧é❝✉❧❛s ♣♦❞❡ s❡r ❞❡s❝r✐t♦ ❝♦♠♦ ✉♠❛ s♦♠❛ ❞❡ ✐♥t❡r❛✲

çõ❡s ❡♥tr❡ ❝❛❞❛ ♣❛r ❞❡ sít✐♦s ❞❡ ✐♥t❡r❛çã♦ ❡ q✉❡ ❡st❛s ✐♥t❡r❛çõ❡s ❞❡♣❡♥❞❡♠ ❛♣❡♥❛s

❞❛ ❞✐stâ♥❝✐❛ q✉❡ s❡♣❛r❛ ❡st❡s sít✐♦s✳ ◆♦s ❝❛s♦s ❡♠ q✉❡ ❛ ♠♦❧é❝✉❧❛ ♥ã♦ é ♠❛♥t✐❞❛
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rí❣✐❞❛ ❞❡✈❡✲s❡ ❛❝r❡s❝❡♥t❛r ❛ ❡ss❡ ♣♦t❡♥❝✐❛❧ ✐♥t❡r♠♦❧❡❝✉❧❛r ❛s ✐♥t❡r❛çõ❡s ✐♥tr❛♠♦❧❡✲

❝✉❧❛r❡s✱ r❡❧❛❝✐♦♥❛❞❛s ❝♦♠ ❛ ❞❡❢♦r♠❛çã♦ ♠♦❧❡❝✉❧❛r✳ ❆ss✐♠✿

VTotal =
∑

VInter +
∑

VIntra ✭✷✳✷✮

❆♦ ❝♦♥❥✉♥t♦ ❞❡ ♣❛râ♠❡tr♦s ♥❡❝❡ssár✐♦s ♣❛r❛ ❞❡s❝r❡✈❡r t♦❞❛s ❡ss❛s ✐♥t❡r❛çõ❡s

❞á✲s❡ ♦ ♥♦♠❡ ❞❡ ❝❛♠♣♦ ❞❡ ❢♦rç❛✳ ❊①✐st❡♠ ♠✉✐t♦s t✐♣♦s ❞❡ ❝❛♠♣♦s ❞❡ ❢♦rç❛ ❞❡s❡♥✲

✈♦❧✈✐❞♦s ♣♦r ❞✐❢❡r❡♥t❡s ❣r✉♣♦s ❞❡ ♣❡sq✉✐s❛ ❡♠ t♦❞♦ ♦ ♠✉♥❞♦✳ ❙ó ♣❛r❛ ✐❧✉str❛r✱ ♥♦

♣❛❝♦t❡ ❞❡ s✐♠✉❧❛çã♦ ❚■◆❑❊❘ ❬✶✾❪✱ ✉s❛❞♦ ♥❡st❡ tr❛❜❛❧❤♦✱ ❡①✐st❡♠ ✶✶ ❝❛♠♣♦s ❞❡

❢♦rç❛ ❞✐s♣♦♥í✈❡✐s✳ ❊♥tr❡ ♦s ♠❛✐s ❝♦♥❤❡❝✐❞♦s ♣♦❞❡♠♦s ❞❡st❛❝❛r ♦ ✑❖♣t✐♠✐③❡❞ P♦t❡♥✲

t✐❛❧s ❢♦r ▲✐q✉✐❞ ❙✐♠✉❧❛t✐♦♥s✑✲❖P▲❙ q✉❡ é ✉♠ ❝❛♠♣♦ ❞❡ ❢♦rç❛s ❞❡s❡♥✈♦❧✈✐❞♦ ♣❡❧♦

♣r♦❢❡ss♦r ❏♦r❣❡♥s❡♥ ❡ ❝♦❧❛❜♦r❛❞♦r❡s✱ ❝♦♠ ♣❛râ♠❡tr♦s ♣❛r❛ ♣r♦t❡í♥❛s ❡ ❞✐✈❡rs❛s ♠♦✲

❧é❝✉❧❛s ♦r❣â♥✐❝❛s✳ ❙❡✉s ♣❛râ♠❡tr♦s ❢♦r❛♠ ❞✐✈✐❞✐❞♦s ❡♠ ❖P▲❙✲❯❆ ✭❯♥✐t❡❞✲❆t♦♠✮

♣❛r❛ át♦♠♦s ❛❣r✉♣❛❞♦s✱ q✉❡ ❝♦♥s✐❞❡r❛✱ ♣♦r ❡①❡♠♣❧♦✱ ✉♠ ❣r✉♣♦ ❈❍3 ❝♦♠♦ s❡♥❞♦

✉♠ ú♥✐❝♦ sít✐♦ ❡♠ ✉♠❛ ♠♦❧é❝✉❧❛ ❡ ❖P▲❙✲❆❆ ✭❆❧❧ ❆t♦♠✮ q✉❡✱ ❝♦♠♦ ♦ ♥♦♠❡ s✉❣❡r❡✱

♣❛r❛♠❡tr✐③❛ t♦❞♦s ♦s át♦♠♦s ✐♥❞✐✈✐❞✉❛❧♠❡♥t❡ ❬✷✵✕✷✺❪✳ ❖✉tr♦s ❝❛♠♣♦s ❞❡ ❢♦rç❛ ❜❡♠

❡st❛❜❡❧❡❝✐❞♦s ❡ ✉s❛❞♦s sã♦ ♦ ❆▼❇❊❘✲✾✺✱ ❝♦♥✈❡♥✐❡♥t❡ ♣❛r❛ ❛ s✐♠✉❧❛çã♦ ❞❡ ❜✐♦♠♦✲

❧é❝✉❧❛s ❬✷✻❪ ❡ ♦ ❈❍❆❘▼▼✷✼ q✉❡ é s❡♠❡❧❤❛♥t❡ ❛♦ ❆♠❜❡r ❡ ❝♦♠ ♣❛râ♠❡tr♦s ♣❛r❛

♣r♦t❡í♥❛s ❡ á❝✐❞♦s ♥✉❝❧é✐❝♦s ❬✷✼❪✳

❊st❡s ❝❛♠♣♦s ❞❡ ❢♦rç❛ ♥ã♦ ❞❡s❝r❡✈❡♠ ❛s ✐♥t❡r❛çõ❡s ❞❡ ♠❛♥❡✐r❛ ♠❛t❡♠át✐❝❛ ❡

✜s✐❝❛♠❡♥t❡ ❢♦r♠❛❧✳ ❊❧❡s ♣r♦❝✉r❛♠✱ ♥♦ ❡♥t❛♥t♦✱ ✐♥❝♦r♣♦r❛r ❛ ♥❛t✉r❡③❛ ❢ís✐❝❛ ❞❛s ✐♥✲

t❡r❛çõ❡s ❛tr❛✈és ❞❛ ♣❛r❛♠❡tr✐③❛çã♦ ❡♠♣ír✐❝❛✱ ❡❧✐♠✐♥❛♥❞♦ ❝♦rr❡❧❛çõ❡s ❡ ♣r❡ss✉♣♦♥❞♦

❛ ✈❛❧✐❞❛❞❡ ❞❛ tr❛♥s❢❡r✐❜✐❧✐❞❛❞❡ ❞❡ ♣❛râ♠❡tr♦s ❬✷✽❪✳ ●❡r❛❧♠❡♥t❡ ♦s ♣❛râ♠❡tr♦s ♥ã♦

sã♦ tr❛♥s❢❡rí✈❡✐s ❡♥tr❡ ❝❛♠♣♦s ❞❡ ❢♦rç❛s✱ ❞❡✈✐❞♦ à ✉t✐❧✐③❛çã♦ ❞❡ ❞✐❢❡r❡♥t❡s ❢✉♥❝✐✲

♦♥❛✐s ❞❡ ✐♥t❡r❛çã♦ ❡ ❞❡✈✐❞♦ à ❡①✐stê♥❝✐❛ ❞❡ ❝♦rr❡❧❛çõ❡s ❡♥tr❡ ♦s ♣❛râ♠❡tr♦s ❡♠

❝❛❞❛ ❝❛♠♣♦ ❞❡ ❢♦rç❛s✳ P♦❞❡ ❛❝♦♥t❡❝❡r ❞❡ ❞♦✐s ❝❛♠♣♦s ❞❡ ❢♦rç❛ t❡r❡♠ ♣❛râ♠❡tr♦s

❞✐❢❡r❡♥t❡s ❡ s❡r❡♠ ✐❣✉❛❧♠❡♥t❡ ♣r❡❝✐s♦s ♥❛ ❞❡s❝r✐çã♦ ❞❡ ❞❡t❡r♠✐♥❛❞❛s ♣r♦♣r✐❡❞❛❞❡s

❞❡ ✉♠ ♠❡s♠♦ s✐st❡♠❛✱ ❡♠ ❢✉♥çã♦ ❞❡ ✉s❛r❡♠ ♠♦❧é❝✉❧❛s ❡ ♣r❡ss✉♣♦st♦s ❞✐❢❡r❡♥t❡s

♥♦ ✐♥í❝✐♦ ❞❡ s✉❛s ♣❛r❛♠❡tr✐③❛çõ❡s ❬✷✾❪✳ ❉❡st❡ ♠♦❞♦✱ ❛ ✉t✐❧✐③❛çã♦ ❞❡ ♣❛râ♠❡tr♦s ❞❡

❞✐❢❡r❡♥t❡s ❝❛♠♣♦s ❞❡ ❢♦rç❛ ♣♦❞❡ ❝♦♥❞✉③✐r ❛♦ ♥ã♦ ❝❛♥❝❡❧❛♠❡♥t♦ ❞❡ ❡rr♦s✳

2.2.1 Os Potenciais Intermoleculares

❯♠ ♠♦❞❡❧♦ tí♣✐❝♦ ❞❡ ♣♦t❡♥❝✐❛❧ ✐♥t❡r♠♦❧❡❝✉❧❛r ❡♥tr❡ ♠♦❧é❝✉❧❛s i ❡ j ❝♦♥s✐st❡

❞❡ ✉♠ t❡r♠♦ ❞❡ ▲❡♥♥❛r❞✲❏♦♥❡s ❛❝r❡s❝✐❞♦ ❞♦ t❡r♠♦ ❝♦rr❡s♣♦♥❞❡♥t❡ às ✐♥t❡r❛çõ❡s



10 Caṕıtulo 2. Metodologia

❡❧❡tr♦stát✐❝❛s ❡♥t❡ ❝❛❞❛ ♣❛r ❞❡ sít✐♦s a ❡ b ♣❡rt❡♥❝❡♥t❡s às ♠♦❧é❝✉❧❛s i ❡ j✱ r❡s♣❡❝✲

t✐✈❛♠❡♥t❡✿

Vij =
∑

a∈i

∑

b∈j

Vab(rab) ✭✷✳✸✮

Vab(rab) = 4εab

[(
σab

rab

)12

−
(

σab

rab

)6
]

+
qaqb

4πε0rab

✭✷✳✹✮

♦♥❞❡ qa ❝♦rr❡s♣♦♥❞❡ à ❝❛r❣❛ ♣❛r❝✐❛❧✱ εaa ❡ σaa sã♦ ♦s ♣❛râ♠❡tr♦s ❞❡ ❡♥❡r❣✐❛ ❡

❞✐â♠❡tr♦ ❞❡ ▲❡♥♥❛r❞✲❏♦♥❡s ❞♦ sít✐♦ a ❡ rab é ❛ s❡♣❛r❛çã♦ ❡♥tr❡ ♦s sít✐♦s a ❡ b ❞❡

♠♦❧é❝✉❧❛s ❞✐st✐♥t❛s✳

◆♦ ♣♦t❡♥❝✐❛❧ ❞❡ ▲❡♥♥❛r❞✲❏♦♥❡s✱ ♦ ♣r✐♠❡✐r♦ t❡r♠♦ ❝♦♠ r−12
ab ❞❡s❝r❡✈❡ ❛ r❡♣✉❧sã♦

♣❛r❛ ❝✉rt❛s ❞✐stâ♥❝✐❛s ❡ ♦ s❡❣✉♥❞♦ t❡r♠♦ ❝♦rr❡s♣♦♥❞❡ à ❝♦♥tr✐❜✉✐çã♦ ❞✐s♣❡rs✐✈❛✱

V (σ) = 0 ❡ ε ❝♦rr❡s♣♦♥❞❡ ❛♦ ♠í♥✐♠♦ ❞❡ ❡♥❡r❣✐❛✳

P❛r❛ ❝❛❧❝✉❧❛r ❛ ✐♥t❡r❛çã♦ ❡♥tr❡ sít✐♦s ❞❡ ❡s♣é❝✐❡s ❞✐st✐♥t❛s s❡ ❢❛③ ♥❡❝❡ssár✐♦ ♦ ✉s♦

❞❡ ❛❧❣✉♠❛ r❡❣r❛ ❞❡ ❝♦♠❜✐♥❛çã♦ ♣❛r❛ ♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ ▲❡♥♥❛r❞✲❏♦♥❡s✳ ❆s r❡❣r❛s

❞❡ ▲♦r❡♥t③✲❇❡rt❤❡❧♦t ❬✶✷❪ sã♦ ❛s ♠❛✐s ♣♦♣✉❧❛r❡s ❡ ❞❛❞❛s ♣♦r✿

εab =
√

εaaεbb e σab =
σaa + σbb

2
✭✷✳✺✮

❆❧é♠ ❞❛ r❡❣r❛ ❞❡s❝r✐t❛ ❛❝✐♠❛ ❛❧❣✉♥s ❝❛♠♣♦s ❞❡ ❢♦rç❛✱ ❡♥tr❡ ❡❧❡s ♦ ❖P▲❙✱ q✉❡ ❢♦✐

✉s❛❞♦ ♥❡st❡ tr❛❜❛❧❤♦✱ ❛❞♦t❛♠ ♦ ❝r✐tér✐♦ ❣❡♦♠étr✐❝♦ ♣❛r❛ ❛♠❜♦s ♦s ♣❛râ♠❡tr♦s ❬✷✺❪✳

εab =
√

εaaεbb e σab =
√

σaaσbb ✭✷✳✻✮

❆s ❝❛r❣❛s ♣♦♥t✉❛✐s ♥ã♦ ♣♦❞❡♠ s❡r tr❛♥s❢❡r✐❞❛s ❝♦♠♦ ♦s t❡r♠♦s ❞❡ ▲❡♥♥❛r❞✲

❏♦♥❡s✱ s❡♥❞♦ ♥♦r♠❛❧♠❡♥t❡ ❞❡t❡r♠✐♥❛❞❛s ♣♦r ❝á❧❝✉❧♦s q✉â♥t✐❝♦s ❛❜ ✐♥✐t✐♦✳

◗✉❛♥❞♦ s❡ ❞❡s❡❥❛ s✐♠✉❧❛r ❡st❛❞♦s ❝♦♥❞❡♥s❛❞♦s ❞❛ ♠❛tér✐❛✱ ♥❛ ♦❜t❡♥çã♦ ❞❛s

❝❛r❣❛s ♣❛r❝✐❛✐s✱ ✉t✐❧✐③❛✲s❡ ♥♦r♠❛❧♠❡♥t❡ ❛ ❜❛s❡ ❞❡ ❢✉♥çõ❡s ✻✲✸✶●✯ ♣♦✐s ♦❜tê♠✲s❡

❝❛r❣❛s q✉❡ ❞ã♦ ♦r✐❣❡♠ ❛ ♠♦♠❡♥t♦s ❞✐♣♦❧❛r❡s ♠❛✐♦r❡s ❞♦ q✉❡ ♦s ✈❛❧♦r❡s ❡①♣❡r✐♠❡♥✲

t❛✐s ❡♠ ❢❛s❡ ❣❛s♦s❛✱ ❝❛r❛❝t❡ríst✐❝♦s ❞❡ ♠♦❧é❝✉❧❛s ♣♦❧❛r❡s ❡♠ ❢❛s❡s ❝♦♥❞❡♥s❛❞❛s✳ ❯♠

❡①❡♠♣❧♦ tí♣✐❝♦ é ♦ ❞❛ á❣✉❛ ❝✉❥♦ ♠♦♠❡♥t♦ ❞✐♣♦❧❛r ❛✉♠❡♥t❛ ❞❡ ✶✱✽✺ ♣❛r❛ ✷✱✻✵ ❉✱

q✉❛♥❞♦ ❡st❛ ♣❛ss❛ ❞♦ ❡st❛❞♦ ❣❛s♦s♦ ♣❛r❛ ♦ ❡st❛❞♦ ❧íq✉✐❞♦ ❬✷✾❪✳
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2.2.2 Os Potenciais Intramoleculares

❆s ✐♥t❡r❛çõ❡s ✐♥tr❛♠♦❧❡❝✉❧❛r❡s✱ t❛♠❜é♠ ❝♦♥❤❡❝✐❞❛s ♣♦r ♣♦t❡♥❝✐❛✐s ❧✐❣❛❞♦s✱ s✐✲

♠✉❧❛♠ ❛s ❞❡❢♦r♠❛çõ❡s ♠♦❧❡❝✉❧❛r❡s✳ P♦❞❡♠ s❡r s✉❜❞✐✈✐❞✐❞❛s ♥❛s s❡❣✉✐♥t❡s ❝♦♥tr✐✲

❜✉✐çõ❡s ❬✸✵❪✿

V✐♥tr❛ =
∑

V❧✐❣❛çã♦ +
∑

V❛♥❣✉❧❛r +
∑

Vt♦rçã♦ ✭✷✳✼✮

❡♠ q✉❡ V❧✐❣❛çã♦ ❝♦rr❡s♣♦♥❞❡ à ❞❡s❝r✐çã♦ ❞❛s ❞❡❢♦r♠❛çõ❡s ♥♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ✉♠❛ ❧✐✲

❣❛çã♦ q✉í♠✐❝❛✱ Vangular ❝♦rr❡s♣♦♥❞❡ à ❞❡s❝r✐çã♦ ❞❛s ❞❡❢♦r♠❛çõ❡s ❛♥❣✉❧❛r❡s ❡ Vt♦rçã♦

❝♦rr❡s♣♦♥❞❡ à ❞❡s❝r✐çã♦ ❞❛s ❞❡❢♦r♠❛çõ❡s ❞♦s â♥❣✉❧♦s ❞✐❡❞r♦s✳ ❊①✐st❡♠ ♦✉tr♦s t✐♣♦s

❞❡ ♣♦t❡♥❝✐❛✐s ✐♥tr❛♠♦❧❡❝✉❧❛r❡s✱ ❝♦♠♦ ♦s q✉❡ ❞❡s❝r❡✈❡♠ ❛s ❞❡❢♦r♠❛çõ❡s ♣♦r s❛í❞❛

❞♦ ♣❧❛♥♦ ✭❞✐❡❞r♦s ✐♠♣ró♣r✐♦s✮ ❡ ❛s ✐♥t❡r❛çõ❡s ❝♦♥❤❡❝✐❞❛s ♣♦r ✐♥t❡r❛çõ❡s ✶✲✹✱ ❝♦♥s✐✲

❞❡r❛❞❛s ❡♥tr❡ sít✐♦s ❞❡ ✐♥t❡r❛çã♦ ❞❛ ♠❡s♠❛ ♠♦❧é❝✉❧❛ s❡♣❛r❛❞♦s ♣♦r ♣❡❧♦ ♠❡♥♦s ✸

❧✐❣❛çõ❡s✳ ◆❡st❡ ❝❛s♦ s✉❛ ❢♦r♠❛ ❢✉♥❝✐♦♥❛❧ é ✐❣✉❛❧ à ❡①✐st❡♥t❡ ❡♥tr❡ sít✐♦s ♣❡rt❡♥❝❡♥t❡s

❛ ❞✉❛s ♠♦❧é❝✉❧❛s ❞✐❢❡r❡♥t❡s✱ ❞❛❞❛ ♥❛ ❡q✉❛çã♦ ✷✳✹✳

❆ ❢♦r♠❛ ❢✉♥❝✐♦♥❛❧ ✉s✉❛❧ ❞♦ ♣♦t❡♥❝✐❛❧ q✉❡ ❞❡s❝r❡✈❡ ❛ ❞❡❢♦r♠❛çã♦ ❞❡ ✉♠❛ ❧✐❣❛çã♦

q✉í♠✐❝❛ é ♦ ♣♦t❡♥❝✐❛❧ ❤❛r♠ô♥✐❝♦✿

V❧✐❣❛çã♦(r) =
1

2
kl(r − r0)

2 ✭✷✳✽✮

♦♥❞❡ kl é ❛ ❝♦♥st❛♥t❡ ❞❡ ❢♦rç❛ ❡ ♦ ✈❛❧♦r ❞❡ r0 ❝♦rr❡s♣♦♥❞❡ ❛♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡

❡q✉✐❧í❜r✐♦ ❞❛ ❧✐❣❛çã♦ ♥❛ ♠♦❧é❝✉❧❛✳

P❛r❛ ❛ ❞❡❢♦r♠❛çã♦ ❛♥❣✉❧❛r t❛♠❜é♠ é ✉s❛❞♦ ♦ ♣♦t❡♥❝✐❛❧ ❤❛r♠ô♥✐❝♦✿

Vangular(θ) =
1

2
ka(θ − θ0)

2 ✭✷✳✾✮

❡♠ q✉❡ ❦❛ é ❛ ❝♦♥st❛♥t❡ ❞❡ ❢♦rç❛ ❞❛ ❞❡❢♦r♠❛çã♦ ❡ θ0 ❝♦rr❡s♣♦♥❞❡ ❛♦ ✈❛❧♦r ❞♦ â♥❣✉❧♦

♥♦ ❡q✉✐❧í❜r✐♦✳

❖ ♣♦t❡♥❝✐❛❧ t♦r❝✐♦♥❛❧ é ❝♦♥tí♥✉♦ ❡♠ t♦❞♦ ♦ ✐♥t❡r✈❛❧♦ ❞❡ t♦rçã♦ [0, 2π] ❡ t♦❞❛

❢✉♥çã♦ ❝♦♥tí♥✉❛ ♥❡st❡ ✐♥t❡r✈❛❧♦ ♣♦❞❡ s❡r r❡♣r❡s❡♥t❛❞❛ ♣♦r ✉♠❛ ❡①♣❛♥sã♦ ❡♠ sér✐❡

❞❡ ❋♦✉r✐❡r✳ ❉❡♣❡♥❞❡♥❞♦ ❞❛ ❢♦r♠❛ ❞❡st❡ ♣♦t❡♥❝✐❛❧ ❡❧❡ ♣♦❞❡ s❡r r❡♣r❡s❡♥t❛❞♦ ♣♦r

✉♠❛ sér✐❡ ❝♦♠ ❛♣❡♥❛s ✉♠ t❡r♠♦ ♦✉ ❡♥tã♦ ✉♠❛ sér✐❡ ❝♦♠ três t❡r♠♦s ❬✸✵❪✳ ❊st❛

ú❧t✐♠❛ ❡①♣❛♥sã♦ é ❝♦♠✉♠❡♥t❡ ❡♠♣r❡❣❛❞❛ ♥♦s ❝❛♠♣♦s ❞❡ ❢♦rç❛s ❡ é ❞❡♥♦♠✐♥❛❞❛

❞❡ tr✐♣❧♦ ❝♦ss❡♥♦✿

Vt♦rçã♦(φ) = V0 +
V1

2
[1 + cos(φ)] +

V2

2
[1 − cos(2φ)] +

V3

2
[1 + cos(3φ)] ✭✷✳✶✵✮



12 Caṕıtulo 2. Metodologia

♦♥❞❡ φ é ♦ ✈❛❧♦r ❞♦ â♥❣✉❧♦ ❞✐❡❞r♦✳

P❛rt✐♥❞♦ ❞❛ ❡q✉❛çã♦ ✷✳✷ ❝♦♠ ♦s ❢✉♥❝✐♦♥❛✐s ❛♣r❡s❡♥t❛❞♦s ❛❝✐♠❛ t❡♠♦s ❛ ❡①♣r❡s✲

sã♦ ♣❛r❛ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦ ♣♦t❡♥❝✐❛❧ s♦❜r❡ ❝❛❞❛ ✉♠❛ ❞❛s ♠♦❧é❝✉❧❛s ❞♦ s✐st❡♠❛

❡♠ ❡st✉❞♦✿

V (r) =
∑

a∈i

∑

b∈j

4εab

[(
σab

rab

)12

−
(

σab

rab

)6
]

+
qaqb

4πε0rab

+
∑

❧✐❣❛çõ❡s

1

2
kl(r − r0)

2

+
∑

ângulos

1

2
ka(θ − θ0)

2

+
∑

diedros

{
V0 +

V1

2
[1 + cos(φ)] +

V2

2
[1 − cos(2φ)] +

V3

2
[1 + cos (3φ)]

}
✭✷✳✶✶✮

2.3 Ensemble

❆ ❡s❝♦❧❤❛ ❞♦ ❡♥s❡♠❜❧❡ ❞❡✈❡ s❡r ❡❢❡t✉❛❞❛ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛s ♣r♦♣r✐❡❞❛❞❡s q✉❡

q✉❡r❡♠♦s ❝♦♠♣✉t❛r ❡ ❝♦♠ ❛s ❝❛r❛❝t❡ríst✐❝❛s ❞♦ s✐st❡♠❛ ❡♠ ❡st✉❞♦✳ ❉✉r❛♥t❡ ❛ s✐♠✉✲

❧❛çã♦ ♣♦❞❡♠♦s ♠❛♥t❡r ❝♦♥st❛♥t❡s ❛❧❣✉♥s ♣❛râ♠❡tr♦s ♠❛❝r♦s❝ó♣✐❝♦s ❝♦♠♦ ♦ ♥ú♠❡r♦

❞❡ ♣❛rtí❝✉❧❛s✱ ♦ ✈♦❧✉♠❡ ❡ ❡♥❡r❣✐❛✳ ❊st❡s ♣❛râ♠❡tr♦s q✉❛♥❞♦ ✜①❛❞♦s ❡♠ ❝♦♥❥✉♥t♦✱

✐rã♦ ♦r✐❣✐♥❛r ❞✐❢❡r❡♥t❡s ❡♥s❡♠❜❧❡s s❡♥❞♦ ♦s ♠❛✐s ❝♦♠✉♥s ♦ ❡♥s❡♠❜❧❡ ♠✐❝r♦✲❝❛♥ô♥✐❝♦

✭◆❱❊✮✱ q✉❡ ❝♦rr❡s♣♦♥❞❡ ✜s✐❝❛♠❡♥t❡ ❛ ✉♠ s✐st❡♠❛ ✐s♦❧❛❞♦✱ ♦ ❡♥s❡♠❜❧❡ ❝❛♥ô♥✐❝♦

✭◆❱❚✮✱ ❝♦rr❡s♣♦♥❞❡♥t❡ ❛ ✉♠ s✐st❡♠❛ ❢❡❝❤❛❞♦✱ ♠❛s ♥ã♦ ✐s♦❧❛❞♦✱ ♦ ❡♥s❡♠❜❧❡ ✐s♦✲

tér♠✐❝♦ ✐s♦❜ár✐❝♦ ✭◆♣❚✮✱ q✉❡ ❝♦rr❡s♣♦♥❞❡ ❛ ✉♠ s✐st❡♠❛ ❢❡❝❤❛❞♦ ♠❛s q✉❡ ♣♦❞❡

r❡❛❧✐③❛r tr❛❜❛❧❤♦ ♠❡❝â♥✐❝♦ ❡ ♦ ❡♥s❡♠❜❧❡ ❣r❛♥❞❡ ❝❛♥ô♥✐❝♦ ✭µ❱❚✮✱ q✉❡ ❝♦rr❡s♣♦♥❞❡

❛ ✉♠ s✐st❡♠❛ ❛❜❡rt♦ ✭é ✉s❛❞♦ q✉❛♥❞♦ ♦ s✐st❡♠❛ ♥ã♦ é ❤♦♠♦❣ê♥❡♦✮✱ ♦♥❞❡ ◆ é ♦

♥ú♠❡r♦ ❞❡ ♣❛rtí❝✉❧❛s ♥♦ s✐st❡♠❛✱ ❱ é ♦ ✈♦❧✉♠❡✱ ❊ ❛ ❡♥❡r❣✐❛ t♦t❛❧✱ ♣ é ❛ ♣r❡ssã♦✱ ❚

❛ t❡♠♣❡r❛t✉r❛ ❡ µ é ♦ ♣♦t❡♥❝✐❛❧ q✉í♠✐❝♦ ❞❛ s✉❜stâ♥❝✐❛✳

❈❛❞❛ ✉♠ ❞❡ss❡s ❝♦♥❥✉♥t♦s ❞❡ ❡♥s❡♠❜❧❡s ❞❡✜♥❡♠ ✉♠❛ ❡q✉❛çã♦ ❞❡ ❡st❛❞♦ ♣ró♣r✐❛

♣❛r❛ ♦ s✐st❡♠❛✱ ❞❡ ♠♦❞♦ ❛ ♣❡r♠✐t✐r q✉❡ ❞✐❢❡r❡♥t❡s ❢✉♥çõ❡s t❡r♠♦❞✐♥â♠✐❝❛s ♣♦ss❛♠

s❡r ♠❛✐s ❝♦♥✈❡♥✐❡♥t❡♠❡♥t❡ ❝❛❧❝✉❧❛❞❛s ❡♠ ✉♠ ♦✉ ♦✉tr♦ ❡♥s❡♠❜❧❡ ❬✶✷❪✳

❯♠ ❡♥s❡♠❜❧❡ é ✉♠ ❣r❛♥❞❡ ❝♦♥❥✉♥t♦ ❞❡ ré♣❧✐❝❛s ❞❡ ✉♠ s✐st❡♠❛ ❞❡ ✐♥t❡r❡ss❡ ❝✉❥❛

❞✐❢❡r❡♥ç❛ s❡ ❡♥❝♦♥tr❛ ♥♦s ✈❛❧♦r❡s ❞❛s ❝♦♦r❞❡♥❛❞❛s ❡ ❞♦ ♠♦♠❡♥t♦ ❞❛s ♣❛rtí❝✉❧❛s✳

❆ss✐♠✱ ❝❛❞❛ ré♣❧✐❝❛ ♦❝✉♣❛ ✉♠❛ r❡❣✐ã♦ ❞♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡s✳ ❙❡❣✉♥❞♦ ●✐❜❜s✱ s❡ ♦

s✐st❡♠❛ ❢♦r ❡r❣ót✐❝♦✱ ✐st♦ é✱ s❡ ♣✉❞❡r♠♦s ❝♦♥s✐❞❡r❛r q✉❡ ❝❛❞❛ ré♣❧✐❝❛ ❞♦ s✐st❡♠❛✱
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❞❡♣♦✐s ❞❡ ✉♠ t❡♠♣♦ s✉✜❝✐❡♥t❡♠❡♥t❡ ❣r❛♥❞❡✱ t❡♥❤❛ ♣❛ss❛❞♦ ♣♦r t♦❞❛s ❛s r❡❣✐õ❡s ❞♦

❡s♣❛ç♦ ❞❡ ❢❛s❡s ♦♥❞❡ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡ ♥ã♦ é ♥✉❧❛✱ ❛ ♠é❞✐❛ t❡♠♣♦r❛❧✱

♥❛ q✉❛❧ ❛s ❢✉♥çõ❡s t❡r♠♦❞✐♥â♠✐❝❛s sã♦ ❞❡✜♥✐❞❛s✱ ♣♦❞❡ s❡r s✉❜st✐t✉í❞❛ ♣♦r ♠é❞✐❛

❞❡ ❡♥s❡♠❜❧❡ ❬✶✷❪✳

❊♠ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r ♦ ❡♥s❡♠❜❧❡ ♠✐❝r♦✲❝❛♥ô♥✐❝♦ é ♦ ♠❛✐s ❡♠♣r❡❣❛❞♦✱ ♣♦✐s

❛s ❡q✉❛çõ❡s ❞❡ ◆❡✇t♦♥ ❣❡r❛♠ ❡st❛❞♦s ❞❡ ♠❡s♠❛ ❡♥❡r❣✐❛ ❡ ❡♠ s✐st❡♠❛s ✐s♦❧❛❞♦s✱

❝❛r❛❝t❡ríst✐❝❛ ❞❡st❡ ❡♥s❡♠❜❧❡✱ s✉❛s ❡q✉❛çõ❡s ❞❡ ♠♦✈✐♠❡♥t♦ sã♦ ❜❡♠ s✐♠♣❧✐✜❝❛❞❛s

❡ ❢❛❝✐❧♠❡♥t❡ ❝❛❧❝✉❧❛❞❛s✳

2.4 Evolução Temporal

❖ ❡st❛❞♦ ♠✐❝r♦s❝ó♣✐❝♦ ❞❡ ✉♠ s✐st❡♠❛ ♣♦❞❡ s❡r ❡s♣❡❝✐✜❝❛❞♦ ❡♠ t❡r♠♦s ❞❛s

♣♦s✐çõ❡s ❡ ♠♦♠❡♥t♦s ❞❛s ♣❛rtí❝✉❧❛s q✉❡ ♦ ❝♦♥st✐t✉❡♠✳ ❉❡ss❛ ❢♦r♠❛ ❛ ❍❛♠✐❧t♦♥✐❛♥❛

❞❡ ✉♠ s✐st❡♠❛ ♠♦❧❡❝✉❧❛r ❝❧áss✐❝♦ ♣♦❞❡ s❡r ❡s❝r✐t❛ ❝♦♠♦ ❛ s♦♠❛ ❞❛s ❡♥❡r❣✐❛s ❝✐♥ét✐❝❛

❚ ❡ ♣♦t❡♥❝✐❛❧ ❱✱ ❝♦♠♦ ❢✉♥çã♦ ❞❛s ❝♦♦r❞❡♥❛❞❛s qi ❡ ❞♦s ♠♦♠❡♥t♦s ❣❡♥❡r❛❧✐③❛❞♦s pi

❞❡ t♦❞♦s ♦s N át♦♠♦s ❞♦ s✐st❡♠❛✿

H({qi, pi}) = T ({pi}) + V ({qi}) ✭✷✳✶✷✮

♦♥❞❡ qi = q1, q2, q3, ..., qN ❡ pi = p1, p2, p3, ..., pN ✳

❆ ❡♥❡r❣✐❛ ♣♦t❡♥❝✐❛❧ V ({qi}) ❝♦♥té♠ ♦s t❡r♠♦s ❞❡ ✐♥t❡r❛çã♦ ✐♥t❡r ❡ ✐♥tr❛♠♦❧❡❝✉✲

❧❛r❡s✱ ❞❡ ❝✉rt♦ ❡ ❧♦♥❣♦ ❛❧❝❛♥❝❡✱ ❡ ♣♦❞❡ s❡r s✉❜st✐t✉í❞❛ ♣❡❧❛ ❢✉♥çã♦ ♣♦t❡♥❝✐❛❧ V (r)

❞❛ ❡q✉❛çã♦ ✷✳✶✶✳ ❆ ❡♥❡r❣✐❛ ❝✐♥ét✐❝❛ ❛ss✉♠❡ ❛ ❢♦r♠❛✿

T ({pi}) =
1

2mi

N∑

i=1

p2
1 ✭✷✳✶✸✮

❡♠ q✉❡ mi é ❛ ♠❛ss❛ ❞♦ át♦♠♦ i✳

❙❡ ♦ s✐st❡♠❛ ❡st✐✈❡r ✐s♦❧❛❞♦ s✉❛ ❍❛♠✐❧t♦♥✐❛♥❛ é ✉♠❛ ❝♦♥st❛♥t❡ ❞❡ ♠♦✈✐♠❡♥t♦

❝♦♠ ❛ ❡♥❡r❣✐❛ ❝♦♥st❛♥t❡✳ ◆❡st❡ ❝❛s♦ é ♣♦ssí✈❡❧ ❝♦♥str✉✐r ❛s ❡q✉❛çõ❡s ❞❡ ♠♦✈✐♠❡♥t♦

❞❡ ◆❡✇t♦♥✱ q✉❡ ❣♦✈❡r♥❛♠ ❛ ❡✈♦❧✉çã♦ t❡♠♣♦r❛❧ ❞♦ s✐st❡♠❛ ❡ s✉❛s ♣r♦♣r✐❡❞❛❞❡s

❞✐♥â♠✐❝❛s ❬✶✷❪✿

0 = mir̈ + ∇iV (r) ✭✷✳✶✹✮

❆ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r ❝♦♥s✐st❡✱ ♣♦rt❛♥t♦✱ ♥❛ r❡s♦❧✉çã♦ ♥✉♠ér✐❝❛ ❞❛s ❡q✉❛çõ❡s

✷✳✶✹ ❡ ♥❛ ✐♥t❡❣r❛çã♦ ❞❛s ♠❡s♠❛s ♣❛ss♦✲❛✲♣❛ss♦ ♥♦ t❡♠♣♦✳ ❈♦♠♦ r❡s✉❧t❛❞♦✱ ♦❜t❡♠♦s
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❡♥❡r❣✐❛s ❡ tr❛❥❡tór✐❛s ♣❛r❛ t♦❞❛s ❛s ♣❛rtí❝✉❧❛s ✭♦✉ át♦♠♦s✮ ❡ ♣❛r❛ ♦ s✐st❡♠❛ ❝♦♠♦

✉♠ t♦❞♦✱ ❛ ♣❛rt✐r ❞❛s q✉❛✐s ✈ár✐❛s ♣r♦♣r✐❡❞❛❞❡s ♣♦❞❡♠ s❡r ❝❛❧❝✉❧❛❞❛s✳

2.4.1 O Algoritmo de Verlet

❯♠❛ s♦❧✉çã♦ ♣❛r❛ ♦ ❝♦♥❥✉♥t♦ ❞❡ ❡q✉❛çõ❡s ✭✷✳✶✹✮ é ♦ ♠ét♦❞♦ ❞❡ ❞✐❢❡r❡♥ç❛s ✜♥✐✲

t❛s✳ ❊①✐st❡♠ ✈ár✐♦s ❛❧❣♦r✐t♠♦s ♣❛r❛ ❡❢❡t✉❛r ❛ ✐♥t❡❣r❛çã♦ ♥✉♠ér✐❝❛ ❞❛s ❡q✉❛çõ❡s ❞♦

♠♦✈✐♠❡♥t♦✳ ❖s ❝♦♠✉♠❡♥t❡ ❡♠♣r❡❣❛❞♦s sã♦ ♦s ❆❧❣♦r✐t♠♦s ❞❡ ❱❡r❧❡t✱ ❞❡ ✏❱❡❧♦❝✐t②✑

❱❡r❧❡t✱ ▲❡❛♣❢r♦❣ ❡ ❇❡❡♠❛♥✬s ❬✶✷❪✳ ❊♠ ♥♦ss♦ tr❛❜❛❧❤♦ ✜③❡♠♦s ✉s♦ ❞❛ ✈❡rsã♦ ❞♦ ❛❧❣♦✲

r✐t♠♦ ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ✑❱❡❧♦❝✐t② ❱❡r❧❡t ❆❧❣♦r✐t❤♠✑ ♦♥❞❡ ❛ ✐♥t❡❣r❛çã♦ ❞❛s ❡q✉❛çõ❡s

❞❡ ◆❡✇t♦♥ sã♦ r❡❛❧✐③❛❞❛s ❡♠ ❞✉❛s ❡t❛♣❛s ❞✐st✐♥t❛s✳ ◆♦ t❡♠♣♦ t t❡♠♦s ❝❛❧❝✉❧❛❞♦

r(t)✱ ṙ(t) ❡ r̈(t) q✉❡ ❝♦rr❡s♣♦♥❞❡♠ r❡s♣❡❝t✐✈❛♠❡♥t❡ às ♣♦s✐çõ❡s✱ ✈❡❧♦❝✐❞❛❞❡s ❡ ❛❝❡✲

❧❡r❛çõ❡s ❞❛s ♣❛rtí❝✉❧❛s ❞♦ s✐st❡♠❛✳ ❆ss✐♠ ❛ ♣r✐♠❡✐r❛ ❡t❛♣❛ ♥❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛s

♥♦✈❛s ♣♦s✐çõ❡s ❝♦♥s✐st❡ ❡♠ ❝❛❧❝✉❧❛r r(t + δt) ❛tr❛✈és ❞❡ ✉♠❛ ❡①♣❛♥sã♦ ❡♠ sér✐❡ ❞❡

❚❛②❧♦r✱ tr✉♥❝❛❞❛ ♥♦ t❡r♠♦ ❞❡ s❡❣✉♥❞❛ ♦r❞❡♠✱ ❡♠ r(t)✱

r(t + δt) = r(t) + δtṙ(t) +
1

2
δt2r̈(t) ✭✷✳✶✺✮

❝❛❧❝✉❧❛♥❞♦ ❡♠ s❡❣✉✐❞❛ ❛s ✈❡❧♦❝✐❞❛❞❡s ♣❛r❛ ♠❡t❛❞❡ ❞♦ ✐♥t❡r✈❛❧♦ ❞❡ t❡♠♣♦ (δt/2)

♣❛r❛ ❝❛❞❛ sít✐♦ ❞♦ s✐st❡♠❛✱ ♣❡❧❛ ❡①♣r❡ssã♦✿

ṙ(t +
1

2
δt) = ṙ(t) +

1

2
δtr̈(t) ✭✷✳✶✻✮

❈♦♠ r(t + δt) ❞❡t❡r♠✐♥❛❞♦✱ ❛ s❡❣✉♥❞❛ ❡t❛♣❛ ❝♦♥s✐st❡ ❡♠ ❞❡t❡r♠✐♥❛r ❛s ♥♦✈❛s

❛❝❡❧❡r❛çõ❡s ♥❡st❡ t❡♠♣♦ ❡ ♣♦r ✜♠ ❛t✉❛❧✐③❛✲s❡ ❛s ✈❡❧♦❝✐❞❛❞❡s ❛tr❛✈❡③ ❞❛ ❡①♣r❡ssã♦✿

ṙ (t + δt) = ṙ
(
t +

1

2
δt
)

+
1

2
δtr̈ (t + δt) ✭✷✳✶✼✮

❊ss❡ ♠ét♦❞♦ ♣♦ss✉✐ ✉♠❛ ♠❡♥♦r s✉s❝❡♣t✐❜✐❧✐❞❛❞❡ ❛ ❡rr♦s ♥✉♠ér✐❝♦s✱ ♦❝✉♣❛ ♠❡♥♦s

❡s♣❛ç♦ ❡♠ ♠❡♠ór✐❛✱ s❡♥❞♦ ✉♠ ❞♦s ❛❧❣♦r✐t♠♦s ♠❛✐s ❡stá✈❡✐s✱ s✐♠♣❧❡s ❡ ❡✜❝✐❡♥t❡s✱

♣♦❞❡♥❞♦ s❡r ❛♣❧✐❝❛❞♦ ❡♠ s✐st❡♠❛s ❝♦♥st✐t✉í❞♦s ❞❡ ✢✉✐❞♦s s✐♠♣❧❡s ❛ ❜✐♦♣♦❧í♠❡r♦s✳

❖✉tr❛ ❣r❛♥❞❡ ✈❛♥t❛❣❡♠ é ♦ ❢❛t♦ ❞❛s ✈❡❧♦❝✐❞❛❞❡s ❛♣❛r❡❝❡r❡♠ ♥♦ ❝á❧❝✉❧♦ ❞❛s ♥♦✈❛s

♣♦s✐çõ❡s✱ ♦ q✉❡ t♦r♥❛ ♦ s✐st❡♠❛ ❛❝♦♣❧á✈❡❧ ❛ ✉♠ ❜❛♥❤♦ tér♠✐❝♦✱ ✐st♦ é✱ é ♣♦ssí✈❡❧

❝♦rr✐❣✐r ❛ t❡♠♣❡r❛t✉r❛ ♠é❞✐❛ ❞♦ s✐st❡♠❛ ❛tr❛✈és ❞❡ ❝♦rr❡çõ❡s ♥❛s ✈❡❧♦❝✐❞❛❞❡s ❞❛s

♣❛rtí❝✉❧❛s ❬✶✷✱ ✶✼❪✳
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❖ ❛❧❣♦r✐t♠♦ ❞❡ ❱❡r❧❡t tr❛t❛ ❝❛❞❛ ♣❛rtí❝✉❧❛ ❞❡ ♠❛♥❡✐r❛ ✐♥❞❡♣❡♥❞❡♥t❡ ♥♦ s✐s✲

t❡♠❛✳ ❆ss✐♠✱ ♣❛r❛ ♠♦❧é❝✉❧❛s rí❣✐❞❛s✱ é ♥❡❝❡ssár✐♦ ✉t✐❧✐③❛r ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ✈í♥❝✉❧♦s

♣❛r❛ ♣r❡s❡r✈❛r ❛ ❣❡♦♠❡tr✐❛ ♠♦❧❡❝✉❧❛r✳ ❊st❡s ✈í♥❝✉❧♦s sã♦ ✐♠♣❧❡♠❡♥t❛❞♦s ❛tr❛✈és

❞❛ ✐♥❝❧✉sã♦ ❞❡ ♠✉❧t✐♣❧✐❝❛❞♦r❡s ❞❡ ▲❛❣r❛♥❣❡ ❛ss♦❝✐❛❞♦s à ❡❧❡s ♥❛s ❡q✉❛çõ❡s ❞❡ ♠♦✲

✈✐♠❡♥t♦ ❡ r❡s♦❧✈✐❞♦s ♣♦r ✉♠ ♣r♦❝❡ss♦ ✐♥t❡r❛t✐✈♦ ❞❡♥tr♦ ❞❡ ✉♠❛ t♦❧❡râ♥❝✐❛ ❞❡✜♥✐❞❛✱

❞✉r❛♥t❡ ❛ ✐♥t❡❣r❛çã♦ ❞❛s ❡q✉❛çõ❡s ❞❡ ♠♦✈✐♠❡♥t♦✳ ❖ ♠ét♦❞♦ q✉❡ ✐♥❝❧✉✐ ✈í♥❝✉❧♦s

❛♦ ✑❱❡❧♦❝✐t② ❱❡r❧❡t ❆❧❣♦r✐t❤♠✑ é ❝♦♥❤❡❝✐❞♦ ♣♦r ❛❧❣♦r✐t♠♦ ❘❆❚❚▲❊ ❬✸✶❪✳

2.4.2 Soma de Ewald

❖ ♣♦t❡♥❝✐❛❧ ✐♥t❡r♠♦❧❡❝✉❧❛r ❞❛❞♦ ♣❡❧❛ ❡q✉❛çã♦ ✷✳✹ é ❢♦r♠❛❞♦ ♣❡❧♦s ♣♦t❡♥❝✐❛✐s ❞❡

▲❡♥♥❛r❞✲❏♦♥❡s✱ q✉❡ é ✉♠ t❡r♠♦ ❞❡ ❝✉rt♦ ❛❧❝❛♥❝❡ ❡ ♣❡❧♦ ♣♦t❡♥❝✐❛❧ ❈♦✉❧ô♠❜✐❝♦ ❞❡

❧♦♥❣♦ ❛❧❝❛♥❝❡✳ ❆s ✐♥t❡r❛çõ❡s ❞❡ ❝✉rt♦ ❛❧❝❛♥❝❡ ✜❝❛♠ r❡str✐t❛s à ❞✐♠❡♥sã♦ ❞❛ ❝❛✐①❛

❞❡ s✐♠✉❧❛çã♦ ♦r✐❣✐♥❛❧✱ ♣♦✐s t❡♥❞❡♠ r❛♣✐❞❛♠❡♥t❡ ❛ ③❡r♦ q✉❛♥❞♦ ❛ ❞✐stâ♥❝✐❛ ❝r❡s❝❡✳

❏á ❛s ✐♥t❡r❛çõ❡s ❡❧❡tr♦stát✐❝❛s ✐♥t❡r❛❣❡♠ ❝♦♠ t♦❞❛s ❛s ❝❛r❣❛s ❞♦ s✐st❡♠❛✱ ✐♥❝❧✉s✐✈❡

❝♦♠ ❛s ♣❛rtí❝✉❧❛s s✐t✉❛❞❛s ♥❛s ré♣❧✐❝❛s ❞❛s ❝❛✐①❛s ❞❡ s✐♠✉❧❛çã♦ ❡ ❝♦♠ s✉❛ ♣ró♣r✐❛

✐♠❛❣❡♠ ♥❡ss❛s ré♣❧✐❝❛s✳ ❆ss✐♠✱ ♥ã♦ ♣♦❞❡♠♦s ❝♦♥s✐❞❡r❛r✱ ❛ ♣r✐♦r✐✱ só ❛s ✐♥t❡r❛çõ❡s

❞❡♥tr♦ ❞❛ ❞✐♠❡♥sã♦ ❞❛ ❝❛✐①❛ ❞❡ s✐♠✉❧❛çã♦✳

❊♠ ✉♠❛ s✐♠✉❧❛çã♦ ❝♦♠ ❝♦♥❞✐çõ❡s ♣❡r✐ó❞✐❝❛s ❞❡ ❝♦♥t♦r♥♦ ❡ ❝❛✐①❛ ❝ú❜✐❝❛✱ ❛s

✐♥t❡r❛çõ❡s ❡❧❡tr♦stát✐❝❛ ❞❛s ♣❛rtí❝✉❧❛s ♥❛ ❝é❧✉❧❛ ✉♥✐tár✐❛ sã♦ ❞❛❞❛s ♣♦r✿

E =
1

2

∑′

n

N∑

i=1

N∑

j=1

qiqj

|ri − rj + n| ✭✷✳✶✽✮

♦♥❞❡ ❛ s♦♠❛ ❡①t❡r♥❛ ✐♥❞✐❝❛ ❛ s♦♠❛ s♦❜r❡ t♦❞❛s ❛s n ❝é❧✉❧❛s ❝ú❜✐❝❛s✱ ♦ ❛♣óstr♦❢❡

✐♥❞✐❝❛ q✉❡ q✉❛♥❞♦ n = 0✱ ❝❛✐①❛ ♦r✐❣✐♥❛❧✱ ❞❡✈❡✲s❡ ❞❡s❝♦♥s✐❞❡r❛r ❛ ✐♥t❡r❛çã♦ ♣❛r❛

i = j✱ ♣♦✐s ♥ã♦ ♦❝♦rr❡ ✐♥t❡r❛çã♦ ❡♥tr❡ ❛ ♠❡s♠❛ ♣❛rtí❝✉❧❛ ♥❛ ♠❡s♠❛ ❝❛✐①❛✱ qi é ❛

❝❛r❣❛ ♥♦ sít✐♦ i ❡ n = Ln ♦♥❞❡ ▲ é ♦ t❛♠❛♥❤♦ ❞❛ ❝❛✐①❛ ❝ú❜✐❝❛ ❡ n é ✉♠ ✐♥t❡✐r♦

q✉❡ ✐♥❞✐❝❛ q✉❛❧ ré♣❧✐❝❛ ❡stá s❡♥❞♦ ❝♦♥s✐❞❡r❛❞❛✳ ❊st❛ ❡q✉❛çã♦ ❛♣❡s❛r ❞❡ ❡①❛t❛✱

❝♦♥✈❡r❣❡ ❧❡♥t❛♠❡♥t❡✳ ◆♦ ❡♥t❛♥t♦ é ♣♦ssí✈❡❧ r❡❡s❝r❡✈❡r ❡st❛ ❡q✉❛çã♦ ❝♦♠♦ ✉♠❛

s♦♠❛ ❞❡ t❡r♠♦s q✉❡ ❝♦♥✈❡r❣❡♠ ❝♦♠ ♠❛✐s r❛♣✐❞❡③✱ ❛♣❧✐❝❛♥❞♦ ❛ té❝♥✐❝❛ ❞❡ ❝á❧❝✉❧♦

❝♦♥❤❡❝✐❞❛ ❝♦♠♦ ❙♦♠❛ ❞❡ ❊✇❛❧❞ ❬✸✷❪✿

E = Edir + Erec + Ecorr ✭✷✳✶✾✮

❝♦♠ Edir s❡♥❞♦ ✉♠ s♦♠❛tór✐♦ ♥♦ ❡s♣❛ç♦ r❡❛❧✱ Erec ✉♠ s♦♠❛tór✐♦ ♥♦ ❡s♣❛ç♦ r❡❝í♣r♦❝♦

❡ Ecorr é ✉♠ ❢❛t♦r ❞❡ ❝♦rr❡çã♦ ❞❡✈✐❞♦ ❡st❛ s❡♣❛r❛çã♦✳
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❆ s♦♠❛ ❞❡ ❊✇❛❧❞ ❛♣r♦✈❡✐t❛ ❛s ❝❛r❛❝t❡ríst✐❝❛s ♣❡r✐ó❞✐❝❛s ❞❛ ❛♣❧✐❝❛çã♦ ❞❛s ❝♦♥✲

❞✐çõ❡s ❞❡ ❝♦♥t♦r♥♦ ♣❛r❛ ❝❛❧❝✉❧❛r ❛s ✐♥t❡r❛çõ❡s ❞❡ ❧♦♥❣♦ ❛❧❝❛♥❝❡ ❡♥tr❡ ✉♠❛ ❞❡✲

t❡r♠✐♥❛❞❛ ♣❛rtí❝✉❧❛ ❡ t♦❞❛s ❛s s✉❛s ✐♠❛❣❡♥s✱ s❡♥❞♦ ♥♦r♠❛❧♠❡♥t❡ ❛ té❝♥✐❝❛ ♠❛✐s

❛❞❡q✉❛❞❛ ❛♦ tr❛t❛♠❡♥t♦ ❞❛s ✐♥t❡r❛çõ❡s ❞❡ ❧♦♥❣♦ ❛❧❝❛♥❝❡✳ ❆ ✐❞é✐❛ ❞❡st❛ té❝♥✐❝❛

❝♦♥s✐st❡ ❡♠ ❡♥✈♦❧✈❡r ❝❛❞❛ ❝❛r❣❛ ♣♦♥t✉❛❧ ♣♦r ✉♠❛ ❞✐str✐❜✉✐çã♦ ●❛✉ss✐❛♥❛ ❞❡ ❝❛r❣❛✱

❞❡ ✐❣✉❛❧ ✐♥t❡♥s✐❞❛❞❡ ❡ s✐♥❛❧ ♦♣♦st♦✳ ❊st❛ ❛t♠♦s❢❡r❛ ❞❡ ❝❛r❣❛ ❝♦♠ ❞✐str✐❜✉✐çã♦

●❛✉ss✐❛♥❛ ❡♠ t♦r♥♦ ❞❛s ❝❛r❣❛s ♣♦♥t✉❛✐s t❡♠ ✉♠ ❡❢❡✐t♦ ❞❡ ❜❧✐♥❞❛❣❡♠✱ ❞❡ t❛❧ ♠♦❞♦

q✉❡ ❛s ✐♥t❡r❛çõ❡s ❛♥t❡r✐♦r♠❡♥t❡ ❞❡ ❧♦♥❣♦ ❛❧❝❛♥❝❡ ♣❛ss❛♠ ❛❣♦r❛ ❛ s❡r❡♠ ❞❡ ❝✉rt♦

❛❧❝❛♥❝❡✳

❉❡st❡ ♠♦❞♦✱ ♣♦❞❡♠♦s tr✉♥❝❛r ❛ s♦♠❛ ♥♦ ❡s♣❛ç♦ r❡❛❧ ❛ ✉♠❛ ❞❡t❡r♠✐♥❛❞❛ ❞✐s✲

tâ♥❝✐❛ rc✳ ◆♦r♠❛❧♠❡♥t❡ ❡s❝♦❧❤❡✲s❡ rc≤ ▲✴✷ ❞❡ ❢♦r♠❛ ❛ ❝♦♥s✐❞❡r❛r s♦♠❡♥t❡ ♥ ❂ ✭✵✱

✵✱ ✵✮ ♥♦ ❝á❧❝✉❧♦ ❞❡ Edir✳

❋✐♥❛❧♠❡♥t❡ r❡❝✉♣❡r❛✲s❡ ♦ s✐st❡♠❛ ♦r✐❣✐♥❛❧ ♣♦r ❛❞✐çã♦ ❞❛ ♠❡s♠❛ ❞✐str✐❜✉✐çã♦

❞❡ ❝❛r❣❛ ❞❡ t✐♣♦ ●❛✉ss✐❛♥❛✱ ♠❛s ❞❡ s✐♥❛❧ ♦♣♦st♦✳ ❖ ♣♦t❡♥❝✐❛❧ ❞❡✈✐❞♦ ❛ ❡st❛s

●❛✉ss✐❛♥❛s é ♦❜t✐❞♦ ❛ ♣❛rt✐r ❞❛ ❡q✉❛çã♦ ❞❡ P♦✐ss♦♥ ❡ é r❡s♦❧✈✐❞❛ ❝♦♠♦ ✉♠❛ sér✐❡

❞❡ ❋♦✉r✐❡r ♥♦ ❡s♣❛ç♦ r❡❝í♣r♦❝♦✳ ❆ss✐♠ Erec tr❛t❛✲s❡ ❞❡ ✉♠❛ s♦♠❛ s♦❜r❡ ❦ 6= ✭✵✱ ✵✱

✵✮ ❝♦♠ ❦ ❂ ✷πL−1(lx, ly, lz)✱ ❡ ❝♦♠ ❧①✱ ❧②✱ ❧③ ✐♥t❡✐r♦s✳ ❉❡✈❡✲s❡ ❛❞✐❝✐♦♥❛r ✉♠ t❡r♠♦

❞❡ ❝♦rr❡çã♦ ❞❡✈✐❞♦ ❛♦ ✉s♦ ❞❡ ✐♥t❡r❛çõ❡s ❡♥tr❡ ❞✐str✐❜✉✐çõ❡s ❞❡ ❝❛r❣❛s Ecorr✱ q✉❡ é

❝♦♥st❛♥t❡ ❬✶✷❪✳

❆ ❝♦♥✈❡r❣ê♥❝✐❛ ❞❛ s♦♠❛ ❞❡ ❊✇❛❧❞ é ❝♦♥tr♦❧❛❞❛ ♣♦r três ♣❛râ♠❡tr♦s✿ rc✱ ♦ r❛✐♦

❞❡ ❝♦rt❡ ♥♦ ❡s♣❛ç♦ r❡❛❧✱ α✱ ❛ ❞✐s♣❡rsã♦ ❞❛ ❞✐str✐❜✉✐çã♦ ❞❡ ❝❛r❣❛ ❣❛✉ss✐❛♥❛ ❡ kmax ♦

♠❛✐♦r ✈❡t♦r ❞♦ ❡s♣❛ç♦ r❡❝í♣r♦❝♦✳ ❯♠ ✈❛❧♦r ♥♦r♠❛❧♠❡♥t❡ ✉s❛❞♦ ♣❛r❛ α é ✺✴▲ ❬✶✷❪✳

❆s s♦♠❛s ❞❡ ❊✇❛❧❞ ❝♦♥✈❡♥❝✐♦♥❛✐s r❡q✉❡r❡♠ ✉♠ ❡❧❡✈❛❞♦ ❝✉st♦ ❝♦♠♣✉t❛❝✐♦♥❛❧

❡♠ ❢✉♥çã♦ ❞❛s ✐♥t❡r❛çõ❡s ❝r❡s❝❡r❡♠ ❝♦♠ N2 ♦✉ ❝♦♠ N3/2 s❡ ♦ ✈❛❧♦r ❞❡ α ❢♦r ❝r✐t❡✲

r✐♦s❛♠❡♥t❡ ❡s❝♦❧❤✐❞♦ ♦♥❞❡ N r❡♣r❡s❡♥t❛ ♦ ♥ú♠❡r♦ t♦t❛❧ ❞❡ sít✐♦s ♥♦ s✐st❡♠❛✳ ❊st❡

❢❛t♦ ❝♦♥st✐t✉✐ ✉♠ sér✐♦ ♣r♦❜❧❡♠❛ s❡ q✉✐s❡r♠♦s tr❛t❛r s✐st❡♠❛s ❝♦♠ ♠❛✐s ❞♦ q✉❡ 103

♣❛rtí❝✉❧❛s✳ ❊♥tr❡t❛♥t♦ ❛ té❝♥✐❝❛ P▼❊✲✏P❛rt✐❝❧❡ ▼❡s❤ ❊✇❛❧❞✑✱ ❞❡s❡♥✈♦❧✈✐❞❛ ❛tr❛✲

✈és ❞❡ ♠♦❞✐✜❝❛çã♦ s♦❜r❡ ❛ ❙♦♠❛ ❞❡ ❊✇❛❧❞ tr❛❞✐❝✐♦♥❛❧ ♣♦ss✐❜✐❧✐t❛ ❛ ✉t✐❧✐③❛çã♦ ❞❛

té❝♥✐❝❛ ❞❡ ❚r❛♥s❢♦r♠❛❞❛s ❞❡ ❋♦✉r✐❡r ❘á♣✐❞❛s ✭❋❋❚✮ ♣❛r❛ ♦ ❝á❧❝✉❧♦ ♥♦ ❡s♣❛ç♦ r❡❝í✲

♣r♦❝♦ ❡ r❡❞✉③ ❛ ❞✐♠❡♥sã♦ ❞❛s ✐♥t❡r❛çõ❡s ♣❛r❛ N log N ✱ ♣❡r♠✐t✐♥❞♦ tr❛t❛r s✐st❡♠❛

❝♦♠ ❞✐♠❡♥sã♦ ❞❛ ♦r❞❡♠ ❞❡ 104 sít✐♦s ✈✐❛ s♦♠❛ ❞❡ ❊✇❛❧❞ ❬✶✷✱✶✼✱✸✷✱✸✸❪✳
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2.5 Propriedades de Estrutura

2.5.1 Função de Distribuição Radial de Pares

P♦❞❡♠♦s ❛♥❛❧✐s❛r ❛ ❡str✉t✉r❛ ❞❡ ✉♠ ✢✉✐❞♦ ❛tr❛✈és ❞♦ ❝á❧❝✉❧♦ ❞❛ s✉❛ ❢✉♥çã♦ ❞❡

❞✐str✐❜✉✐çã♦ r❛❞✐❛❧ ❞❡ ♣❛r❡s✱ gαβ✭r✮✱ ♣♦✐s ❡❧❛ ❛♣r❡s❡♥t❛ ❛ ❞✐s♣♦s✐çã♦ ♠é❞✐❛ r❡❧❛t✐✈❛

❞❛s ♣❛rtí❝✉❧❛s β ❞❡ ✉♠❛ ♠♦❧é❝✉❧❛ ❡♠ t♦r♥♦ ❞❛ ♣❛rtí❝✉❧❛ ❝❡♥tr❛❧ α ♣❡rt❡♥❝❡♥t❡ ❛

♦✉tr❛ ♠♦❧é❝✉❧❛✱ ❡♠ ♦✉tr❛s ♣❛❧❛✈r❛s✱ gαβ✭r✮ r❡♣r❡s❡♥t❛ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ ❡♥❝♦♥tr❛r

✉♠❛ ♣❛rtí❝✉❧❛ β ❛ ✉♠❛ ❞✐stâ♥❝✐❛ r ❞❛ ♣❛rtí❝✉❧❛ α ♥❛ ♦r✐❣❡♠✱ ❞❡♥tr♦ ❞❡ ✉♠❛ ❝❛❧♦t❛

❡s❢ér✐❝❛ ❞❡ ❡s♣❡ss✉r❛ δr✱ r❡❧❛t✐✈❛♠❡♥t❡ à ❞✐str✐❜✉✐çã♦ ✉♥✐❢♦r♠❡ ❞❡ ♣❛rtí❝✉❧❛s s♦❜r❡

❛ ❝❛✐①❛✳ ❊st❛ ❢✉♥çã♦ é ❞❛❞❛ ♣♦r✿

gαβ(r) =
Nαβ(r)

4πr2∆rρβ

✭✷✳✷✵✮

♦♥❞❡ Nαβ✭r✮ ❝♦rr❡s♣♦♥❞❡ ❛♦ ♥ú♠❡r♦ ♠é❞✐♦ ❞❡ át♦♠♦s β ❧♦❝❛❧✐③❛❞♦s ❡♠ ✉♠❛ ❝❛✲

❧♦t❛ ❡s❢ér✐❝❛ ❝♦♠ ❡s♣❡ss✉r❛ δr ❛ ✉♠❛ ❞✐stâ♥❝✐❛ r ❞♦ át♦♠♦ α ❡ ρβ é ❛ ❞❡♥s✐❞❛❞❡

♥✉♠ér✐❝❛ ♠é❞✐❛ ❞❡ át♦♠♦s β ❞♦ ✢✉✐❞♦✳ ❊ss❛ ❢✉♥çã♦ ❞❡ ❞✐str✐❜✉✐çã♦ r❛❞✐❛❧ ❞❡

♣❛r❡s✱ ♥♦r♠❛❧♠❡♥t❡ r❡♣r❡s❡♥t❛❞❛ ❛♣❡♥❛s ♣♦r g(r)✱ ♣♦❞❡ s❡r ❞❡t❡r♠✐♥❛❞❛ ❡①♣❡r✐✲

♠❡♥t❛❧♠❡♥t❡ ❛tr❛✈és ❞❡ ♠❡❞✐❞❛s ❞❡ ❞✐❢r❛çã♦ ❞❡ r❛✐♦s✲❳ ♦✉ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦ ❞❡

♥ê✉tr♦♥s ❬✸✹✱✸✺❪✳

◆❛s s✐♠✉❧❛çõ❡s ❞❡ ▼❉ ❛s ❢✉♥çõ❡s ❣✭r✮ sã♦ ❞❡t❡r♠✐♥❛❞❛s ❛tr❛✈és ❞❛ ❝♦♥str✉çã♦

❞❡ ✉♠ ❤✐st♦❣r❛♠❛ ❞♦ ♥ú♠❡r♦ ❞❡ ♣❛rtí❝✉❧❛s β ❡①✐st❡♥t❡ ❡♠ ✐♥t❡r✈❛❧♦s ❞❡ t❛♠❛♥❤♦

∆r ❞❡ ✵ ❛ r✱ ♥♦r♠❛❧✐③❛❞❛s ♣❡❧♦ ♥ú♠❡r♦ ❡s♣❡r❛❞♦ ❞❡ ♣❛rtí❝✉❧❛s ❞❡♥tr♦ ❞❛ ❝❛s❝❛

❡s❢ér✐❝❛ ❞❡ ❡s♣❡ss✉r❛ ∆r ❡♠ ✉♠❛ ❞✐str✐❜✉✐çã♦ ❝♦♠♣❧❡t❛♠❡♥t❡ ❛❧❡❛tór✐❛ ♥❛ ♠❡s♠❛

❞❡♥s✐❞❛❞❡ ❞♦ s✐st❡♠❛ ❡st✉❞❛❞♦✳

❉❡ss❛ ♠❛♥❡✐r❛✱ ❛❧t❡r❛çõ❡s ♥❛ ❞❡♥s✐❞❛❞❡ ❧♦❝❛❧ ❡♠ t♦r♥♦ ❞❛ ♠♦❧é❝✉❧❛ α ♣r♦❞✉③✐✲

rã♦ ✈❛❧♦r❡s ❞✐❢❡r❡♥t❡s ❞❡ ✉♠ ♣❛r❛ ❣✭r✮ ♣ró①✐♠♦ à ♠♦❧é❝✉❧❛ ❡ ♣❛r❛ ✈❛❧♦r❡s ❣r❛♥❞❡s

❞❡ r t❡♠♦s g(r) = 1✳ ❆ ✜❣✉r❛ ✷✳✶ ❛♣r❡s❡♥t❛ ❛ ❢✉♥çã♦ ❞❡ ❞✐str✐❜✉✐çã♦ r❛❞✐❛❧ ❞❡

♣❛r❡s ❡♥tr❡ ♦s ❝❛r❜♦♥♦s ❞♦s ❈❖2✱ ❡q✉✐✈❛❧❡♥t❡ ❛ ❞✐str✐❜✉✐çã♦ ❡♥tr❡ ♦s ❝❡♥tr♦s ❞❡

♠❛ss❛✳ P❛r❛ ❞❡♥s✐❞❛❞❡ ❜❛✐①❛ ✭✵✱✶✶✼ ❣✴❝♠3✮ ❛ ❝✉r✈❛ é tí♣✐❝❛ ❞❡ ❣❛s❡s✱ ❛♣r❡s❡♥✲

t❛♥❞♦ s♦♠❡♥t❡ ✉♠ ♣✐❝♦ ❞❡✜♥✐❞♦ ❡ ♣❛r❛ ❞❡♥s✐❞❛❞❡ ❛❧t❛ ❡❧❛ ❛♣r❡s❡♥t❛ ♦ ❛s♣❡❝t♦ ❞❡

❞✐str✐❜✉✐çã♦ ❞❡ ❧íq✉✐❞♦s✱ ♠❛✐s ❡str✉t✉r❛❞❛s✱ ❝♦♠ ❛ ♣r❡s❡♥ç❛ ❞❡ ♠á①✐♠♦s ❡ ♠í♥✐♠♦s

❧♦❝❛✐s ♠❛✐s ❞❡✜♥✐❞♦s✳
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Figura 2.1. ❋✉♥çã♦ ❞❡ ❞✐str✐❜✉✐çã♦ r❛❞✐❛❧ ❞♦ ❈❖2 ♣❛r❛ ❞❡♥s✐❞❛❞❡s ❞❡ ✵✱✶✶✼ ❡ ✵✱✾✸✽

❣✴❝♠3 ♥❛ t❡♠♣❡r❛t✉r❛ ❞❡ ✸✶✸❑✳

2.5.2 Número de Coordenação

❖ ♥ú♠❡r♦ ❞❡ ❝♦♦r❞❡♥❛çã♦ r❡♣r❡s❡♥t❛ ♦ ♥ú♠❡r♦ ♠é❞✐♦ t♦t❛❧ ❞❡ ♠♦❧é❝✉❧❛s β

❡①✐st❡♥t❡s ♥✉♠❛ ❡s❢❡r❛ ❞❡ r❛✐♦ rc ❝❡♥tr❛❞❛ ♥❛ ♣❛rtí❝✉❧❛ α ❡ r❡♣r❡s❡♥t❛❞♦ ♣♦r ◆c✳

❊❧❡ é ❝❛❧❝✉❧❛❞♦ ❛tr❛✈és ❞❛ ✐♥t❡❣r❛çã♦ ❞❡ g(r) ❡♠ ❝♦♦r❞❡♥❛❞❛s ❡s❢ér✐❝❛s ❞❡s❞❡ ❛

♦r✐❣❡♠ ❛té ✉♠❛ ❞✐stâ♥❝✐❛ rc✿

Nc = 4πρ
∫ rc

0
g(r)r2dr ✭✷✳✷✶✮

s❡♥❞♦ rc ♦ r❛✐♦ ❞❡ ❝♦♦r❞❡♥❛çã♦ ❡ ρ ❛ ❞❡♥s✐❞❛❞❡ ♠é❞✐❛ ❞❛ ❝❛✐①❛✳ P❛r❛ ♦ ♥ú♠❡r♦ ❞❡

❝♦♦r❞❡♥❛çã♦ ❞❛ ♣r✐♠❡✐r❛ ❝❛♠❛❞❛✱ r❡♣r❡s❡♥t❛❞♦ ♣♦r N1✱ ♦ rc é ❛ ♣♦s✐çã♦ ❞♦ ♣r✐♠❡✐r♦

♠í♥✐♠♦ ❧♦❝❛❧ ❞❡ g(r)✳

2.5.3 Distribuição das Ligações de Hidrogênio

P❛r❛ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛s ❧✐❣❛çõ❡s ❞❡ ❍✐❞r♦❣ê♥✐♦ ✐♥t❡r♠♦❧❡❝✉❧❛r❡s ❢♦✐ ✉t✐❧✐③❛❞♦

♦ ❝r✐tér✐♦ ❣❡♦♠étr✐❝♦✿ ❞✉❛s ♠♦❧é❝✉❧❛s ❢♦r♠❛♠ ❧✐❣❛çã♦ ❞❡ ❍✐❞r♦❣ê♥✐♦ ❡♥tr❡ s✐ s❡

❛ ❞✐stâ♥❝✐❛ ❡♥tr❡ s❡✉s sít✐♦s (X · · ·Y ) ❢♦r ♠❡♥♦r ♦✉ ✐❣✉❛❧ ❛ ✸✱✺ ➴✱ ❛ ❞✐stâ♥❝✐❛

X · · ·H ❢♦r ♠❡♥♦r ♦✉ ✐❣✉❛❧ ❛ ✷✱✻ ➴ ❡ ♦ â♥❣✉❧♦ ̂X · · ·H − Y ❢♦r ♠❡♥♦r ♦✉ ✐❣✉❛❧

❛ 30◦✳ ❖ ❝r✐tér✐♦ ❣❡♦♠étr✐❝♦ é ❝♦♥s✐❞❡r❛❞♦✱ ❡♠ ♠✉✐t❛s s✐t✉❛çõ❡s✱ ❡q✉✐✈❛❧❡♥t❡ ❛♦
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❝r✐tér✐♦ ❡♥❡r❣ét✐❝♦ ❬✸✻❪ ❡ é ♠❛✐s s✐♠♣❧❡s ❞❡ s❡r ✐♠♣❧❡♠❡♥t❛❞♦ ❛tr❛✈és ❞❡ ❛❧❣♦r✐t♠♦s

❞❡ ❛♥á❧✐s❡ ❞❡ s✐♠✉❧❛çõ❡s ♣♦r ▼❉✳

2.5.4 Função de Distribuição da Camada de Solvatação

▼❛r♦♥❝❡❧❧✐ ❡ ❝♦❧❛❜♦r❛❞♦r❡s ❛♣r❡s❡♥t❛r❛♠✱ r❡❝❡♥t❡♠❡♥t❡✱ ♥♦✈♦s ♠ét♦❞♦s ❞❡ ♠❡✲

❞✐❞❛s ❞❡ ❞❡♥s✐❞❛❞❡ ❧♦❝❛❧ ❡♠♣r❡❣❛♥❞♦ s✐♠✉❧❛çõ❡s ❞❡ ▼❉ ❬✸✼✱ ✸✽❪✳ ❊♥tr❡ ❡ss❛s ♠❡✲

❞✐❞❛s ❡stá ❛ ❢✉♥çã♦ ❞❡ ❞✐str✐❜✉✐çã♦ ❞❛s ❝❛♠❛❞❛s ❞❡ s♦❧✈❛t❛çã♦✱ gss(s)✱ q✉❡ ❝❛❧❝✉❧❛

❛ ❞✐str✐❜✉✐çã♦ ❞❛s ♠♦❧é❝✉❧❛s ❞❡ s♦❧✈❡♥t❡ ❡♠ t♦r♥♦ ❞❛ s✉♣❡r❢í❝✐❡ ❞♦ s♦❧✉t♦✳ ❆ ❞✐✲

❢❡r❡♥ç❛ ❞❡st❛ ❢✉♥çã♦ ❞❡ ❞✐str✐❜✉✐çã♦ ❡♠ r❡❧❛çã♦ à ❢✉♥çã♦ g(r) ❞❡✜♥✐❞❛ ♥❛ ❡q✉❛çã♦

✷✳✷✵ ❡st❛ ♥❛ ✈❛r✐á✈❡❧ ❞❛ ❢✉♥çã♦ ❞❡ ❞✐str✐❜✉✐çã♦✳ ❆ ✈❛r✐á✈❡❧ s é ❛ ❞✐stâ♥❝✐❛ ❡♥tr❡ ♦

❝❡♥tr♦ ❞❡ ♠❛ss❛ ❞❡ ✉♠❛ ♠♦❧é❝✉❧❛ ❞♦ s♦❧✈❡♥t❡ ❡♠ r❡❧❛çã♦ ❛♦ sít✐♦ ❞♦ s♦❧✉t♦ ♠❛✐s

♣ró①✐♠♦ ❛ ❡❧❡✱ ♣❛r❛ q✉❛❧q✉❡r ♦r✐❡♥t❛çã♦ ❞♦ s♦❧✈❡♥t❡ ❡♠ r❡❧❛çã♦ ❛♦ s♦❧✉t♦ ❬✸✼❪✳ ◆♦

❡sq✉❡♠❛ ❛♣r❡s❡♥t❛❞♦ ♥❛ ✜❣✉r❛ ✷✳✷ ♣♦❞❡✲s❡ ♦❜s❡r✈❛r ❛ ✈❛r✐á✈❡❧ s ❡♥tr❡ ♦s s♦❧✈❡♥t❡s

❡ ♦ s♦❧✉t♦✳

Figura 2.2. ❊sq✉❡♠❛ ❛♣r❡s❡♥t❛♥❞♦ ❛ ✈❛r✐á✈❡❧ s ❡♠♣r❡❣❛❞❛ ♥❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ❢✉♥çã♦

gss(s)✳

❋♦r♠❛❧♠❡♥t❡ gss(s) é ❞❡t❡r♠✐♥❛❞❛ ♣❡❧❛ ♠é❞✐❛ ❞❡ ❡♥s❡♠❜❧❡

gss(s) ≡
〈
exp

{
−u(s, ~Ω)/kBT

}〉
s(~Ω,r)

, ✭✷✳✷✷✮

♦♥❞❡ u é ❛ ❡♥❡r❣✐❛ ❞❡ ✐♥t❡r❛çã♦ s♦❧✈❡♥t❡✲s♦❧✉t♦ ❡ s✭~Ω✱r✮ ✐♥❞✐❝❛ q✉❡ ❛ ♠❡❞✐❞❛ é

❢❡✐t❛ s♦❜r❡ t♦❞❛s ❛s ♦r✐❡♥t❛çõ❡s ❞♦ s♦❧✈❡♥t❡ r❡❧❛t✐✈❛s ❛♦ s♦❧✉t♦✳ ❆ ✈❛♥t❛❣❡♠ ❞❛

❢✉♥çã♦ ❞❡ ❞✐str✐❜✉✐çã♦ ❞❛s ❝❛♠❛❞❛s ❞❡ s♦❧✈❛t❛çã♦✱ gss✱ s♦❜r❡ ❛ g(r) tr❛❞✐❝✐♦♥❛❧ é

q✉❡ ❡❧❛ r❡♣r❡s❡♥t❛ ♠❡❧❤♦r ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ ❡♥❝♦♥tr❛r ✉♠❛ ♠♦❧é❝✉❧❛ ❞❡ s♦❧✈❡♥t❡

♥❛s ❝❛♠❛❞❛s ❞❡ s♦❧✈❛t❛çã♦ ❞♦ s♦❧✉t♦✱ ✐♥❞❡♣❡♥❞❡♥t❡♠❡♥t❡ ❞❛ ❢♦r♠❛ ❞❡st❡ s♦❧✉t♦✳
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◆❛ ✜❣✉r❛ ✺✳✶ t❡♠♦s ✉♠❛ ❝♦♠♣❛r❛çã♦ ❡♥tr❡ ❛ ❢✉♥çã♦ g(r) tr❛❞✐❝✐♦♥❛❧ ❡ ❛ ❣ss✭s✮ ♣❛r❛

❛ ❝❛❢❡í♥❛✳ ❆ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ❡st❛s ❞✉❛s ❢✉♥çõ❡s é ♠❛✐s ❛❝❡♥t✉❛❞❛ ♣❛r❛ s♦❧✉t♦s q✉❡

♣♦ss✉❡♠ ✉♠❛ ❡str✉t✉r❛ ♠♦❧❡❝✉❧❛r ♠✉✐t♦ ❞✐❢❡r❡♥t❡ ❞❛ ❢♦r♠❛ ❡s❢ér✐❝❛✳

❖ ❤✐st♦❣r❛♠❛ ♣❛r❛ ❛ ❝♦♥str✉çã♦ ❞❡st❛ ❢✉♥çã♦ é s✐♠✐❧❛r ❛♦ ❞❛ ❢✉♥çã♦ ❞❡ ❞✐str✐✲

❜✉✐çã♦ r❛❞✐❛❧ ❞❡ ♣❛r❡s✱ ♠❛s s✉❛ ♥♦r♠❛❧✐③❛çã♦ é ♠❛✐s ❝♦♠♣❧❡①❛ ❞♦ q✉❡ ❛ ❞❡ g(r)✱

♣♦✐s ♥❡ss❡ ❝❛s♦ ❛ ❞✐str✐❜✉✐çã♦ ❛❧❡❛tór✐❛ ❞❛s ♠♦❧é❝✉❧❛s ♥ã♦ é r❛❞✐❛❧✱ ❡❧❛ ❞❡♣❡♥❞❡

❞✐r❡t❛♠❡♥t❡ ❞❛ ❢♦r♠❛ ❞♦ s♦❧✉t♦ ❡ ♥ã♦ s❡ ♣♦❞❡ ✉s❛r ✉♠❛ ❢✉♥çã♦ ❣❡r❛❧ ♣❛r❛ ❞❡t❡r✲

♠✐♥❛r ♦ ♥ú♠❡r♦ ❡s♣❡r❛❞♦ ❞❡ ♠♦❧é❝✉❧❛s✳ ◆❡st❡ ❝❛s♦ ❢♦✐ ♥❡❝❡ssár✐♦ ❞❡t❡r♠✐♥❛r ❛

❞✐str✐❜✉✐çã♦ ❛❧❡❛tór✐❛ ♣❛r❛ ❝❛❞❛ ✉♠ ❞♦s s♦❧✉t♦s ❡ ♣❛r❛ ❝❛❞❛ ❞❡♥s✐❞❛❞❡ ❡st✉❞❛❞❛✳

❉❡t❛❧❤❡s ♠❛✐s ❢♦r♠❛✐s s♦❜r❡ ❛ ❢✉♥çã♦ gss sã♦ ❡♥❝♦♥tr❛❞♦s ❡♠ ❬✸✼❪ ❡ ❬✸✽❪✳

P❛r❛ ❞❡t❡r♠✐♥❛r ❛ ❢♦r♠❛ ❞❛ ❞✐str✐❜✉✐çã♦ ❞❛ ♥♦r♠❛❧✐③❛çã♦ ❢♦r❛♠ ✉s❛❞❛s ❞✉❛s

❛❜♦r❞❛❣❡♥s✱ ✉♠❛ ❣❡r❛♥❞♦ ❛❧❣✉♠❛s ❝❡♥t❡♥❛s ❞❡ ❝♦♥✜❣✉r❛çõ❡s ❛❧❡❛tór✐❛s ❝♦♠ ♦ ❛✉✲

①í❧✐♦ ❞♦ ♣r♦❣r❛♠❛ P❛❝❦▼♦❧✳ ❆ ❛❧❡❛t♦r✐❡❞❛❞❡ ❢♦✐ ❣❛r❛♥t✐❞❛ ♠♦❞✐✜❝❛♥❞♦ ♦ ♣r♦❣r❛♠❛

❞❡ ❢♦r♠❛ ❛ ❛❧t❡r❛r✱ ❛ ❝❛❞❛ ❡①❡❝✉çã♦✱ ♦ ♥ú♠❡r♦ r❛♥❞ô♠✐❝♦ ✉s❛❞♦ ♥❛ ❞❡t❡r♠✐♥❛çã♦

❞❛s ♣♦s✐çõ❡s ✐♥✐❝✐❛✐s ❞❛s ♠♦❧é❝✉❧❛s ♥❛ ❝❛✐①❛✳ ◆❛ ♦✉tr❛ ❛❜♦r❞❛❣❡♠ ❢♦✐ r❡❛❧✐③❛❞❛ ♠♦✲

❞✐✜❝❛çõ❡s ❡♠ ❛❧❣✉♠❛s r♦t✐♥❛s ❞♦ ♣❛❝♦t❡ ❞❡ s✐♠✉❧❛çã♦ ❚■◆❑❊❘ ❞❡ ♠❛♥❡✐r❛ q✉❡✱

❛♣ós ✉♠ t❡♠♣♦ ❞❡ t❡r♠❛❧✐③❛çã♦✱ ♣❛r❛ ❣❛r❛♥t✐r ✉♠❛ ❞✐str✐❜✉✐çã♦ ❛❧❡❛tór✐❛ ❞❡ ✈❡❧♦❝✐✲

❞❛❞❡s✱ ❛s ✐♥t❡r❛çõ❡s ✐♥t❡r♠♦❧❡❝✉❧❛r❡s ❢♦r❛♠ ❞❡s❧✐❣❛❞❛s✳ ❉❡ s♦rt❡ q✉❡ ✉♠❛ ♠♦❧é❝✉❧❛

♥ã♦ ♣❡r❝❡❜❡ss❡ ♠❛✐s ❛ ❡①✐stê♥❝✐❛ ❞❛s ♦✉tr❛s ❡ ♠♦✈✐♠❡♥t❛ss❡ ❧✐✈r❡♠❡♥t❡ ♣❡❧❛ ❝❛✐①❛

❞❡ s✐♠✉❧❛çã♦ s❡♠ ❛ ✐♥✢✉ê♥❝✐❛ ❞❛s ✐♥t❡r❛çõ❡s ❝♦♠ s✉❛s ✈✐③✐♥❤❛s✳ ❆s ❞✉❛s ❢♦r♠❛s ❞❡

❣❡r❛r ❛ ❢✉♥çã♦ ❞❡ ♥♦r♠❛❧✐③❛çã♦ ❞❛ gss(s) ❛♣r❡s❡♥t❛r❛♠✲s❡ ❡q✉✐✈❛❧❡♥t❡s ❡ ♦♣t❛♠♦s

♣❡❧♦ ✉s♦ ❞♦ ♣❛❝♦t❡ ❞❡ s✐♠✉❧❛çã♦ ♠♦❞✐✜❝❛❞♦ ♣❡❧❛ r❛♣✐❞❡③ r❡❧❛t✐✈❛ ♥❛ ♦❜t❡♥çã♦ ❞❛s

❢✉♥çõ❡s✳

P♦❞❡✲s❡ ♠♦str❛r t❛♠❜é♠ q✉❡ ❛ ❢✉♥çã♦ gss(s) é ✉♠❛ ♠❡❞✐❞❛ ❛♥á❧♦❣❛ ❞♦ ♣♦t❡♥❝✐❛❧

❞❡ ❢♦rç❛ ♠é❞✐❛ ❡♠ s✐st❡♠❛s ❛tô♠✐❝♦s ❡ q✉❡ s❡ r❡❧❛❝✐♦♥❛ ❛ ✉♠❛ ❢♦r♠❛ ❞❡ ♣❡r✜❧ ♦✉

❢✉♥çã♦ ❞❡ ❡♥❡r❣✐❛ ❧✐✈r❡✿

aΩ(s) = −kBT lngss(s) ✭✷✳✷✸✮

♦♥❞❡ ♦ ♠í♥✐♠♦ ❞❛ ❢✉♥çã♦ aΩ(s) r❡♣r❡s❡♥t❛ ♦ ❜❡♥❡❢í❝✐♦ ❡♠ t❡r♠♦s ❞❡ ❡♥❡r❣✐❛ ❧✐✈r❡

❞♦ s♦❧✈❡♥t❡ ♣❡r♠❛♥❡❝❡r ♥❛ ♣r✐♠❡✐r❛ ❝❛♠❛❞❛ ❞❡ s♦❧✈❛t❛çã♦ ❬✸✽❪✳
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2.6 Propriedades Dinâmicas

■♥✈❡st✐❣❛♠♦s ❛s ♣r♦♣r✐❡❞❛❞❡s ❞✐♥â♠✐❝❛s ❡♠ t❡r♠♦s ❞♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ ❛✉t♦✲

❞✐❢✉sã♦ ❡ ❞❛s ❢✉♥çõ❡s ❞❡ ❝♦rr❡❧❛çã♦ r❡♦r✐❡♥t❛❝✐♦♥❛✐s✳

2.6.1 Coeficiente de Autodifusão

❯♠❛ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ❞✐♥â♠✐❝❛s ❡st✉❞❛❞❛s ❢♦✐ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❛✉t♦❞✐❢✉sã♦ ✭❉✮✳

❖ ❝♦♥❤❡❝✐♠❡♥t♦ ❞❡ss❡ ❝♦❡✜❝✐❡♥t❡ é ✐♠♣♦rt❛♥t❡ ♣❛r❛ ❛ ♠♦❞❡❧❛❣❡♠ ❞❡ s✐st❡♠❛s ❞❡

❡①tr❛çã♦ ❡✴♦✉ s❡♣❛r❛çã♦ ♦♥❞❡ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛ t❛①❛ ❞❡ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ♠❛ss❛ é

♥❡❝❡ssár✐❛✳

❊❧❡ ♣♦❞❡ s❡r ❝❛❧❝✉❧❛❞♦ ❛ ♣❛rt✐r ❞♦ ❞❡s❧♦❝❛♠❡♥t♦ ♠é❞✐♦ ❞❛ ♠♦❧é❝✉❧❛ ❛tr❛✈és ❞❛

r❡❧❛çã♦ ❞❡ ❊✐♥st❡✐♥ ❬✶✷❪✿

D = lim
t→∞

1

2dt

〈
|r(t) − r(0)|2

〉
, ✭✷✳✷✹✮

s❡♥❞♦ r(t) ❛ ♣♦s✐çã♦ ❞♦ ❝❡♥tr♦ ❞❡ ♠❛ss❛ ❞❛ ♣❛rtí❝✉❧❛ ♥♦ ✐♥st❛♥t❡ ❞❡ t❡♠♣♦ t✱ r(0)

❛ ♣♦s✐çã♦ ♥♦ ✐♥st❛♥t❡ ✐♥✐❝✐❛❧ ❡ d é ❛ ❞✐♠❡♥s✐♦♥❛❧✐❞❛❞❡ ❞♦ s✐st❡♠❛✱ ♥♦ ♥♦ss♦ ❝❛s♦

d = 3✳ ❊st❡ ♠ét♦❞♦ ♣❡r♠✐t❡ ♦ ❝á❧❝✉❧♦ ❞♦ D s❡♠ ❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ ❛r♠❛③❡♥❛r ❛s

✈❡❧♦❝✐❞❛❞❡s ❞❛s ♣❛rtí❝✉❧❛s ❞♦ s✐st❡♠❛✳ ◆❛ ♣rát✐❝❛ ♦ ❣rá✜❝♦ (r(t)−r(0))2×t ❢♦r♥❡❝❡

✉♠❛ ❝✉r✈❛ ❝✉❥♦ ❝♦❡✜❝✐❡♥t❡ ❛♥❣✉❧❛r✱ ❝❛❧❝✉❧❛❞♦ ♥♦ ❧✐♠✐t❡ ❛ss✐♥tót✐❝♦ t → ∞✱ é ✻ ✈❡③❡s

♦ ✈❛❧♦r ❞♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❞✐❢✉sã♦✳

2.6.2 Função de Autocorrelação Temporal

❆ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ r❡♦r✐❡♥t❛❝✐♦♥❛❧ r❡✢❡t❡ ❛ ❡✈♦❧✉çã♦ t❡♠♣♦r❛❧ ❞❡ ✉♠ ✈❡t♦r

✉♥✐tár✐♦ ✉ ❛❥✉❞❛♥❞♦ ❛ ❝❛r❛❝t❡r✐③❛r ♦ ♠♦✈✐♠❡♥t♦ ❞❛s ♠♦❧é❝✉❧❛s✳ ❆ ❢♦r♠❛ ❣❡r❛❧

❞❡ss❛ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ ❡ ❞❛❞❛ ♣♦r✿

Cl(t) = 〈Pl(~u(t).~u(0))〉 ✭✷✳✷✺✮

s❡♥❞♦ Pl ♦ ♣♦❧✐♥ô♠✐♦ ❞❡ ▲❡❣❡♥❞r❡ ❞❡ ♦r❞❡♠ l ❡ ~u ✉♠ ✈❡t♦r ✉♥✐tár✐♦ q✉❡ ❞❡t❡r♠✐♥❛ ❛

♦r✐❡♥t❛çã♦ ❞❡ ✉♠ ❡✐①♦ ♠♦❧❡❝✉❧❛r q✉❛❧q✉❡r ❡♠ ✉♠ ❞❛❞♦ ✐♥st❛♥t❡ t✳ P❛r❛ l❂✶ t❡♠♦s

P1(x) = x ❡ ♣❛r❛ l❂✷ t❡♠♦s P2(x) = 1
2
(3x2 − 1)✳ ◗✉❛♥❞♦ ~u ❝♦rr❡s♣♦♥❞❡ ❛♦ ❞✐♣♦❧♦

✉♥✐tár✐♦ ❞❛ ♠♦❧é❝✉❧❛ ❛ ❢✉♥çã♦ ♣❛r❛ l❂✶ ♣♦❞❡ s❡r ❛♣r♦①✐♠❛❞❛♠❡♥t❡ r❡❧❛❝✐♦♥❛❞❛

❛♦ ❡s♣❡❝tr♦ ❞❡ ✐♥❢r❛✲✈❡r♠❡❧❤♦ ❡ ♣❛r❛ l❂✷ ❛♦ ❡s♣❡❝tr♦ ❘❛♠❛♥✳ P❛r❛ ♦ ❈❖2 ~u ❢♦✐
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❞❡✜♥✐❞♦ ❛♦ ❧♦♥❣♦ ❞♦ ❡✐①♦ ❞❛s ❧✐❣❛çõ❡s ❖❂❈❂❖ ❡ ♣❛r❛ ♦s s♦❧✉t♦s ❢♦✐ ✉s❛❞♦ ♦ ✈❡t♦r

✉♥✐tár✐♦ ❞♦ ❞✐♣♦❧♦ ❞❛ ♠♦❧é❝✉❧❛✳

2.7 Detalhes computacionais

2.7.1 Custo computacional

◗✉❛♥❞♦ t❡♠♦s ✉♠ s✐st❡♠❛ ❝♦♠♣♦st♦ ♣♦r ❞✐✈❡rs❛s ♠♦❧é❝✉❧❛s ✐❣✉❛✐s✱ ❝♦♠♦ ❡♠

s✐♠✉❧❛çõ❡s ❞❡ ❧íq✉✐❞♦s ♣✉r♦s✱ ♦✉ ✈ár✐❛s ♠♦❧é❝✉❧❛s ❞❡ ❝❛❞❛ ❡s♣é❝✐❡ ❡♠ ✉♠❛ ♠✐st✉r❛✱

❛s ❛♥á❧✐s❡s ✜❝❛♠ ❢❛✈♦r❡❝✐❞❛s ♣♦✐s ❡♠ ✉♠❛ ❝♦♥✜❣✉r❛çã♦ ♣♦❞❡♠♦s r❡♣❡t✐r ❛s ♠❡❞✐❞❛s

♣❛r❛ ❝❛❞❛ ♠♦❧é❝✉❧❛ ❞❛ ♠❡s♠❛ ❡s♣é❝✐❡✳ ❏á ♣❛r❛ s✐st❡♠❛s ♦♥❞❡ t❡♠♦s ❛ ♣r❡s❡♥ç❛

❞❡ ❛♣❡♥❛s ✉♠❛ ♠♦❧é❝✉❧❛ ❞❡ ✐♥t❡r❡ss❡✱ ♦ q✉❡ ♦❝♦rr❡ ♥♦s s✐st❡♠❛s ❛q✉✐ ❡st✉❞❛❞♦s✱ é

♥❡❝❡ssár✐♦ ✉♠ ♥ú♠❡r♦ ❡①♣r❡ss✐✈♦ ❞❡ ❝♦♥✜❣✉r❛çõ❡s ♣❛r❛ ❣❡r❛r ❡st❛tíst✐❝❛s s✉✜❝✐❡♥t❡s

♣❛r❛ ✉♠❛ ❛♥á❧✐s❡ ❝♦♥✜á✈❡❧ ♣♦✐s ❝❛❞❛ ❝♦♥✜❣✉r❛çã♦ só ♣❡r♠✐t❡ ❣❡r❛r ♠❡❞✐❞❛s ❡♠

r❡❧❛çã♦ ❛ ✉♠❛ ♠♦❧é❝✉❧❛ ❞❡ ✐♥t❡r❡ss❡✳

P❛r❛ t❡r♠♦s ✉♠❛ ✐❞é✐❛ ❞♦s t❡♠♣♦s ❞❡ s✐♠✉❧❛çã♦ ❡♥✈♦❧✈✐❞♦s ❡♠ ✉♠ ❡st✉❞♦ ♣♦r

❞✐♥â♠✐❝❛ ♠♦❧❡❝✉❧❛r ❛♣r❡s❡♥t❛♠♦s ♥❛ t❛❜❡❧❛ ✷✳✶ ♦s t❡♠♣♦s ❞❡ s✐♠✉❧❛çã♦ ❞❡ ❛❧❣✉♥s

❞♦s s✐st❡♠❛s ❛q✉✐ ❡st✉❞❛❞♦s ❡ q✉❡ s❡rã♦ ❛♣r❡s❡♥t❛❞♦s ♥♦s ❝❛♣ít✉❧♦s s❡❣✉✐♥t❡s✳ ❆s

tr❛❥❡tór✐❛s ❢♦r❛♠ ❣❡r❛❞❛s ❛tr❛✈és ❞♦ ✉s♦ ❞♦ ♣❛❝♦t❡ ❞❡ s✐♠✉❧❛çã♦ ❚■◆❑❊❘ ❬✶✾❪✳

❊st❡s t❡♠♣♦s ❢♦r❛♠ ❞❡t❡r♠✐♥❛❞♦s ♣❛r❛ ✉♠❛ ú♥✐❝❛ s✐♠✉❧❛çã♦ ♣♦r ♣r♦❝❡ss❛❞♦r✳ ❙❡

♦❝♦rr❡r ♦ ❝♦♠♣❛rt✐❧❤❛♠❡♥t♦ ❞❡ ♣r♦❝❡ss♦s ❡st❡s t❡♠♣♦s ❝r❡s❝❡rã♦✳

❆s ♠❛✐♦r❡s ✐♥✢✉ê♥❝✐❛s ❢♦r❛♠ ❛ ❞❡♥s✐❞❛❞❡ ❞♦ s✐st❡♠❛ ❡ ♦ ♣❛ss♦ ❞❡ s✐♠✉❧❛çã♦

❡♠♣r❡❣❛❞♦✳ P♦❞❡✲s❡ ♦❜s❡r✈❛r q✉❡ ♦s s✐st❡♠❛s ❝♦♠ ❜❛✐①❛ ❞❡♥s✐❞❛❞❡ ♣♦ss✉❡♠ ✉♠

t❡♠♣♦ ♠❛✐♦r ❞❡ ♣r♦❝❡ss❛♠❡♥t♦✳ ❖ ❛❧❣♦r✐t♠♦ ❘❆❚❚▲❊ ♥❡❝❡ss✐t❛ ❞❡ ♠❛✐s ✐♥t❡r❛çõ❡s

♣❛r❛ ❝♦♥s❡r✈❛r ♦s ✈í♥❝✉❧♦s ❞❛s ♠♦❧é❝✉❧❛s rí❣✐❞❛s ❞❡♥tr♦ ❞❛ t♦❧❡râ♥❝✐❛ ❞♦ s✐st❡♠❛

♣♦✐s ♦ ❞❡s❧♦❝❛♠❡♥t♦ ♠♦❧❡❝✉❧❛r é ♠❛✐♦r ❞♦ q✉❡ ♥♦s s✐st❡♠❛s ❝♦♠ ❛❧t❛ ❞❡♥s✐❞❛❞❡✳

❖✉tr♦ ❢❛t♦r ❞❡t❡r♠✐♥❛♥t❡ é ♦ ♣❛ss♦ ❞❡ s✐♠✉❧❛çã♦ ❡♠♣r❡❣❛❞♦✳ ❯♠ ♣❛ss♦ ♠❛✐♦r

❞✐♠✐♥✉✐ ♦ t❡♠♣♦ ❞❡ s✐♠✉❧❛çã♦ ❡♠ ❝♦♥tr❛♣❛rt✐❞❛ ❛✉♠❡♥t❛ ♦s ❡rr♦s ❡♥✈♦❧✈✐❞♦s ♥♦

♣r♦❝❡ss♦ ❞❡ ✐♥t❡❣r❛çã♦ ♥✉♠ér✐❝❛ ❛❝❡❧❡r❛♥❞♦ ❛ ❞❡t❡r✐♦r❛çã♦ ❞❛ ❡♥❡r❣✐❛ ♠é❞✐❛ ❞♦

s✐st❡♠❛✳ ❆ss✐♠ s❡♠♣r❡ ❞❡✈❡✲s❡ t❡r ❡♠ ♠❡♥t❡ ♦ ❝r✐tér✐♦ ❞❡ ❝♦♥s❡r✈❛çã♦ ❞❡ ❡♥❡r❣✐❛

♥❛ ❞❡t❡r♠✐♥❛çã♦ ❞❡ s❡✉ ✈❛❧♦r✳ ❖ t❛♠❛♥❤♦ ❞♦ s♦❧✉t♦ ❡ ❛ ♣r❡s❡♥ç❛ ♦✉ ♥ã♦ ❞❡ ❡t❛♥♦❧

♥♦ s✐st❡♠❛ t❡✈❡ ♠✉✐t♦ ♣♦✉❝❛ ✐♥✢✉ê♥❝✐❛ ♥♦s t❡♠♣♦s ❞❡ s✐♠✉❧❛çã♦✳
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Tabela 2.1. ❚❡♠♣♦ ❞❡ s✐♠✉❧❛çã♦ ❡♠ ✉♠❛ ❈P❯ ❝♦♠ ♣r♦❝❡ss❛❞♦r ❆▼❉ ❆t❤❧♦♥ ✷✵✵✵✰

❡ ✺✶✷▼❜ ❞❡ ❘❆▼✳

❙✐st❡♠❛s ρ/ρc δta ❚trajet
b ◆t

c ❚♦t❛❧ ✭❤✮

❝❛❢❡í♥❛✴❈❖2 ♣✉r♦ ✵✱✷✺ 4 ✸✱✻ 263 ✾✹✼

❝❛❢❡í♥❛✴❈❖2 ♣✉r♦ ✷✱✵✵ 4 ✶✱✽ 294 ✺✷✾

❝❛❢❡í♥❛✴❈❖2✰❡t❛♥♦❧ ✵✱✷✺ 2 ✻✱✺ 220 ✶✹✸✵

❝❛❢❡í♥❛✴❈❖2✰❡t❛♥♦❧ ✷✱✵✵ 2 ✷✱✺ 300 ✼✺✵

✈♦❛❝❛♥❣✐♥❛✴❈❖2✰❡t❛♥♦❧ ✵✱✷✺ 2 ✻✱✻ 200 ✶✸✷✵

✈♦❛❝❛♥❣✐♥❛✴❈❖2✰❡t❛♥♦❧ ✶✱✾✷ 2 ✸✱✼ 205 ✼✺✾
❛✮ P❛ss♦ ❞❡ s✐♠✉❧❛çã♦ ❡♠ ❢s✳ ❜✮ ❚❡♠♣♦✱ ❡♠ ❤♦r❛s✱ ♥❡❝❡ssár✐♦ ♣❛r❛

❣❡r❛r ✉♠ ❝♦♥❥✉♥t♦ ❞❡ tr❛❥❡tór✐❛s ❝♦♠ ✹✵♣s✳ ❝✮ ◆ú♠❡r♦ t♦t❛❧ ❞❡

tr❛❥❡tór✐❛s ❝♦♠♣✉t❛❞❛s ♣❛r❛ ❝❛❞❛ ♣♦♥t♦ t❡r♠♦❞✐♥â♠✐❝♦✳

❆♦ t♦❞♦ ❢♦r❛♠ ❣❡r❛❞♦s ❞❛❞♦s ♣❛r❛ ✸✷ ❞✐❢❡r❡♥t❡s ♣♦♥t♦s t❡r♠♦❞✐♥â♠✐❝♦s ❝♦♠

✉♠❛ ♠é❞✐❛ ❞❡ ✷✶✵ tr❛❥❡tór✐❛s ❞❡ ✹✵ ♣s ❝❛❞❛ ❞❡♠❛♥❞❛♥❞♦ ♠❛✐s ❞❡ ✷✻✳✵✵✵ ❤♦r❛s ❞❡

s✐♠✉❧❛çã♦✳

2.7.2 Programas para análises das trajetórias

❆s tr❛❥❡tór✐❛s ❢♦r❛♠ ❣❡r❛❞❛s ❛tr❛✈és ❞♦ ✉s♦ ❞♦ ♣❛❝♦t❡ ❞❡ s✐♠✉❧❛çã♦ ❚■◆❑❊❘

❬✶✾❪ s❡♥❞♦ ♥❡❝❡ssár✐♦ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ♣r♦❣r❛♠❛s ❡s♣❡❝í✜❝♦s ♣❛r❛ t♦❞❛s ❛s

❛♥á❧✐s❡s r❡❛❧✐③❛❞❛s ❛ ♣❛rt✐r ❞❡ss❛s tr❛❥❡tór✐❛s✳ ❉❡♥tr❡ ❛s s✉❜✲r♦t✐♥❛s ❞❡s❡♥✈♦❧✈✐❞❛s

❡stã♦ ❛ q✉❡ ❞❡t❡r♠✐♥❛ ❛ ❢✉♥çã♦ ❣ss✭s✮✱ ❛ ♥♦r♠❛❧✐③❛çã♦ ❞❡ss❛ ❢✉♥çã♦ ❡ ❛ ❣❡r❛çã♦

❞♦s ♠❛♣❛s ❞❡ ❞❡♥s✐❞❛❞❡ q✉❡ ❢♦r❛♠ ❛s ❞❡ ♠❛✐♦r ❝♦♠♣❧❡①✐❞❛❞❡✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♣❡❧❛

✐♥❡①✐stê♥❝✐❛ ❞❡ ❛❧❣♦r✐t♠♦ s❡♠❡❧❤❛♥t❡ q✉❡ ♣✉❞❡ss❡ s❡r✈✐r ❝♦♠♦ ♣♦♥t♦ ❞❡ ♣❛rt✐❞❛✳
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Caṕıtulo 3

Parametrização das

Moléculas

❖ ♣♦♥t♦ ❞❡ ♣❛rt✐❞❛ ♣❛r❛ ✉♠ ❡st✉❞♦ ❛tr❛✈és ❞❛ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r é ❛ ❞❡t❡r♠✐✲

♥❛çã♦ ❞❡ q✉❛❧ s❡rá ♦ ♠♦❞❡❧♦ ❞❡ ❝❛♠♣♦ ❞❡ ❢♦rç❛ ❛❞♦t❛❞♦✳ ❊stá ❡s❝♦❧❤❛ ♥ã♦ é tr✐✈✐❛❧

❡ ❞❡♣❡♥❞❡ ❡♠ ❣r❛♥❞❡ ♣❛rt❡ ❞♦ t✐♣♦ ❞❡ ❛♥á❧✐s❡ q✉❡ s❡rá r❡❛❧✐③❛❞❛✳ ❆ ❞❡t❡r♠✐♥❛çã♦

❞♦s ♣❛râ♠❡tr♦s ❞♦ ❝❛♠♣♦ ❞❡ ❢♦rç❛ ❥á é ♣♦r s✐ só ✉♠❛ ár❡❛ ❞❡ ♣❡sq✉✐s❛ ❡s♣❡❝í✜❝❛✳

◆ã♦ t❡♠♦s ♦ ♦❜❥❡t✐✈♦ ❞❡ ❞❡s❡♥✈♦❧✈❡r ✉♠ ♥♦✈♦ ♣♦t❡♥❝✐❛❧ ❡ s✐♠ ❡s❝♦❧❤❡r ❞❡♥tr❡ ♦s

♠♦❞❡❧♦s ❥á ❞✐s♣♦♥í✈❡✐s ✉♠ q✉❡ s❡❥❛ ❛❞❡q✉❛❞♦ às ♥♦ss❛s ♥❡❝❡ss✐❞❛❞❡s✳

❖s ♠♦❞❡❧♦s ♠❛✐s s✐♠♣❧❡s sã♦ ♦s ♠♦❞❡❧♦s ❡s❢ér✐❝♦s ♦♥❞❡ ❛ ♠♦❧é❝✉❧❛ é r❡♣r❡✲

s❡♥t❛❞❛ ❛♣❡♥❛s ♣♦r ✐♥t❡r❛çõ❡s ❞❡ ❝✉rt♦ ❛❧❝❛♥❝❡✱ t✐♣✐❝❛♠❡♥t❡ ♣♦r ✐♥t❡r❛çõ❡s ❞❡

▲❡♥♥❛r❞✲❏♦♥❡s✳ ❆ ✈❛♥t❛❣❡♠ ❞❡st❡ t✐♣♦ ❞❡ ♠♦❞❡❧♦ é ❛ ❡✜❝✐ê♥❝✐❛ ❞♦ ♣♦♥t♦ ❞❡ ✈✐st❛

❝♦♠♣✉t❛❝✐♦♥❛❧ ❥á q✉❡ ✐♠♣❧✐❝❛ ❡♠ ✉♠ ♥ú♠❡r♦ r❡❞✉③✐❞♦ ❞❡ ✐♥t❡r❛çõ❡s s❡ ❝♦♠♣❛r❛✲

❞♦s ❛ ♠♦❞❡❧♦s ❝♦♠ ♠❛✐s sít✐♦s ❞❡ ✐♥t❡r❛çã♦✳ ❈♦♠♦ ♣♦♥t♦ ♥❡❣❛t✐✈♦✱ ❡ss❡s ♠♦❞❡❧♦s

♥ã♦ ♣❡r♠✐t❡♠ q✉❛❧q✉❡r ❛♥á❧✐s❡ q✉❛♥t♦ à ❡str✉t✉r❛ ♠✐❝r♦s❝ó♣✐❝❛ r❡❧❛❝✐♦♥❛❞❛ às ❞✐s✲

tr✐❜✉✐çõ❡s ❛♥❣✉❧❛r❡s ❞❛s ♠♦❧é❝✉❧❛s ❡ ♣♦ss✉✐✱ ❛✐♥❞❛✱ ✉♠❛ ❧✐♠✐t❛❞❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡

r❡♣r♦❞✉③✐r ♦✉tr❛s ♣r♦♣r✐❡❞❛❞❡s ♣❛r❛ ❛s q✉❛✐s ♥ã♦ ❢♦✐ ♦t✐♠✐③❛❞♦✳

❖s ♠❛✐s ❝♦♠♣❧❡①♦s sã♦ ♣r♦❞✉③✐❞♦s ❝♦♠ ❝❛♠♣♦s ❞❡ ❢♦rç❛s q✉❡ ❝♦♥s✐❞❡r❛♠ ❛

♠♦❧é❝✉❧❛ ❢♦r♠❛❞❛ ♣♦r ♠❛✐s ❞❡ ✉♠ sít✐♦ ❞❡ ✐♥t❡r❛çã♦✱ ❝♦♠ ❝❛r❣❛s ♣❛r❝✐❛✐s ❡✴♦✉

♠♦❞❡❧♦s q✉❡ ❝♦♥s✐❞❡r❛♠ ❛s ♠♦❧é❝✉❧❛s ✢❡①í✈❡✐s ♦✉ q✉❡ ✐♥❝♦r♣♦r❛♠ ❡❢❡✐t♦s ❞❡ ♣♦❧❛✲

r✐③❛❜✐❧✐❞❛❞❡✱ ❡t❝✳ ❆ ❝♦♥s❡qüê♥❝✐❛ ❞✐r❡t❛ ❞♦ ❛♣r✐♠♦r❛♠❡♥t♦ ❞♦ ♠♦❞❡❧♦ é ♦ ❝✉st♦

❝♦♠♣✉t❛❝✐♦♥❛❧✳
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26 Caṕıtulo 3. Parametrização das Moléculas

3.1 O modelo para o CO2

❊①✐st❡♠ ✈ár✐♦s ♠♦❞❡❧♦s ❞❡ ♣♦t❡♥❝✐❛✐s ♣❛r❛ ❞❡s❝r❡✈❡r ✉♠❛ ♠♦❧é❝✉❧❛ ❞❡ ❈❖2✳

❯♠❛ ✐❧✉str❛çã♦ ❞❛ ❛♣❧✐❝❛❜✐❧✐❞❛❞❡ ❞❡ ♠♦❞❡❧♦s ❡s❢ér✐❝♦s ❜❡♠ ❝♦♠♦ ✉♠❛ ❝♦♠♣❛r❛çã♦

❞♦s ✈ár✐♦s ♣❛râ♠❡tr♦s ❡①✐st❡♥t❡s ♣♦❞❡ s❡r ❡♥❝♦♥tr❛❞❛ ♥♦ ❛rt✐❣♦ ❞❡ ❆❧❜♦ ❡ ▼ü❧❧❡r

❬✸✾❪✳

❖✉tr❛ ❝❧❛ss❡ ❞❡ ♠♦❞❡❧♦s sã♦ ♦s ❢♦r♠❛❞♦s ♣♦r três sít✐♦s ❞❡ ✐♥t❡r❛çã♦ ❞❡ ▲❡♥♥❛r❞✲

❏♦♥❡s ❝♦♠ ♦ ♠♦♠❡♥t♦ ❞❡ q✉❛❞r✉♣♦❧♦ ❡①♣❧í❝✐t♦✳ ❊ss❡s ♠♦❞❡❧♦s ♣r❡❞✐③❡♠ ❜❡♠ ✈ár✐❛s

♣r♦♣r✐❡❞❛❞❡s t❡r♠♦❞✐♥â♠✐❝❛s ♠❛s ❝♦♠ ♦ ❝✉st♦ ❝♦♠♣✉t❛❝✐♦♥❛❧ ❞❡ t❡r ♦ ♠♦♠❡♥t♦

❞❡ q✉❛❞r✉♣♦❧♦ ❛❝r❡s❝❡♥t❛❞♦ ♥♦ ♣♦t❡♥❝✐❛❧ ❬✹✵✱✹✶❪✳

❊①✐st❡♠ ❛✐♥❞❛ ♦s ♠♦❞❡❧♦s ❝♦♠ três sít✐♦s ❞❡ ✐♥t❡r❛çã♦ ❝♦♠ ❝❛r❣❛s ♣❛r❝✐❛✐s ❝❡♥✲

tr❛❞❛s ♥❡ss❡s sít✐♦s q✉❡ r❡♣r♦❞✉③❡♠ ♥❛t✉r❛❧♠❡♥t❡ ♦ ♠♦♠❡♥t♦ ❞❡ q✉❛❞r✉♣♦❧♦ s❡♠

❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ ❡①♣❧✐❝✐tá✲❧♦ ♥♦ ♠♦❞❡❧♦ ❬✹✷✕✹✹❪✳ ❊♥tr❡ ❡❧❡s ❡♥❝♦♥tr❛♠♦s ♦ q✉❡ ❢♦✐

❡s❝♦❧❤✐❞♦ ♣❛r❛ s❡r ✉s❛❞♦ ❡♠ ♥♦ss❛s s✐♠✉❧❛çõ❡s✱ ❝❤❛♠❛❞♦ ❞❡ ✏❘❡s❝❛❧❡❞ ❊❧❡♠❡♥t❛r②

P❤②s✐❝❛❧ ▼♦❞❡❧✑ ✲ ✭❊P▼✷✮✱ ❞❡s❡♥✈♦❧✈✐❞♦ ♣♦r ❍❛rr✐s ❡ ❨✉♥❣ ❬✹✷❪✳

❊♥tr❡ ♦s ♠♦t✐✈♦s q✉❡ ❞✐r❡❝✐♦♥❛r❛♠ ❛ ❡s❝♦❧❤❛ t❡♠♦s ♦ ❢❛t♦ ❞♦ ♠♦❞❡❧♦ ❊P▼✷ t❡r

s✐❞♦ ❛❥✉st❛❞♦ ♣❛r❛ r❡♣r♦❞✉③✐r ❝♦♠ ❣r❛♥❞❡ ♣r❡❝✐sã♦ ❛ ❝✉r✈❛ ❞❡ ❝♦❡①✐stê♥❝✐❛ ▲íq✉✐❞♦✲

❱❛♣♦r ❡ t❛♠❜é♠ ♦ ♣♦♥t♦ ❝rít✐❝♦ ✭❚❝❂✸✵✹✱✷ ❑✱ P❝❂✼✸ ❜❛r ❡ ρc ❂ ✵✱✹✻✽ g/cm3✮✳

❖ ❊P▼✷ é ❝♦♥st✐t✉í❞♦ ❞❡ três sít✐♦s ❞❡ ▲❡♥♥❛r❞✲❏♦♥❡s ❝♦♠ ❝❛r❣❛s ♣❛r❝✐❛✐s ❝❡♥tr❛✲

❞❛s ♥❡st❡s sít✐♦s ♦♥❞❡ ❛s ❞✐stâ♥❝✐❛s ❡♥tr❡ ♦s át♦♠♦s ❞♦ ❈❖2 sã♦ ♠❛♥t✐❞❛s ✜①❛s✱

s❡♥❞♦ ♣❡r♠✐t✐❞♦ ❛ ❞✐st♦rçã♦ ❛♥❣✉❧❛r✳ ❆s ❝❛r❣❛s ♣❛r❝✐❛✐s ♣r♦❞✉③❡♠ ✉♠ ♠♦♠❡♥t♦

❞❡ q✉❛❞r✉♣♦❧♦ ❞❡ ✹✱✸ ❇✉❝❦✐♥❣❤❛♠s ✭✹✱✸ ① ✶✵−26 ❡s✉✮ ♠✉✐t♦ ♣ró①✐♠♦ ❞❡ s❡✉ ✈❛❧♦r

❡①♣❡r✐♠❡♥t❛❧ ❞❡ ✹✱✶ ❇✉❝❦✐♥❣❤❛♠s✳

❆❧é♠ ❞✐ss♦ ♦ ♠♦❞❡❧♦ ❛♣r❡s❡♥t♦✉✲s❡ ✈❡rsát✐❧ ❥á q✉❡ r❡♣r♦❞✉③✐✉ ♠✉✐t♦ ❜❡♠ t❛♥t♦

♣r♦♣r✐❡❞❛❞❡s ❞❡ ❡str✉t✉r❛ q✉❛♥t♦ ♣r♦♣r✐❡❞❛❞❡s ❞✐♥â♠✐❝❛s ❞♦ ❈❖2 ♥❛s ❝♦♥❞✐çõ❡s

s✉♣❡r❝rít✐❝❛s ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ tr❛❜❛❧❤♦ ❞❡ ❆❞❛♥s ❡ ❝♦❧❛❜♦r❛❞♦r❡s ❬✹✺❪✳ ❈♦♠♦ ♦

❡st❛❞♦ s✉♣❡r❝rít✐❝♦ é ♦ ❡st❛❞♦ ❞❡ ♥♦ss♦ ✐♥t❡r❡ss❡ r❡♣r♦❞✉③✐♠♦s ❛❧❣✉♥s ❞♦s r❡s✉❧t❛❞♦s

❞❡ss❡ ❛✉t♦r ❝♦♠♦ ♣❛rt❡ ❞♦ t❡st❡ ❞♦ ♠♦❞❡❧♦ ❡ ❞♦ ♣❛❝♦t❡ ❞❡ s✐♠✉❧❛çã♦ ❚■◆❑❊❘✳

❆❧❣✉♥s r❡s✉❧t❛❞♦s ♣❛r❛ ♦ ❈❖2 s✉♣❡r❝rít✐❝♦ s❡rã♦ ❛♣r❡s❡♥t❛❞♦s ♥♦ ❝❛♣ít✉❧♦ s❡❣✉✐♥t❡✳

➱ ✐♠♣♦rt❛♥t❡ s❛❧✐❡♥t❛r q✉❡ ♦s ♣♦t❡♥❝✐❛✐s ❞❛❞♦s ♣❡❧♦ ♠♦❞❡❧♦ ❊P▼✷ t❡♠ ❛ ♠❡s♠❛

❢♦r♠❛ ❢✉♥❝✐♦♥❛❧ ❡ r❡❣r❛s ❞❡ ❝♦♠❜✐♥❛çã♦ ❞♦s ❢♦r♥❡❝✐❞♦s ♣❡❧♦ ♠♦❞❡❧♦ ❖P▲❙ ❛❧❧✲❛t♦♠

❬✷✺❪✱ ♦ q✉❛❧ é ❡①t❡♥s✐✈❛♠❡♥t❡ ❡♠♣r❡❣❛❞♦ ❡♠ s✐♠✉❧❛çõ❡s ❞❡ ❝♦♠♣♦st♦s ♦r❣â♥✐❝♦s ❡
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q✉❡ ❢♦✐ ✉s❛❞♦ ♥❛ ♣❛r❛♠❡tr✐③❛çã♦ ❞♦s s♦❧✉t♦s ❛q✉✐ ❡st✉❞❛❞♦s✳ ❆ t❛❜❡❧❛ ✸✳✶ ❛♣r❡s❡♥t❛

♦s ♣❛râ♠❡tr♦s ❞♦ ❊P▼✷✱

Tabela 3.1. P❛râ♠❡tr♦s ❞❡ P♦t❡♥❝✐❛❧ ♣❛r❛ ♦ ♠♦❞❡❧♦ ❊P▼✷ ♣❛r❛ ❈❖2

❙ít✐♦ ǫ ✭❑✮ σ ✭➴✮ q ✭❡✮

❈ ✷✽✳✶✷✾ ✷✳✼✺✼ ✰✵✳✻✺✶✷

❖ ✽✵✳✺✵✼ ✸✳✵✸✸ ✲✵✳✸✷✺✻

lC−O = ✶✳✶✹✾ ➴ ka = ✶✷✸✻ kJ/mol/rad2

♦♥❞❡ lC−O é ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❛ ❧✐❣❛çã♦ ♦①✐❣ê♥✐♦✲❝❛r❜♦♥♦✱ ka é ❛ ❝♦♥st❛♥t❡ ❞❡

❢♦rç❛ ✉s❛❞♦ ♥♦ ♣♦t❡♥❝✐❛❧ ❞❡ ❞✐st♦rçã♦ ❛♥❣✉❧❛r✱ ❡①♣r❡ss♦ ♥❛ ❡q✉❛çã♦ ✷✳✾ ❝♦♠ θ0 =

180o ❡ qC é ❛ ❝❛r❣❛ ♣❛r❝✐❛❧ ❞♦ ❝❛r❜♦♥♦✳ ❈❛❞❛ ♦①✐❣ê♥✐♦ ♣♦ss✉✐ ❝❛r❣❛ ♥❡❣❛t✐✈❛ ✐❣✉❛❧ ❛

♠❡t❛❞❡ ❞❛ ✐♥t❡♥s✐❞❛❞❡ ❞❛ ❝❛r❣❛ ❞♦ ❝❛r❜♦♥♦ ❞❡ ♠♦❞♦ ❛ ♠❛♥t❡r ❛ ♠♦❧é❝✉❧❛ ♥❡✉tr❛✳

❘❡❝❡♥t❡♠❡♥t❡ ❩❤❛♥❣ ❡ ❉✉❛♥ ❬✹✻❪ ❞❡s❡♥✈♦❧✈❡r❛♠ ♥♦✈♦s ♣♦t❡♥❝✐❛✐s ♠♦❧❡❝✉❧❛r❡s

♣❛r❛ ♦ ❈❖2 ❡ r❡❛❧✐③❛r❛♠ ✉♠❛ s✐st❡♠át✐❝❛ ❝♦♠♣❛r❛çã♦ ❞❛s ♣r♦♣r✐❡❞❛❞❡s t❡r♠♦❞✐✲

♥â♠✐❝❛s✱ ❞❡ tr❛♥s♣♦rt❡ ❡ ❡str✉t✉r❛❧ ❡♥tr❡ q✉❛tr♦ ♠♦❞❡❧♦s ❡①✐st❡♥t❡s✱ ❡♥tr❡ ❡❧❡s ♦

❊P▼✷ ❡ ♦ ♠♦❞❡❧♦ ♣♦r ❡❧❡s ❞❡s❡♥✈♦❧✈✐❞♦✳ ❊st❛ ❝♦♠♣❛r❛çã♦ ❢♦✐ r❡❛❧✐③❛❞❛ ❡♠ ✉♠❛

❣r❛♥❞❡ ❢❛✐①❛ ❞❡ ✈❛❧♦r❡s ❞❡ t❡♠♣❡r❛t✉r❛ ❡ ♣r❡ssã♦✳ ❖ ♠♦❞❡❧♦ ❊P▼✷ ❢♦✐ ❜❡♠ ❛✈❛✲

❧✐❛❞♦ ♥❡ss❛ ❝♦♠♣❛r❛çã♦ ♠♦str❛♥❞♦✲s❡ ❝♦♠ s❡♠❡❧❤❛♥t❡ ♣r❡❝✐sã♦ ♥❛ r❡♣r♦❞✉çã♦ ❞❛s

♣r♦♣r✐❡❞❛❞❡s t❡r♠♦❞✐♥â♠✐❝❛s ❡ ❞❡ ❡str✉t✉r❛ ❡ ❡q✉✐✈❛❧❡♥t❡ ❡♠ ♣r❡❝✐sã♦ ♥❛ r❡♣r♦❞✉✲

çã♦ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ❞✐♥â♠✐❝❛ q✉❛♥❞♦ ❝♦♠♣❛r❛❞♦ ❛♦ ♥♦✈♦ ♠♦❞❡❧♦ ♣r♦♣♦st♦ ♣❡❧♦s

❛✉t♦r❡s✳

3.2 O modelo para o etanol

P❛r❛ ♦ ❡t❛♥♦❧ ❡①✐st❡ ✉♠ ♠♦❞❡❧♦ ❞❡ ♣♦t❡♥❝✐❛❧ ❖P▲❙ ❡s♣❡❝í✜❝♦✱ ❞❡s❡♥✈♦❧✈✐❞♦ ♣♦r

❏ör❣❡♥s❡♥ ♣❛r❛ r❡♣r♦❞✉③✐r ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❞❡ á❧❝♦♦❧ ❡♠ ❡st❛❞♦ ❧íq✉✐❞♦ ❬✹✼❪✳

◆❡st❡ ♠♦❞❡❧♦✱ t❛♥t♦ ♦ ❈❍3 ❝♦♠♦ ♦ ❈❍2 sã♦ ❝♦♥s✐❞❡r❛❞♦s sít✐♦s ú♥✐❝♦s✱ ✐♥❝♦r♣♦✲

r❛♥❞♦ ❛s ♠❛ss❛s ❞♦s ❍ ❧✐❣❛❞♦s✱ ❝♦♠ ❝❛r❣❛s ❝❡♥tr❛❞❛s ♥♦ sít✐♦✳ ❆s ❞✐stâ♥❝✐❛s ❡

â♥❣✉❧♦s ❡♥tr❡ ♦s sít✐♦s sã♦ ♠❛♥t✐❞♦s ✜①♦s✱ s❡♥❞♦ ♣❡r♠✐t✐❞♦ ❛♣❡♥❛s ♦ ♠♦✈✐♠❡♥t♦ ❞❡

t♦rçã♦ ❡♥t♦r♥♦ ❞❛ ❧✐❣❛çã♦ ❈✲❖ ❞❛ ♠♦❧é❝✉❧❛✳ ❆ ✜❣✉r❛ ✸✳✶ ❛♣r❡s❡♥t❛ ♦ ❞❡s❡♥❤♦ ❞❛

♠♦❧é❝✉❧❛ ♣❛r❛ ❡st❡ ♠♦❞❡❧♦✱ ❛ t❛❜❡❧❛ ✸✳✷ ❝♦♥t❡♠ ♦s ❞❛❞♦s ❞❡ ❣❡♦♠❡tr✐❛ ❞❛ ♠♦❧é❝✉❧❛

❡ ❛ t❛❜❡❧❛ ✸✳✸ ❛♣r❡s❡♥t❛ ♦ q✉❛❞r♦ ❞❡ ♣❛râ♠❡tr♦s ❞♦ ❝❛♠♣♦ ❞❡ ❢♦rç❛✳
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❊st❡ ♠♦❞❡❧♦ ❢♦✐ ✉s❛❞♦ ♣♦r ❞✐✈❡rs♦s ❛✉t♦r❡s ♥❛ ❞❡t❡r♠✐♥❛çã♦ ❞❡ ♣r♦♣r✐❡❞❛❞❡s

t❡r♠♦❞✐♥â♠✐❝❛s✱ ❡str✉t✉r❛✐s✱ ❞✐♥â♠✐❝❛s ❬✹✽✕✺✵❪ ❡ ❞✐❡❧étr✐❝❛s ❬✺✶❪ ❞♦ ❡t❛♥♦❧ ❧íq✉✐❞♦

❛tr❛✈és ❞❡ s✐♠✉❧❛çõ❡s ♣♦r ▼❉✱ ♠♦str❛♥❞♦✲s❡ r❡❧❛t✐✈❛♠❡♥t❡ s✐♠♣❧❡s ❡ ❡✜❝✐❡♥t❡ ♣❛r❛

❞❡s❝r✐çã♦ ❞♦ ❡t❛♥♦❧ ❡♠ ❞✐✈❡rs♦s ❡st❛❞♦s t❡r♠♦❞✐♥â♠✐❝♦s✳

Figura 3.1. ❉❡s❡♥❤♦ ❡sq✉❡♠át✐❝♦ ❞♦ ♠♦❞❡❧♦ ✉s❛❞♦ ♣❛r❛ ♦ ❡t❛♥♦❧

Tabela 3.2. P❛râ♠❡tr♦s ❣❡♦♠étr✐❝♦s ♣❛r❛ ♦ ❡t❛♥♦❧

❧✐❣❛çã♦ ❝♦♠♣r✐♠❡♥t♦ ✭➴✮ â♥❣✉❧♦s ❣r❛✉s

❍✲❖ ✵✳✾✹✺ ❍❖❈ ✶✵✽✳✺

❖✲❈ ✶✳✹✸✵ ❖❈❈ ✶✵✽✳✵

❈✲❈ ✶✳✺✸✵ ✖ ✖✕

Tabela 3.3. P❛râ♠❡tr♦s ❞♦ ❝❛♠♣♦ ❞❡ ❢♦rç❛ ❖P▲❙ ♣❛r❛ ♦ ❡t❛♥♦❧

❙ít✐♦ ǫ ✭❑✮ σ ✭➴✮ q ✭❡✮

❍ ✵ ✵ ✵✳✹✸✺

❖ ✽✺✳✺✺ ✸✳✵✼✵ ✲✵✳✼✵✵

❈❍2 ✺✾✳✸✽ ✸✳✾✵✺ ✵✳✷✻✺

❈❍3 ✽✽✳✵✻ ✸✳✾✵✺ ✵

P❛râ♠❡tr♦s ❞❡ t♦rçã♦ ✭❦❏✴♠♦❧✮

❱1 ❂ ✸✳✹✽✾ ❱2 ❂ ✲✵✳✹✽✺ ❱3 ❂ ✸✳✶✷✺
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3.3 Parâmetros para a Caféına, Teofilina e Teobromina

◆❛ ❧✐t❡r❛t✉r❛ ♥ã♦ sã♦ ❡♥❝♦♥tr❛❞♦s ♠♦❞❡❧♦s ♣❛r❛ ♦s ❛❧❝❛❧ó✐❞❡s ❡st✉❞❛❞♦s ♥❡ss❡

tr❛❜❛❧❤♦✱ s❡♥❞♦ ♥❡❝❡ssár✐♦ ❞❡t❡r♠✐♥❛r s❡✉s ♣❛râ♠❡tr♦s✳ ❖ ♠ét♦❞♦ ✉s✉❛❧ ❡ ❧❛r❣❛✲

♠❡♥t❡ ❡♠♣r❡❣❛❞♦ é ♦ ❞❡ ❞❡t❡r♠✐♥❛r ❛ ❣❡♦♠❡tr✐❛ ♠♦❧❡❝✉❧❛r ❞❡ ❡q✉✐❧í❜r✐♦ ❡ ❛s ❝❛r❣❛s

♣❛r❝✐❛✐s ❛tr❛✈és ❞❡ ❝á❧❝✉❧♦s q✉â♥t✐❝♦s ❛❜ ✐♥✐t✐♦ ❡ ♦❜t❡r ♦s ❞❡♠❛✐s ♣❛râ♠❡tr♦s ✐♥t❡r✲

❡ ✐♥tr❛✲♠♦❧❡❝✉❧❛r❡s ❞❡s❝r✐t♦s ♥♦ ❝❛♣ít✉❧♦ ✷ ❛ ♣❛rt✐r ❞❡ ✉♠ ❞♦s ❝❛♠♣♦s ❞❡ ❢♦rç❛

❡①✐st❡♥t❡s✳

3.3.1 Geometrias e cargas parciais

❆s ❣❡♦♠❡tr✐❛s ❡ ❝❛r❣❛s ♣❛r❝✐❛✐s ♣❛r❛ ❛ ❈❛❢❡í♥❛✱ ❚❡♦✜❧✐♥❛ ❡ ❚❡♦❜r♦♠✐♥❛ ❢♦r❛♠

♦❜t✐❞❛s ❛tr❛✈és ❞❡ ❝á❧❝✉❧♦s q✉â♥t✐❝♦s ❛❜ ✐♥✐t✐♦ ♥♦ ♥í✈❡❧ ❘❍❋✴✻✲✸✶✶●✭❞✱❢✮ ❝♦♠ ♦

♣r♦t♦❝♦❧♦ ❞❡ ❝❛r❣❛s ▼❡r③✲❑♦❧❧♠❛♥✳ ❆ ❡str✉t✉r❛ ♠♦❧❡❝✉❧❛r ❞♦s s♦❧✉t♦s ❜❡♠ ❝♦♠♦

♦s rót✉❧♦s ❞♦s át♦♠♦s ✉s❛❞♦s ♥♦ ❞❡❝♦rr❡r ❞♦ t❡①t♦ ❡stã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛s ✜❣✉r❛s

✸✳✷✱ ✸✳✸ ❡ ✸✳✹✳

Figura 3.2. ❊str✉t✉r❛ q✉í♠✐❝❛ ❡ rót✉❧♦s ❞♦s át♦♠♦s ❞❛ ❝❛❢❡í♥❛

3.3.2 Parâmetros OPLS

❖s ♣❛râ♠❡tr♦s ❞❡ ▲❡♥♥❛r❞✲❏♦♥❡s ❢♦r❛♠ ♦❜t✐❞♦s ❞♦ ❝❛♠♣♦ ❞❡ ❢♦rç❛ ❖P▲❙ ❆❧❧✲

❆t♦♠ ❞❡s❡♥✈♦❧✈✐❞♦ ♣♦r ❏ör❣❡♥s❡♥ ❡ ❝♦❧❛❜♦r❛❞♦r❡s ❬✷✵✕✷✺❪✱ ❝✉❥♦s r❡s✉❧t❛❞♦s ❞❛s

♣❛r❛♠❡tr✐③❛çõ❡s ❡♥❝♦♥tr❛♠✲s❡ ❛❣r✉♣❛❞♦s ❡ ♦r❣❛♥✐③❛❞♦s ❞❡♥tr♦ ❞♦ ♣❛❝♦t❡ ❞❡ s✐♠✉✲

❧❛çã♦ ❚■◆❑❊❘ ❬✶✾❪✳
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Figura 3.3. ❊str✉t✉r❛ q✉í♠✐❝❛ ❡ rót✉❧♦s ❞♦s át♦♠♦s ❞❛ t❡♦✜❧✐♥❛

Figura 3.4. ❊str✉t✉r❛ q✉í♠✐❝❛ ❡ rót✉❧♦s ❞♦s át♦♠♦s ❞❛ t❡♦❜r♦♠✐♥❛

■♥✐❝✐❛❧♠❡♥t❡ ❢♦r❛♠ ❞❡t❡r♠✐♥❛❞♦s t♦❞♦s ♦s ♣❛râ♠❡tr♦s ♥❡❝❡ssár✐♦s ♣❛r❛ q✉❡ ❛s

♠♦❧é❝✉❧❛s ❢♦ss❡♠ ❝♦♥s✐❞❡r❛❞❛s ✢❡①í✈❡✐s ✭▲❡♥♥❛r❞✲❏♦♥❡s✱ ❞❡ ❞❡❢♦r♠❛çã♦ ❞❛ ❧✐❣❛çã♦✱

❞❡❢♦r♠❛çã♦ ❛♥❣✉❧❛r ❡ t♦rçã♦✮✳ ❆♣ós ❛❧❣✉♠❛s s✐♠✉❧❛çõ❡s ❞❡ t❡st❡ ♦♣t❛♠♦s ♣♦r

✉s❛r ✉♠ ♠♦❞❡❧♦ ❞❡ ♠♦❧é❝✉❧❛s rí❣✐❞❛s✳ ❆ ❞❡❝✐sã♦ ❢♦✐ ♠♦t✐✈❛❞❛ ♣♦r ✉♠❛ q✉❡stã♦

❞❡ ❝✉st♦✴❜❡♥❡❢í❝✐♦ ❝♦♠♣✉t❛❝✐♦♥❛❧✳ ❖s ❣r❛✉s ❞❡ ❧✐❜❡r❞❛❞❡ ❞♦ s✐st❡♠❛ ❡stã♦ ❞✐r❡t❛✲

♠❡♥t❡ r❡❧❛❝✐♦♥❛❞♦s ❛♦ ♥ú♠❡r♦ ❞❡ ✐♥t❡r❛çõ❡s ♥❡❝❡ssár✐❛s ♣❛r❛ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦

♣♦t❡♥❝✐❛❧ t♦t❛❧ ✭❡q✉❛çã♦ ✷✳✶✶✮✳ ❆ss✐♠✱ q✉❛♥t♦ ♠❛✐s ❝♦♠♣❧❡t♦ ♦ ♠♦❞❡❧♦ ♠❛✐♦r ♦

❝✉st♦ ❞❡ ♣r♦❝❡ss❛♠❡♥t♦✳ ❊ ♦ ❢❛t♦ ❞♦ s♦❧✉t♦ s❡r ✢❡①í✈❡❧ t❡✈❡ ♣♦✉❝♦ ❜❡♥❡❢í❝✐♦✱ ♣♦✐s

♥♦ss♦ ♠♦❞❡❧♦ ♥ã♦ é ♣♦❧❛r✐③á✈❡❧✱ ✐st♦ é✱ ❛s ❝❛r❣❛s ♣❛r❝✐❛✐s ♥ã♦ s♦❢r❡♠ ❛❧t❡r❛çõ❡s ❡♠

❢✉♥çã♦ ❞❛ ♠✉❞❛♥ç❛ ❝♦♥❢♦r♠❛❝✐♦♥❛❧ ❡ ❛s ♠♦❧é❝✉❧❛ ❛♣r❡s❡♥t❛r❛♠ ❛♣❡♥❛s ♣❡q✉❡♥❛s

♦s❝✐❧❛çõ❡s ❡♠ t♦r♥♦ ❞❛ ❝♦♥✜❣✉r❛çã♦ ❞❡ ❡q✉✐❧í❜r✐♦✱ ♣♦✉❝♦ ✐♥✢✉❡♥❝✐❛♥❞♦ ♥♦s r❡s✉❧t❛✲

❞♦s ✜♥❛✐s✳ ❖s ✈❛❧♦r❡s ❞❛s ❝❛r❣❛s ♣❛r❝✐❛✐s ♦❜t✐❞❛s ♣♦r ❝á❧❝✉❧♦s q✉â♥t✐❝♦s✱ ❜❡♠ ❝♦♠♦
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♦s ❞❡t❛❧❤❡s ❞♦s ♣❛râ♠❡tr♦s ❞❡ ▲❏ ♣❛r❛ ♦s s♦❧✉t♦s rí❣✐❞♦s✱ ❡♥❝♦♥tr❛♠✲s❡ ❧✐st❛❞♦s ♥❛s

t❛❜❡❧❛s ✸✳✹✱ ✸✳✺ ❡ ✸✳✻✳

Tabela 3.4. ❈❛r❣❛s ♣❛r❝✐❛✐s ✭❝á❧❝✉❧♦s ❛❜ ✐♥✐t✐♦✮ ❡ ♣❛râ♠❡tr♦s ❞❡ ▲❏ ♦❜t✐❞♦s ❞♦ ❝❛♠♣♦

❞❡ ❢♦rç❛ ❖P▲❙✲❆❆ ♣❛r❛ ❛ ❝❛❢❡í♥❛

➪t♦♠♦ q ✭❡✮ σ ✭➴✮ ǫ✭❦❏✴♠♦❧✮

❈✶ ✵✳✽✹✼ ✸✳✼✺✵✵ ✵✳✶✵✺✵
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❖ ♠❡s♠♦ ♣r♦❝❡❞✐♠❡♥t♦ ❢♦✐ ❛❞♦t❛❞♦ ♣❛r❛ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦s ♣❛râ♠❡tr♦s ❞♦s

✜t♦❢ár♠❛❝♦s ✈♦❛❝❛♥❣✐♥❛ ❡ ❝♦r♦♥❛r✐❞✐♥❛✳ ❆ ❡str✉t✉r❛ ♠♦❧❡❝✉❧❛r ❞♦s ❞♦✐s ❛❧❝❛❧ó✐❞❡s

é ❛♣r❡s❡♥t❛❞❛ ♥❛ ✜❣✉r❛ ✸✳✺✳ ❆ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ❡❧❡s s✐t✉❛✲s❡ ❛♣❡♥❛s ♥♦ ❣r✉♣♦ ▼❡❖

❧✐❣❛❞♦ ❛♦ át♦♠♦ ✶✵ ❞❛ ✈♦❛❝❛♥❣✐♥❛✳

Figura 3.5. ❊str✉t✉r❛ ♠♦❧❡❝✉❧❛r ❞♦s ❛❧❝❛❧ó✐❞❡s✿ ❈♦r♦♥❛r✐❞✐♥❛ ✭❘❂❍✮ ❡ ❱♦❛❝❛♥❣✐♥❛

✭❘❂▼❡❖✮✳

3.4.1 Cargas parciais e Parâmetros OPLS-AA

❆s ❣❡♦♠❡tr✐❛s ❡ ❝❛r❣❛s ♣❛r❝✐❛✐s ❢♦r❛♠ ♦❜t✐❞❛s ❛tr❛✈és ❞❡ ❝á❧❝✉❧♦s q✉â♥t✐❝♦s ❛❜

✐♥✐t✐♦ ♥♦ ♥í✈❡❧ ❘❍❋✴✻✲✸✶✶●✯ ❝♦♠ ♦ ♣r♦t♦❝♦❧♦ ❞❡ ❝❛r❣❛s ▼❡r③✲❑♦❧❧♠❛♥✳

❖s ♣❛râ♠❡tr♦s ❞❡ ▲❡♥♥❛r❞✲❏♦♥❡s t❛♠❜é♠ ❢♦r❛♠ ♦❜t✐❞♦s ❞♦ ❝❛♠♣♦ ❞❡ ❢♦rç❛

❖P▲❙ ❆❧❧✲❆t♦♠✳ ◆❛s t❛❜❡❧❛s ✸✳✽ ❡ ✸✳✾ sã♦ ❛♣r❡s❡♥t❛❞♦s ♦s ❞❡t❛❧❤❡s ❞♦s ♣❛râ♠❡tr♦s

❡ ❞❛s ❝❛r❣❛s ♣❛r❝✐❛✐s ♣❛r❛ ❛ ❝♦r♦♥❛r✐❞✐♥❛ ❡ ✈♦❛❝❛♥❣✐♥❛ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

3.4.2 Determinação dos parâmetros de torção

❉✉r❛♥t❡ ♦ ♣r♦❝❡ss♦ ❞❡ ♦t✐♠✐③❛çã♦ ❞❡ ❣❡♦♠❡tr✐❛ ❢♦✐ ❞❡t❡❝t❛❞♦ ❛ ❡①✐stê♥❝✐❛ ❞❡

❞✉❛s ❝♦♥✜❣✉r❛çõ❡s ❞❡ ♠í♥✐♠❛ ❡♥❡r❣✐❛ ♣❛r❛ ❛ ❝♦r♦♥❛r✐❞✐♥❛ ❡ t❛♠❜é♠ ♣❛r❛ ❛ ✈♦❛✲

❝❛♥❣✐♥❛✳ ❊ss❛s ❝♦♥✜❣✉r❛çõ❡s sã♦ r❡❧❛❝✐♦♥❛❞❛s à ♣♦s✐çã♦ ❞♦ ❣r✉♣♦ ést❡r ❧✐❣❛❞♦ ❛♦

át♦♠♦ ✶✻ ❞❛s ♠♦❧é❝✉❧❛s ✭❱✐❞❡ ✜❣✉r❛ ✸✳✺✮✳ ❊♠ ✉♠ ❞♦s ❡st❛❞♦s ❛ ❝♦♥✜❣✉r❛çã♦ ❞❛

♠♦❧é❝✉❧❛ ❛♣r❡s❡♥t❛ ♦ ♠❡t✐❧ ❞♦ r❛❞✐❝❛❧ ✈♦❧t❛❞♦ ♣❛r❛ ❢♦r❛ ✭❝♦♥✜❣✉r❛çã♦ ❊❳❖✮ ❡ ♥♦

♦✉tr♦ ♦ ♠❡t✐❧ ❡stá ✈♦❧t❛❞♦ ♣❛r❛ ❞❡♥tr♦ ❞❛ ♠♦❧é❝✉❧❛ ✭❝♦♥✜❣✉r❛çã♦ ❊◆❉❖✮✳ ❈♦♠ ♦

♦❜❥❡t✐✈♦ ❞❡ ❞❡t❡❝t❛r ❛ ❡①✐stê♥❝✐❛ ❞❡ ♦✉tr♦s ♣♦♥t♦s ❞❡ ♠í♥✐♠♦ ❢♦r❛♠ r❡❛❧✐③❛❞❛s ❛❧❣✉✲

♠❛s ♦t✐♠✐③❛çõ❡s ♣❛r❛ ❞✐❢❡r❡♥t❡s ❝♦♥✜❣✉r❛çõ❡s ✐♥✐❝✐❛✐s ❞♦ ❣r✉♣♦ ést❡r✳ ❖❜s❡r✈❛♠♦s
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q✉❡ ♣❛r❛ q✉❛❧q✉❡r ♣♦s✐çã♦ ✐♥✐❝✐❛❧ ❞❛ ♠♦❧é❝✉❧❛ ❛ ♦t✐♠✐③❛çã♦ s❡♠♣r❡ t❡r♠✐♥❛✈❛ ❡♠

✉♠❛ ❞❛s ❞✉❛s ❝♦♥✜❣✉r❛çõ❡s ❞❡s❝r✐t❛s ❛❝✐♠❛✳ ◆❛ ✜❣✉r❛ ✸✳✻ ♣♦❞❡♠♦s ♦❜s❡r✈❛r ❛s

❞✉❛s ❝♦♥✜❣✉r❛çõ❡s ❡♥❝♦♥tr❛❞❛s ♣❛r❛ ❛ ❝♦r♦♥❛r✐❞✐♥❛✳

Figura 3.6. ❊str✉t✉r❛ ❞❛ ❈♦r♦♥❛r✐❞✐♥❛ ♥❛ ❝♦♥✜❣✉r❛çã♦ ❡♥❞♦ ✭❡sq✉❡r❞❛✮ ❡ ❡①♦ ✭❞✐✲

r❡✐t❛✮✳ ◆❛ ❡str✉t✉r❛ ❞❛ ❡sq✉❡r❞❛ sã♦ ❛♣r❡s❡♥t❛❞♦s ♦s át♦♠♦s q✉❡ ❢♦r♠❛♠ ♦ â♥❣✉❧♦

❞✐❡❞r♦ ❡st✉❞❛❞♦✳

P❛r❛ ❛ ❝♦r♦♥❛r✐❞✐♥❛ ❛ ❞✐❢❡r❡♥ç❛ ❞❡ ❡♥❡r❣✐❛ ❡♥tr❡ ❛s ❞✉❛s ❝♦♥✜❣✉r❛çõ❡s é ❞❡ ✷✱✵✼✶

❦❝❛❧✴♠♦❧ ✭✵✱✵✵✸✸ ❍❛rtr❡❡✮ ❡♥q✉❛♥t♦ q✉❡ ♣❛r❛ ❛ ✈♦❛❝❛♥❣✐♥❛ ❡st❛ ❞✐❢❡r❡♥ç❛ ✜❝❛ ❡♠

✶✱✵✵✹ ❦❝❛❧✴♠♦❧ ✭✵✱✵✵✶✻ ❍❛rtr❡❡✮✳ ❊♠ ❛♠❜❛s ❛s ♠♦❧é❝✉❧❛s ❛ ❝♦♥✜❣✉r❛çã♦ ❊◆❉❖ é ❛

❞❡ ♠❡♥♦r ❡♥❡r❣✐❛✳ ❈♦♠♦ ❡ss❛ ❞✐❢❡r❡♥ç❛ ❞❡ ❡♥❡r❣✐❛ é ♣❡q✉❡♥❛✱ ❛s ❞✉❛s ❝♦♥✜❣✉r❛çõ❡s

sã♦ ♣r♦✈á✈❡✐s à t❡♠♣❡r❛t✉r❛ ❝♦♥s✐❞❡r❛❞❛ ❡ ❛ tr❛♥s✐çã♦ ❞❡ ✉♠❛ ❝♦♥✜❣✉r❛çã♦ ♣❛r❛

♦✉tr❛ ❞✉r❛♥t❡ ❛ s✐♠✉❧❛çã♦ é ♣♦ssí✈❡❧ ❞❡ ♦❝♦rr❡r✱ ❞❡♣❡♥❞❡♥❞♦ ❞❛ ❜❛rr❡✐r❛ ❡♥tr❡

❡ss❡s ♠í♥✐♠♦s ❝♦♥❢♦r♠❛❝✐♦♥❛✐s✳ ❉❡ss❛ ❢♦r♠❛✱ r❡❛❧✐③❛♠♦s ❝á❧❝✉❧♦s q✉â♥t✐❝♦s ♣❛r❛

❞❡t❡r♠✐♥❛r ❛ ❜❛rr❡✐r❛ ❞❡ ♣♦t❡♥❝✐❛❧ ❡♥t❡ ♦s ❞♦✐s ♠í♥✐♠♦s✳ ❊ss❡s ✈❛❧♦r❡s ❢♦r❛♠

♦❜t✐❞♦s ❝❛❧❝✉❧❛♥❞♦ ❛ ❡♥❡r❣✐❛ ❞❛ ♠♦❧é❝✉❧❛ ❡♥q✉❛♥t♦ ♦ â♥❣✉❧♦ ❞✐❡❞r♦ ❞♦ ❣r✉♣♦ ést❡r

❡r❛ ❛❧t❡r❛❞♦ ♣❡r✐♦❞✐❝❛♠❡♥t❡ ❞❡ ❢♦r♠❛ ❛ r❡❛❧✐③❛r ✉♠❛ t♦rçã♦ ❞❡ ✸✻✵o✱ ♠❛♥t❡♥❞♦✲

s❡ ♦ r❡st❛♥t❡ ❞❛ ♠♦❧é❝✉❧❛ ✜①❛✳ ❖s r❡s✉❧t❛❞♦s ❞♦s ♣❡r✜s ♦❜t✐❞♦s ♣❡❧♦s ❝á❧❝✉❧♦s

q✉â♥t✐❝♦s ❜❡♠ ❝♦♠♦ ♦s ♣❡r✜s ♦❜t✐❞♦s ❛ ♣❛rt✐r ❞♦s ♣❛r❛♠❡tr♦s ❞♦ ❝❛♠♣♦ ❞❡ ❢♦rç❛

❡stã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛s ✜❣✉r❛s ✸✳✼ ❡ ✸✳✽✳

P❛r❛ ❛s ❞✉❛s ♠♦❧é❝✉❧❛s ❡♥❝♦♥tr❛♠♦s ✉♠❛ ❜❛rr❡✐r❛ ❞❡ t♦rçã♦ ❝♦♠ ∆E ❂ ✶✱✹✹✸

❦❝❛❧✴♠♦❧ ✭✵✱✷✸ ❍❛rtr❡❡✮ q✉❡ ♥❛ ❢❛✐①❛ ❞❡ t❡♠♣❡r❛t✉r❛ ❞❛s s✐♠✉❧❛çõ❡s ✭✸✵✽✲✸✶✽❑✮

é ❞❛ ♦r❞❡♠ ❞❡ ❦❚ ✭✵✱✻✶✷ ❡ ✵✱✻✸✷ ❦❝❛❧✴♠♦❧✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✮✱ ♥ã♦ s❡♥❞♦ ♠✉✐t♦

♣r♦✈á✈❡❧ q✉❡ ♦❝♦rr❛ ✉♠❛ r♦t❛çã♦ ♥❡st❛ ❡str✉t✉r❛✳ ▼❡s♠♦ ❛ss✐♠ ✐♥✐❝✐❛♠♦s ❛ s✐♠✉✲

❧❛çã♦ ❝♦♠ ❛s ♠♦❧é❝✉❧❛s ♥❛ ❝♦♥✜❣✉r❛çã♦ ❡♥❞♦✱ s❡♥❞♦ ♣❡r♠✐t✐❞❛ ❛ t♦rçã♦ ❞✉r❛♥t❡

❛s s✐♠✉❧❛çõ❡s✱ ❝♦♠ s❡✉s ♠♦✈✐♠❡♥t♦s ❣♦✈❡r♥❛❞♦s ♣❡❧♦s ♣❛râ♠❡tr♦s ❞❡ t♦rçã♦ q✉❡
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Figura 3.7. ◆♦ ♣❛✐♥❡❧ s✉♣❡r✐♦r t❡♠♦s ♦ ♣❡r✜❧ ❞❡ ❡♥❡r❣✐❛ ❝❛❧❝✉❧❛❞♦ ♣❛r❛ ♦ â♥❣✉❧♦

❞✐❡❞r♦ ❈21✲❈16✲❈22✲❖25 ❞❛ ✈♦❛❝❛♥❣✐♥❛✳ ❆s ❡♥❡r❣✐❛s ❡stã♦ ❡♠ ❤❛rtr❡❡✳ ◆♦ ♣❛✐♥❡❧

✐♥❢❡r✐♦r ♦ ♣❡r✜❧ ❞♦ ♣♦t❡♥❝✐❛❧ ❞❡ t♦rçã♦ Vt♦rçã♦ ❞❡t❡r♠✐♥❛❞♦s ♣❡❧♦s ♣❛râ♠❡tr♦s ✉s❛❞♦s

♥❛ s✐♠✉❧❛çã♦ ♣❛r❛ r❡♣r❡s❡♥t❛r ❛ ❜❛rr❡✐r❛ ❞❡ ♣♦t❡♥❝✐❛❧✳

❢♦r❛♠ ❞❡s❡♥✈♦❧✈✐❞♦s ♣❛r❛ r❡♣r❡s❡♥t❛r ❛s ❜❛rr❡✐r❛s ❞❡ ♣♦t❡♥❝✐❛✐s✳ ❖ ♣♦t❡♥❝✐❛❧ ❞❡

t♦rçã♦ é ❞❛❞♦ ♣❡❧❛ ❡q✉❛çã♦ ✷✳✶✵ ♦♥❞❡ ❱0❂✵ ❝♦♠ ♦s ❞❡♠❛✐s ♣❛râ♠❡tr♦s ❞❛ ❡q✉❛çã♦

❛♣r❡s❡♥t❛❞♦s ♥❛ t❛❜❡❧❛ ✸✳✼✳

Tabela 3.7. P❛râ♠❡tr♦s ❞♦ ♣♦t❡♥❝✐❛❧ ❞❡ t♦rçã♦ ❞♦ r❛❞✐❝❛❧ ▼❡❖2❈22

▼♦❧é❝✉❧❛ ❱✶ ❱✷ ❱✸ φ

❱♦❛❝❛♥❣✐♥❛ ✶✱✷✺ ✶✹✱✵ ✵✱✵ ✸✷✼✱✵

❈♦r♦♥❛r✐❞✐♥❛ ✹✱✺✵ ✶✺✱✷ ✵✱✵ ✶✹✾✱✵



36 Caṕıtulo 3. Parametrização das Moléculas

Figura 3.8. ◆♦ ♣❛✐♥❡❧ s✉♣❡r✐♦r t❡♠♦s ♦ ♣❡r✜❧ ❞❡ ❡♥❡r❣✐❛ ❝❛❧❝✉❧❛❞♦ ♣❛r❛ ♦ â♥❣✉❧♦

❞✐❡❞r♦ ❈21✲❈16✲❈22✲❖25 ❞❛ ❝♦r♦♥❛r✐❞✐♥❛✳ ❆s ❡♥❡r❣✐❛s ❡stã♦ ❡♠ ❤❛rtr❡❡✳ ◆♦ ♣❛✐♥❡❧

✐♥❢❡r✐♦r ♦ ♣❡r✜❧ ❞♦ ♣♦t❡♥❝✐❛❧ ❞❡ t♦rçã♦ Vt♦rçã♦ ❞❡t❡r♠✐♥❛❞♦s ♣❡❧♦s ♣❛râ♠❡tr♦s ✉s❛❞♦s

♥❛ s✐♠✉❧❛çã♦ ♣❛r❛ r❡♣r❡s❡♥t❛r ❛ ❜❛rr❡✐r❛ ❞❡ ♣♦t❡♥❝✐❛❧✳
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Tabela 3.8. ❈❛r❣❛s ♣❛r❝✐❛✐s ✭❝á❧❝✉❧♦s ❛❜ ✐♥✐t✐♦✮ ❡ ♣❛râ♠❡tr♦s ❞❡ ▲❏ ♦❜t✐❞♦s ❞♦ ❝❛♠♣♦

❞❡ ❢♦rç❛ ❖P▲❙✲❆❆ ♣❛r❛ ❛ ❝♦r♦♥❛r✐❞✐♥❛

◆o ➪t♦♠♦ q ✭❡✮ σ ✭➴✮ ǫ✭❦❏✴♠♦❧✮

✶ ◆❆ ✲✵✳✸✾✵ ✸✳✷✺✵ ✵✳✶✼✵
✷ ❈❆ ✵✳✵✸✺ ✸✳✺✺✵ ✵✳✵✼✵
✸ ❈❚ ✲✵✳✸✹✺ ✸✳✺✵✵ ✵✳✵✻✻
✹ ◆❚ ✲✵✳✶✵✻ ✸✳✷✺✵ ✵✳✶✼✵
✺ ❈❚ ✵✳✵✺✶ ✸✳✺✵✵ ✵✳✵✻✻
✻ ❈❚ ✵✳✶✷✷ ✸✳✺✵✵ ✵✳✵✻✻
✼ ❈❆ ✲✵✳✷✸✸ ✸✳✺✺✵ ✵✳✵✼✵
✽ ❈❆ ✵✳✶✶✹ ✸✳✺✺✵ ✵✳✵✼✵
✾ ❈❆ ✲✵✳✸✵✵ ✸✳✺✺✵ ✵✳✵✼✵
✶✵ ❈❆ ✲✵✳✶✼✻ ✸✳✺✺✵ ✵✳✵✼✵
✶✶ ❈❆ ✲✵✳✶✷✻ ✸✳✺✺✵ ✵✳✵✼✵
✶✷ ❈❆ ✲✵✳✸✼✶ ✸✳✺✺✵ ✵✳✵✼✵
✶✸ ❈❆ ✵✳✷✹✾ ✸✳✺✺✵ ✵✳✵✼✵
✶✹ ❈❚ ✵✳✸✾✽ ✸✳✺✵✵ ✵✳✵✻✻
✶✺ ❈❚ ✲✵✳✹✺✺ ✸✳✺✵✵ ✵✳✵✻✻
✶✻ ❈❚ ✵✳✵✹✸ ✸✳✺✵✵ ✵✳✵✻✻
✶✼ ❈❚ ✲✵✳✷✼✹ ✸✳✺✵✵ ✵✳✵✻✻
✶✽ ❈❚ ✲✵✳✸✷✹ ✸✳✺✵✵ ✵✳✵✻✻
✶✾ ❈❚ ✵✳✶✷✼ ✸✳✺✵✵ ✵✳✵✻✻
✷✵ ❈❚ ✵✳✶✹✷ ✸✳✺✵✵ ✵✳✵✻✻
✷✶ ❈❚ ✲✵✳✹✸✻ ✸✳✺✵✵ ✵✳✵✻✻
✷✷ ❈ ✵✳✽✽✸ ✸✳✼✺✵ ✵✳✶✵✺
✷✸ ❍ ✵✳✶✹✹ ✷✳✹✷✵ ✵✳✵✸✵
✷✹ ❖ ✲✵✳✸✽✺ ✷✳✾✻✵ ✵✳✷✶✵
✷✺ ❖ ✲✵✳✻✷✺ ✸✳✵✵✵ ✵✳✶✼✵
✷✻ ❈ ✲✵✳✶✼✶ ✸✳✺✵✵ ✵✳✵✻✻
✷✼ ❍ ✵✳✶✶✼ ✷✳✺✵✵ ✵✳✵✸✵
✷✽ ❍ ✵✳✶✶✽ ✷✳✺✵✵ ✵✳✵✸✵
✷✾ ❍ ✵✳✶✸✹ ✷✳✺✵✵ ✵✳✵✸✵
✸✵ ❍ ✵✳✵✵✺ ✷✳✺✵✵ ✵✳✵✸✵
✸✶ ❍ ✲✵✳✵✶✶ ✷✳✺✵✵ ✵✳✵✸✵
✸✷ ❍ ✵✳✶✸✺ ✷✳✺✵✵ ✵✳✵✸✵
✸✸ ❍ ✵✳✸✹✶ ✵✳✵✵✵ ✵✳✵✵✵
✸✹ ❍ ✲✵✳✵✶✸ ✷✳✺✵✵ ✵✳✵✸✵
✸✺ ❍ ✵✳✵✺✼ ✷✳✺✵✵ ✵✳✵✸✵
✸✻ ❍ ✵✳✵✵✼ ✷✳✺✵✵ ✵✳✵✸✵
✸✼ ❍ ✵✳✵✾✾ ✷✳✺✵✵ ✵✳✵✸✵
✸✽ ❍ ✵✳✵✼✽ ✷✳✺✵✵ ✵✳✵✸✵
✸✾ ❍ ✵✳✵✻✷ ✷✳✺✵✵ ✵✳✵✸✵
✹✵ ❍ ✲✵✳✵✶✾ ✷✳✺✵✵ ✵✳✵✸✵
✹✶ ❍ ✵✳✷✵✵ ✷✳✹✷✵ ✵✳✵✸✵
✹✷ ❍ ✵✳✶✺✷ ✷✳✹✷✵ ✵✳✵✸✵
✹✸ ❍ ✵✳✵✵✹ ✷✳✺✵✵ ✵✳✵✸✵
✹✹ ❍ ✵✳✷✵✵ ✷✳✺✵✵ ✵✳✵✸✵
✹✺ ❍ ✵✳✵✼✶ ✷✳✺✵✵ ✵✳✵✸✵
✹✻ ❍ ✵✳✵✽✵ ✷✳✺✵✵ ✵✳✵✸✵
✹✼ ❍ ✵✳✶✸✼ ✷✳✺✵✵ ✵✳✵✸✵
✹✽ ❍ ✵✳✶✾✾ ✷✳✹✷✵ ✵✳✵✸✵
✹✾ ❍ ✵✳✵✻✾ ✷✳✺✵✵ ✵✳✵✸✵
✺✵ ❍ ✵✳✵✽✵ ✷✳✺✵✵ ✵✳✵✸✵
✺✶ ❍ ✵✳✶✵✽ ✷✳✺✵✵ ✵✳✵✸✵
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Tabela 3.9. ❈❛r❣❛s ♣❛r❝✐❛✐s ✭❝á❧❝✉❧♦s ❛❜ ✐♥✐t✐♦✮ ❡ ♣❛râ♠❡tr♦s ❞❡ ▲❏ ♦❜t✐❞♦s ❞♦ ❝❛♠♣♦

❞❡ ❢♦rç❛ ❖P▲❙✲❆❆ ♣❛r❛ ❛ ✈♦❛❝❛♥❣✐♥❛

◆o ➪t♦♠♦ q ✭❡✮ σ ✭➴✮ ǫ✭❦❏✴♠♦❧✮

✶ ◆❆ ✲✵✳✷✼✾ ✸✳✷✺✵ ✵✳✶✼✵
✷ ❈❆ ✲✵✳✵✶✼ ✸✳✺✺✵ ✵✳✵✼✵
✸ ❈❚ ✲✵✳✸✺✹ ✸✳✺✵✵ ✵✳✵✻✻
✹ ◆❚ ✲✵✳✵✹✽ ✸✳✷✺✵ ✵✳✶✼✵
✺ ❈❚ ✵✳✵✶✹ ✸✳✺✵✵ ✵✳✵✻✻
✻ ❈❚ ✵✳✵✽✸ ✸✳✺✵✵ ✵✳✵✻✻
✼ ❈❆ ✲✵✳✶✹✶ ✸✳✺✺✵ ✵✳✵✼✵
✽ ❈❆ ✵✳✷✵✼ ✸✳✺✺✵ ✵✳✵✼✵
✾ ❈❆ ✲✵✳✺✻✹ ✸✳✺✺✵ ✵✳✵✼✵
✶✵ ❈❆ ✵✳✺✶✺ ✸✳✺✺✵ ✵✳✵✼✵
✶✶ ❈❆ ✲✵✳✸✺✸ ✸✳✺✺✵ ✵✳✵✼✵
✶✷ ❈❆ ✲✵✳✷✼✻ ✸✳✺✺✵ ✵✳✵✼✵
✶✸ ❈❆ ✵✳✵✺✵ ✸✳✺✺✵ ✵✳✵✼✵
✶✹ ❈❚ ✵✳✹✶✺ ✸✳✺✵✵ ✵✳✵✻✻
✶✺ ❈❚ ✲✵✳✺✵✹ ✸✳✺✵✵ ✵✳✵✻✻
✶✻ ❈❚ ✲✵✳✵✺✵ ✸✳✺✵✵ ✵✳✵✻✻
✶✼ ❈❚ ✲✵✳✸✵✵ ✸✳✺✵✵ ✵✳✵✻✻
✶✽ ❈❚ ✲✵✳✸✷✾ ✸✳✺✵✵ ✵✳✵✻✻
✶✾ ❈❚ ✵✳✶✵✷ ✸✳✺✵✵ ✵✳✵✻✻
✷✵ ❈❚ ✵✳✶✻✷ ✸✳✺✵✵ ✵✳✵✻✻
✷✶ ❈❚ ✲✵✳✺✼✷ ✸✳✺✵✵ ✵✳✵✻✻
✷✷ ❈ ✵✳✾✸✺ ✸✳✼✺✵ ✵✳✶✵✺
✷✸ ❖ ✲✵✳✹✵✸ ✸✳✵✵✵ ✵✳✶✼✵
✷✹ ❖ ✲✵✳✻✷✾ ✷✳✾✻✵ ✵✳✷✶✵
✷✺ ❖ ✲✵✳✸✻✽ ✸✳✵✵✵ ✵✳✶✼✵
✷✻ ❈ ✲✵✳✷✵✸ ✸✳✺✵✵ ✵✳✵✻✻
✷✼ ❍ ✵✳✶✹✷ ✷✳✺✵✵ ✵✳✵✸✵
✷✽ ❍ ✵✳✶✷✸ ✷✳✺✵✵ ✵✳✵✸✵
✷✾ ❍ ✵✳✶✷✸ ✷✳✺✵✵ ✵✳✵✸✵
✸✵ ❈ ✵✳✵✺✹ ✸✳✺✵✵ ✵✳✵✻✻
✸✶ ❍ ✵✳✵✼✺ ✷✳✺✵✵ ✵✳✵✸✵
✸✷ ❍ ✵✳✵✸✼ ✷✳✺✵✵ ✵✳✵✸✵
✸✸ ❍ ✵✳✵✸✾ ✷✳✺✵✵ ✵✳✵✸✵
✸✹ ❍ ✵✳✵✻✺ ✷✳✺✵✵ ✵✳✵✸✵
✸✺ ❍ ✵✳✵✽✻ ✷✳✺✵✵ ✵✳✵✸✵
✸✻ ❍ ✵✳✵✵✵ ✷✳✺✵✵ ✵✳✵✸✵
✸✼ ❍ ✵✳✵✶✽ ✷✳✺✵✵ ✵✳✵✸✵
✸✽ ❍ ✲✵✳✵✶✹ ✷✳✺✵✵ ✵✳✵✸✵
✸✾ ❍ ✵✳✶✵✶ ✷✳✺✵✵ ✵✳✵✸✵
✹✵ ❍ ✵✳✶✹✹ ✷✳✺✵✵ ✵✳✵✸✵
✹✶ ❍ ✵✳✶✺✻ ✷✳✺✵✵ ✵✳✵✸✵
✹✷ ❍ ✵✳✵✽✵ ✷✳✺✵✵ ✵✳✵✸✵
✹✸ ❍ ✵✳✶✵✷ ✷✳✺✵✵ ✵✳✵✸✵
✹✹ ❍ ✵✳✷✷✻ ✷✳✹✷✵ ✵✳✵✸✵
✹✺ ❍ ✵✳✶✽✺ ✷✳✹✷✵ ✵✳✵✸✵
✹✻ ❍ ✵✳✷✵✷ ✷✳✹✷✵ ✵✳✵✸✵
✹✼ ❍ ✵✳✵✽✹ ✷✳✺✵✵ ✵✳✵✸✵
✹✽ ❍ ✵✳✷✺✵ ✷✳✺✵✵ ✵✳✵✸✵
✹✾ ❍ ✵✳✸✷✸ ✵✳✵✵✵ ✵✳✵✵✵
✺✵ ❍ ✵✳✵✵✻ ✷✳✺✵✵ ✵✳✵✸✵
✺✶ ❍ ✵✳✵✽✸ ✷✳✺✵✵ ✵✳✵✸✵
✺✷ ❍ ✵✳✶✷✸ ✷✳✺✵✵ ✵✳✵✸✵
✺✸ ❍ ✵✳✵✻✷ ✷✳✺✵✵ ✵✳✵✸✵
✺✹ ❍ ✵✳✵✵✷ ✷✳✺✵✵ ✵✳✵✸✵
✺✺ ❍ ✵✳✵✸✶ ✷✳✺✵✵ ✵✳✵✸✵



Caṕıtulo 4

CO2 Supercŕıtico

4.1 Introdução

❈♦♠♦ ❝✐t❛❞♦ ❛♥t❡r✐♦r♠❡♥t❡✱ ♥♦ ❡st✉❞♦ ❞♦s ✢✉✐❞♦s s✉♣❡r❝rít✐❝♦s ♦ ❈❖2 ❞❡st❛❝❛✲

s❡ ♣♦r t❡r ✉♠ ❝✉st♦ ❜❛✐①♦✱ ♥ã♦ s❡r ✐♥✢❛♠á✈❡❧ ❡ ♥ã♦ ❞❡✐①❛r r❡sí❞✉♦ tó①✐❝♦ ♥♦s s♦❧✉t♦s

❛♣ós ❛ ❡①tr❛çã♦ ❡✴♦✉ s❡♣❛r❛çã♦✳ ❆❧✐❛❞♦ ❛ ❡ss❛s ❝❛r❛❝t❡ríst✐❝❛✱ t❡♠♦s ❛✐♥❞❛ ♦ ❢❛t♦

❞❡ q✉❡ s❡✉ ♣♦❞❡r ❞❡ s♦❧✉❜✐❧✐③❛çã♦ ❡ ❝♦♥s❡qü❡♥t❡♠❡♥t❡ s✉❛ s❡❧❡t✐✈✐❞❛❞❡ ♣♦❞❡ s❡r

❝♦♥tr♦❧❛❞❛ ♣♦r ❛❧t❡r❛çõ❡s ♥❛s ❝♦♥❞✐çõ❡s ❞❡ t❡♠♣❡r❛t✉r❛ ❡✴♦✉ ♣r❡ssã♦✳

P❛r❛ q✉❡ s❡ ♣♦ss❛ ✐♥✐❝✐❛r q✉❛❧q✉❡r ❡st✉❞♦ ❝♦♠♣✉t❛❝✐♦♥❛❧ s♦❜r❡ ❛s ♣r♦♣r✐❡❞❛✲

❞❡s ❞❡ s♦❧✈❛t❛çã♦ ❡♠ ❈❖2 s✉♣❡r❝rít✐❝♦✱ ❢❛③✲s❡ ♥❡❝❡ssár✐♦ ❛♥t❡s ❞❡t❡r♠✐♥❛r ❝♦♠♦ ♦

♠♦❞❡❧♦ ❞❡ ✐♥t❡r❛çã♦ q✉❡ ♣r❡t❡♥❞❡♠♦s ❡♠♣r❡❣❛r s❡ ❝♦♠♣♦rt❛ ❢r❡♥t❡ ❛ r❡s✉❧t❛❞♦s

❡①♣❡r✐♠❡♥t❛✐s ♣❛r❛ ♦ s♦❧✈❡♥t❡ ♣✉r♦ ❡ t❛♠❜é♠ ✈❛❧✐❞❛r ♥♦ss❛s ♣ró♣r✐❛s s✐♠✉❧❛çõ❡s

❢r❡♥t❡ ❛s ❞❡ ♦✉tr♦s ❣r✉♣♦s✳ ◆❡st❡ ❝❛♣ít✉❧♦✱ ✐r❡♠♦s ❥✉st❛♠❡♥t❡ ❛♣r❡s❡♥t❛r ❛❧❣✉♥s

r❡s✉❧t❛❞♦s s♦❜r❡ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❡str✉t✉r❛❧ ❡ ❞✐♥â♠✐❝♦ ♣❛r❛ ♦ ♠♦❞❡❧♦ ❞❡ s♦❧✈❡♥t❡

❡♠♣r❡❣❛❞♦✱ ❝♦♠♣❛r❛♥❞♦ r❡s✉❧t❛❞♦s ❞❡ ♥♦ss❛s s✐♠✉❧❛çõ❡s ❝♦♠ ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s

❡ ❞❡ ♦✉tr❛s s✐♠✉❧❛çõ❡s ❞❛ ❧✐t❡r❛t✉r❛✳ ❆ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r t❡♠ s✐❞♦ ✐♥t❡♥s❛✲

♠❡♥t❡ ❡♠♣r❡❣❛❞❛ ♥♦s ❡st✉❞♦s ❞❛s ♣r♦♣r✐❡❞❛❞❡s ❞♦ ❈❖2✳ ❖♥❞❡ ♦ ♠♦❞❡❧♦ ❊P▼✷ é

❛♣❧✐❝❛❞♦ ♥❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛s ♠❛✐s ❞✐✈❡rs❛s ♣r♦♣r✐❡❞❛❞❡s✱ ❞❡♥tr❡ ❡❧❛s ❛s t❡r♠♦❞✐✲

♥â♠✐❝❛s ❬✺✷❪ ♣❛ss❛♥❞♦ ♣♦r ♣r♦♣r✐❡❞❛❞❡s ❞❡ ❡str✉t✉r❛✱ ❞✐♥â♠✐❝❛ ❡ ❞✐❡❧étr✐❝❛ ❬✺✸✕✺✺❪

♣♦r ❡st✉❞♦s ❞❡ ✐♥t❡r❢❛❝❡ ❬✺✻✱ ✺✼❪ ❝❤❡❣❛♥❞♦ ❛té ♦ ❡st✉❞♦ ❞♦ ❈❖2 ❝♦♠♦ ✉♠ ✢✉✐❞♦

s✉♣❡r❝rít✐❝♦ ❬✹✺✱✺✽❪✳

❖ ♦❜❥❡t✐✈♦ ❛q✉✐ é ♦ ❞❡ ❝♦♥✜r♠❛r ❛ ✈❛❧✐❞❛❞❡ ❞♦ ♠♦❞❡❧♦ ❊P▼✷ ♣❛r❛ ♦ ❈❖2 ❡

✈❛❧✐❞❛r ♦ ✉s♦ ❞♦ ♣❛❝♦t❡ ❞❡ s✐♠✉❧❛çã♦ ❚■◆❑❊❘ q✉❡ ❢♦✐ ❡s❝♦❧❤✐❞♦ ♣❛r❛ s❡r ❡♠♣r❡✲

❣❛❞♦ ❡♠ ♥♦ss♦s ❡st✉❞♦s ❬✶✾❪✳ P❛r❛ t❛♥t♦✱ ✈❛♠♦s r❡♣r♦❞✉③✐r ❛❧❣✉♠❛s ♣r♦♣r✐❡❞❛✲

39
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❞❡s ❞❡ ❡str✉t✉r❛ ❡ ❞✐♥â♠✐❝❛s✱ ♣❛r❛ ♦ ❈❖2 s✉♣❡r❝rít✐❝♦✱ ❛♣r❡s❡♥t❛❞❛s ♥♦ ❛rt✐❣♦ ❞❡

❆❞❛♠s ❡ ❙✐❛✈♦s❤✲❍❛❣❤✐❣❤✐ ❬✹✺❪✳ ❱❛♠♦s ❛❝r❡s❝❡♥t❛r ❛✐♥❞❛ ♦s ❝á❧❝✉❧♦s ❞♦s ❝♦❡✜❝✐✲

❡♥t❡s ❞❡ ❛✉t♦✲❞✐❢✉sã♦ ♣❛r❛ s❡r❡♠ ❝♦♠♣❛r❛❞♦s ❛♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ❡①♣❡r✐♠❡♥t❛❧✲

♠❡♥t❡ ❬✺✾❪✳

4.2 Detalhes das Simulações

❖ s✐st❡♠❛ ❡st✉❞❛❞♦ ♥❡st❛ ❡t❛♣❛ é ❢♦r♠❛❞♦ ♣♦r ✸✵✵ ♠♦❧é❝✉❧❛s ❞❡ ❈❖2 ❧♦❝❛❧✐③❛❞❛s

❡♠ ❝❛✐①❛s ❝ú❜✐❝❛s ❝♦♠ ❞✐♠❡♥sõ❡s ❡s❝♦❧❤✐❞❛s ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ ❡st❛❞♦ t❡r♠♦❞✐♥â✲

♠✐❝♦ ❞❡ ✐♥t❡r❡ss❡✱ ❝♦♠ ❞❡♥s✐❞❛❞❡s ❡♥tr❡ ✵✱✶✶✼ ❡ ✵✱✾✸✻ ❣✴❝♠3✳ ❆s s✐♠✉❧❛çõ❡s ❢♦r❛♠

r❡❛❧✐③❛❞❛s ❝♦♠ ♦ ♣❛❝♦t❡ ❞❡ s✐♠✉❧❛çã♦ ❚■◆❑❊❘ ❬✶✾❪✳ ❆s ♠♦❧é❝✉❧❛s ❢♦r❛♠ ✐♥✐❝✐❛❧✲

♠❡♥t❡ t❡r♠❛❧✐③❛❞❛s ♥♦ ❡♥s❡♠❜❧❡ ❝❛♥ô♥✐❝♦ ✭◆❱❚✮✱ ❡q✉✐✈❛❧❡♥t❡ ❛ ❝♦❧♦❝❛r ♦ s✐st❡♠❛

❡♠ ✉♠ ❜❛♥❤♦ tér♠✐❝♦✱ ♣♦r ✉♠ t❡♠♣♦ ❞❡ ✶✵✵✳✵✵✵ ♣❛ss♦s ❞❡ s✐♠✉❧❛çã♦ ❞❡ ✷❢s ❝❛❞❛

♦ q✉❡ ❝♦rr❡s♣♦♥❞❡ ❛ ✉♠ t❡♠♣♦ ❞❡ ✷✵✵♣s ❡ ❛s tr❛❥❡tór✐❛s ♣❛r❛ ❛♥á❧✐s❡ ❢♦r❛♠ ❣❡r❛✲

❞❛s ♥♦ ❡♥s❡♠❜❧❡ ♠✐❝r♦❝❛♥ô♥✐❝♦ ✭◆❱❊✮ ❝♦♠ ♣❛ss♦ ❞❡ s✐♠✉❧❛çã♦ ❞❡ ✷❢s ❝♦♠ ✸✵✳✵✵✵

✭✻✵♣s✮ ❝❛❞❛ tr❛❥❡tór✐❛ ❝♦♠ t❡r♠❛❧✐③❛çõ❡s ✐♥t❡r♠❡❞✐ár✐❛s ❞❡ ✷✵♣s ❝❛❞❛✳ P❛r❛ ♦s s✐s✲

t❡♠❛s ❡♠ ❜❛✐①❛s ❞❡♥s✐❞❛❞❡s ❢♦r❛♠ ❣❡r❛❞❛s ✺✵ tr❛❥❡tór✐❛s ❡ ✷✵ tr❛❥❡tór✐❛s ♣❛r❛ ❛s

❞❡♥s✐❞❛❞❡s ✐❣✉❛✐s ♦✉ ♠❛✐♦r❡s ❞♦ q✉❡ ❛ ❝rít✐❝❛ ✭ρc ≈ 0, 468 g/cm3✮✳ ❋♦r❛♠ ✉s❛❞❛s

❝♦♥❞✐çõ❡s ♣❡r✐ó❞✐❝❛s ❞❡ ❝♦♥t♦r♥♦ ♣❛r❛ ❡❧✐♠✐♥❛r ♦ ❡❢❡✐t♦ ❞❡ ❢r♦♥t❡✐r❛ ❝♦♠ ❛s ❡q✉❛✲

çõ❡s ❞❡ ♠♦✈✐♠❡♥t♦ ✐♥t❡❣r❛❞❛s ❛tr❛✈és ❞♦s ❛❧❣♦r✐t♠♦s ✏❱❡❧♦❝✐t ❱❡r❧❡t✑ ❡ ✏❘❆❚❚▲❊✑✳

P❛r❛ ❛s ✐♥t❡r❛çõ❡s ❞❡ ❝✉rt♦ ❛❧❝❛♥❝❡ ❡♠♣r❡❣❛♠♦s ✉♠ r❛✐♦ ❞❡ ❝♦rt❡ ✐❣✉❛❧ ❛ ♠❡t❛❞❡ ❞♦

❧❛❞♦ ❞❛ ❝❛✐①❛ ❞❡ s✐♠✉❧❛çã♦ ❡ ❛s ✐♥t❡r❛çõ❡s ❡❧❡tr♦stát✐❝❛s ❢♦r❛♠ ❝♦♠♣✉t❛❞❛s ✉s❛♥❞♦

P▼❊✲✏P❛rt✐❝❧❡ ▼❡s❤ ❊✇❛❧❞✑✳

4.3 Propriedades Estruturais

❆ ♣r✐♠❡✐r❛ ♣r♦♣r✐❡❞❛❞❡ r❡♣r♦❞✉③✐❞❛ ❢♦✐ ❛ ❢✉♥çã♦ ❞❡ ❞✐str✐❜✉✐çã♦ r❛❞✐❛❧ ❞❡ ♣❛r❡s✳

❆ ✜❣✉r❛ ✹✳✶ ❛♣r❡s❡♥t❛ ❛s ❢✉♥çõ❡s ♣❛r❛ t♦❞♦s ♦s três ♣❛r❡s ♣♦ssí✈❡✐s ❡♥tr❡ ♦s ❝❛r❜♦♥♦s

❡ ♦s ♦①✐❣ê♥✐♦s ❞♦ ❈❖2✱ s❡♥❞♦ q✉❡ ❣C−C✭r✮ r❡♣r❡s❡♥t❛ ❛ ❢✉♥çã♦ ❞❡ ❞✐str✐❜✉✐çã♦

❡♥tr❡ ♦s ❝❡♥tr♦s ❞❡ ♠❛ss❛ ❞❛s ♠♦❧é❝✉❧❛s✳ P❛r❛ ❛ ♠❡♥♦r ❞❡♥s✐❞❛❞❡ t❡♠♦s ❛ ❢✉♥çã♦

tí♣✐❝❛ ♣❛r❛ ✉♠❛ ❡str✉t✉r❛ ❞❡ ✉♠ ❣ás ❝♦♠ ✉♠ ú♥✐❝♦ ♣✐❝♦ ❞❡✜♥✐❞♦ ❝♦♠ ❛ ❢✉♥çã♦

❞❡❝r❡s❝❡♥❞♦ ❛té ❛ ✉♥✐❞❛❞❡✳ ❏á ♥❛ ❞❡♥s✐❞❛❞❡ ❛❧t❛ ❛ ❢✉♥çã♦ é tí♣✐❝❛ ❞❡ ❧íq✉✐❞♦s ❝♦♠

♣✐❝♦s s❡❝✉♥❞ár✐♦s ❜❡♠ ❞❡✜♥✐❞♦s r❡♣r❡s❡♥t❛♥❞♦ ♦✉tr❛s ❝❛♠❛❞❛s ❡str✉t✉r❛❞❛s ❡♠

t♦r♥♦ ❞❛ ♠♦❧é❝✉❧❛ ❝❡♥tr❛❧✳
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Figura 4.1. ❋✉♥çã♦ ❞❡ ❞✐str✐❜✉✐çã♦ r❛❞✐❛❧ ❞♦ ❈❖2 ♣❛r❛ ❞❡♥s✐❞❛❞❡s ❞❡ ✵✱✶✶✼ ❡ ✵✱✾✸✽

❣✴❝♠3 ♥❛ t❡♠♣❡r❛t✉r❛ ❞❡ ✸✶✸❑✳ ◆♦ ♣❛✐♥❡❧ s✉♣❡r✐♦r t❡♠♦s ❛ ❢✉♥çã♦ ❣✭r✮ ❡♥tr❡ ♦s

❝❛r❜♦♥♦s q✉❡ é ❡q✉✐✈❛❧❡♥t❡ à ❢✉♥çã♦ ❡♥tr❡ ♦s ❝❡♥tr♦s ❞❡ ♠❛ss❛ ❞❛s ♠♦❧é❝✉❧❛s✳ ❆❜❛✐①♦

❡ ❡sq✉❡r❞❛ ❣✭r✮ ❡♥tr❡ ♦ ❝❛r❜♦♥♦ ❡ ♦①✐❣ê♥✐♦ ❡ ❛ ❞✐r❡✐t❛ ❡♥tr❡ ♦s át♦♠♦s ❞❡ ♦①✐❣ê♥✐♦

❞❡ ♠♦❧é❝✉❧❛s ❞✐st✐♥t❛s

❯♠❛ ♠❡❞✐❞❛ ❞❛ ✈❛❧✐❞❛❞❡ ❞♦ ♠♦❞❡❧♦ é ❛ s✉❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ r❡♣r♦❞✉③✐r ❞❛❞♦s ❡①✲

♣❡r✐♠❡♥t❛✐s✳ ❆ ❢✉♥çã♦ ❣C−C✭r✮ ❡①♣❡r✐♠❡♥t❛❧ ♥ã♦ ♣♦❞❡ s❡r ♦❜t✐❞❛ ❞✐r❡t❛♠❡♥t❡ ♠❛s✱

❛tr❛✈és ❞❡ ❡①♣❡r✐♠❡♥t♦s ❝♦♠ ❡s♣❛❧❤❛♠❡♥t♦ ❞❡ ♥ê✉tr♦♥s ♣♦❞❡♠♦s ♦❜t❡r ❛ ❢✉♥çã♦

❞❡ ❞✐str✐❜✉✐çã♦ ♣♦♥❞❡r❛❞❛ ♦✉ ✏♥❡✉tr♦♥✲✇❡✐❣❤t❡❞ ❞✐str✐❜✉t✐♦♥ ❢✉♥❝t✐♦♥✑ gnw(r) q✉❡

❛♣r❡s❡♥t❛ ❛ ❝♦♥tr✐❜✉✐çã♦ ❞❡ t♦❞♦s ♦s ♣❛r❡s ❞❡ át♦♠♦s ❞❛ ♠♦❧é❝✉❧❛✳ ❚❡♦r✐❝❛♠❡♥t❡✱

♥♦ ❝❛s♦ ❞♦ ❈❖2✱ ❡❧❛ ♣♦❞❡ s❡r ❝❛❧❝✉❧❛❞❛ ❛tr❛✈és ❞❛ s❡❣✉✐♥t❡ ❝♦♠❜✐♥❛çã♦ ❞❛s ❢✉♥çõ❡s

❞❡ ❞✐str✐❜✉✐çã♦ r❛❞✐❛❧ ❞❡ ♣❛r❡s✿

gnw(r) = 0.133gC−C(r) + 0.464gC−O(r) + 0.403gO−O(r) ✭✹✳✶✮
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♦♥❞❡ ♦s ❝♦❡✜❝✐❡♥t❡s ❛♣❧✐❝❛❞♦s ❛ ❝❛❞❛ ✉♠❛ ❞❛s ❢✉♥çõ❡s r❛❞✐❛✐s ❞❡ ♣❛r❡s sã♦ ♦s ❢❛t♦r❡s

❞❡ ❡s♣❛❧❤❛♠❡♥t♦ ❡s♣❡❝í✜❝♦ ♣❛r❛ ❝❛❞❛ ♣❛r ❞❡ át♦♠♦s✳ ❆ ✜❣✉r❛ ✹✳✷ ❛♣r❡s❡♥t❛ ❛

❢✉♥çã♦ ♦❜t✐❞❛ ♣♦r s✐♠✉❧❛çã♦ ❛tr❛✈és ❞❛ ❡q✉❛çã♦ ✹✳✶ ❡♠ ❝♦♠♣❛r❛çã♦ ❝♦♠ ♦s ❞❛❞♦s

♦❜t✐❞♦s ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡ ❬✹✺❪✳

Figura 4.2. ❋✉♥çã♦ ❣nw ✭r✮ ♣❛r❛ ♦ ❈❖2 ♥❛ ❞❡♥s✐❞❛❞❡ ❞❡ ✵✱✽✸✵ ❣✴❝♠3✳ ❖s ❝ír❝✉❧♦s

r❡♣r❡s❡♥t❛♠ ♦s ✈❛❧♦r❡s ❡①♣❡r✐♠❡♥t❛✐s ♦❜t✐❞♦s ♣♦r ❡s♣❛❧❤❛♠❡♥t♦ ❞❡ ♥ê✉tr♦♥s ❡ ❛ ❧✐♥❤❛

♦ r❡s✉❧t❛❞♦ ♦❜t✐❞♦ ❞❛ s✐♠✉❧❛çã♦✳ ➱ ❛♣r❡s❡♥t❛❞♦ ❛✐♥❞❛ ❛ ❝♦♥tr✐❜✉✐çã♦ ❞❛s ❢✉♥çõ❡s g(r)

❡♥tr❡ ❝❛❞❛ ♣❛r ❞❡ át♦♠♦s✳

◆♦t❛✲s❡ q✉❡ ❤á ❡①❝❡❧❡♥t❡ ❛❝♦r❞♦ ❡♥tr❡ ♦s r❡s✉❧t❛❞♦s✱ ✐♥❞✐❝❛♥❞♦ q✉❡ ♦ ♠♦❞❡❧♦

❊P▼✷ r❡♣r♦❞✉③ ♠✉✐t♦ ❜❡♠ ❛ ❡str✉t✉r❛ ✐♥t❡r♠♦❧❡❝✉❧❛r ❞♦ ✢✉✐❞♦ ♥❛s ❝♦♥❞✐çõ❡s

s✉♣❡r❝rít✐❝❛s✳

❯♠❛ ❝❛r❛❝t❡ríst✐❝❛ ♦❜s❡r✈❛❞❛ ♥♦s ✢✉✐❞♦s s✉♣❡r❝rít✐❝♦s é ♦ ❛✉♠❡♥t♦ ❞❛ ❞❡♥✲

s✐❞❛❞❡ ❧♦❝❛❧✱ ❝♦♥s❡qüê♥❝✐❛ ❞❛ ✐♥♦♠♦❣❡♥✐❡❞❛❞❡ ❞❛ ❞❡♥s✐❞❛❞❡ ♥❡ss❡s ✢✉í❞♦s✱ ❝♦♠♦

❥á r❡♣♦rt❛❞♦ ♣♦r ❚✉❝❦❡r ❡ ❝♦❧❛❜♦r❛❞♦r❡s ❬✻✵✕✻✷❪✳ ◆♦t❛❞❛♠❡♥t❡ ❡st❡ ❛✉♠❡♥t♦ ❞❡

❞❡♥s✐❞❛❞❡ ❧♦❝❛❧ é ♦❜s❡r✈❛❞♦ ♠❛✐s ✐♥t❡♥s❛♠❡♥t❡ ♥❛s ♣r♦①✐♠✐❞❛❞❡s ❞❛ ❞❡♥s✐❞❛❞❡

❝rít✐❝❛ ❞♦ ✢✉✐❞♦✳ P♦❞❡♠♦s ♦❜s❡r✈❛r ❡st❡ ❡❢❡✐t♦ ♥♦ ❈❖2 ❛tr❛✈és ❞❛ ❞❡t❡r♠✐♥❛çã♦

❞♦ ♥ú♠❡r♦ ❞❡ ❝♦♦r❞❡♥❛çã♦ ❞❛ ♣r✐♠❡✐r❛ ❝❛♠❛❞❛ ❞❡ s♦❧✈❛t❛çã♦ ✭◆1✮ ❝❛❧❝✉❧❛❞♦ ♣❡❧❛
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❡q✉❛çã♦ ✷✳✷✶ ✉s❛♥❞♦ rc = 5.9 ➴ q✉❡ ❝♦rr❡s♣♦♥❞❡ ❛♦ ♣r✐♠❡✐r♦ ♠í♥✐♠♦ ♦❜s❡r✈❛❞♦

♥♦ ❣rá✜❝♦ ❞❛ ❢✉♥çã♦ ❣C−C✭r✮ ❛♣r❡s❡♥t❛❞♦ ♥❛ ✜❣✉r❛ ✹✳✶✳ ❖s r❡s✉❧t❛❞♦s ❞❡ ◆1 ❡♠

❢✉♥çã♦ ❞❛ ❞❡♥s✐❞❛❞❡ r❡❞✉③✐❞❛ ❞♦ ❈❖2 ❡stã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛ ✜❣✉r❛ ✹✳✸✳

Figura 4.3. ◆ú♠❡r♦ ❞❡ ❝♦♦r❞❡♥❛çã♦ ❡♠ ❢✉♥çã♦ ❞❛ ❞❡♥s✐❞❛❞❡ r❡❞✉③✐❞❛ ♣❛r❛ ♦ ❈❖2✳ ❆

❧✐♥❤❛ tr❛❝❡❥❛❞❛ r❡♣r❡s❡♥t❛ ♦ ♥ú♠❡r♦ ❞❡ ❝♦♦r❞❡♥❛çã♦ ❡s♣❡r❛❞♦ ♣❛r❛ ✉♠ s✐st❡♠❛ ❝♦♠

❞✐str✐❜✉✐çã♦ ❞❡ ❞❡♥s✐❞❛❞❡ ❤♦♠♦❣ê♥❡❛✳

❖❜s❡r✈❛♠♦s q✉❡ ♦s ✈❛❧♦r❡s ❝❛❧❝✉❧❛❞♦s ♣❛r❛ ◆1 ✭❧✐♥❤❛ ❝❤❡✐❛ ♥♦ ❣rá✜❝♦✮ sã♦ ❧✐❣❡✐✲

r❛♠❡♥t❡ s✉♣❡r✐♦r❡s ❛♦s ✈❛❧♦r❡s ❡s♣❡r❛❞♦s ❡♠ ✉♠ s✐st❡♠❛ ❝♦♠ ❞❡♥s✐❞❛❞❡ ❤♦♠♦❣ê♥❡❛

r❡♣r❡s❡♥t❛❞♦ ♣❡❧❛ ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛✱ s❡♥❞♦ ❡ss❛ ❞✐❢❡r❡♥ç❛ ♠❛✐s ❛❝❡♥t✉❛❞❛ ❡♠ t♦r♥♦

❞♦ ♣♦♥t♦ ❝rít✐❝♦ ✭ρ/ρc = 1✮✳

4.4 Propriedades Dinâmicas

❉❛s ♣r♦♣r✐❡❞❛❞❡s ❞✐♥â♠✐❝❛s ❛ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ ❢♦✐ r❡♣r♦❞✉③✐❞❛ ❞♦ ❛rt✐❣♦

❞❡ ❆❞❛♠s ❡ ❙✐❛✈♦s❤✲❍❛❣❤✐❣❤✐✱ ❥á ♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ ❞✐❢✉sã♦ ❢♦r❛♠ ❝❛❧❝✉❧❛❞♦s ❡

❝♦♠♣❛r❛❞♦s ❝♦♠ ✈❛❧♦r❡s ❡①♣❡r✐♠❡♥t❛✐s ❬✺✾❪✳

❆ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ r❡♦r✐❡♥t❛❝✐♦♥❛❧ r❡✢❡t❡ ❛ ❡✈♦❧✉çã♦ t❡♠♣♦r❛❧ ❞❡ ✉♠ ✈❡t♦r

✉♥✐tár✐♦ ✉ s✐t✉❛❞♦ ❛♦ ❧♦♥❣♦ ❞♦ ❡✐①♦ ❞❛ ♠♦❧é❝✉❧❛ ❞❡ ❈❖2✳
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Figura 4.4. ❋✉♥çõ❡s ❞❡ ❝♦rr❡❧❛çã♦ r❡♦r✐❡♥t❛❝✐♦♥❛❧ ❞♦ ❈❖2 ♣✉r♦ ♣❛r❛ l = 1 ❝♦♠ ❚❂✸✷✸❑

♦❜t✐❞❛s ♣♦r ❙✐♠✉❧❛çã♦ ❞❡ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r✳ ❆ ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛ ❝♦rr❡s♣♦♥❞❡ ❛♦

r❡s✉❧t❛❞♦ ♣❛r❛ ♦ r♦t♦r ❧✐✈r❡

Figura 4.5. ❋✉♥çõ❡s ❞❡ ❝♦rr❡❧❛çã♦ r❡♦r✐❡♥t❛❝✐♦♥❛❧ ❞♦ ❈❖2 ♣✉r♦ ♣❛r❛ l = 2 ♥❛s ♠❡s♠❛s

❞❡♥s✐❞❛❞❡ ❡ ❚❂✸✷✸❑ ♦❜t✐❞❛s ♣♦r ❙✐♠✉❧❛çã♦ ❞❡ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r✳

❖❜s❡r✈❛✲s❡ q✉❡ ♦ t❡♠♣♦ ❞❡ r❡♦r✐❡♥t❛çã♦ é ❞✐r❡t❛♠❡♥t❡ ❞❡♣❡♥❞❡♥t❡ ❞❛ ❞❡♥s✐✲

❞❛❞❡✳ ❈♦♠ ♦ ❛✉♠❡♥t♦ ❞❛ ❞❡♥s✐❞❛❞❡ t♦r♥❛✲s❡ ♣r♦❣r❡ss✐✈❛♠❡♥t❡ ♠❛✐s ❞✐❢í❝✐❧ ♣❛r❛

✉♠❛ ♠♦❧é❝✉❧❛ ♠♦✈❡r✲s❡✱ ❛ss✐♠ ❛s ❢✉♥çõ❡s ❞❡ ❝♦rr❡❧❛çã♦ ❞❡ r❡♦r✐❡♥t❛çã♦ ❞❡❝❛✐rã♦ ❞❡

♠❛♥❡✐r❛ ♠❛✐s ❧❡♥t❛✳ ❊st❡ ❝♦♠♣♦rt❛♠❡♥t♦ ♥♦ ❈❖2 s✉♣❡r❝rít✐❝♦ ♣♦s❡ s❡r ♦❜s❡r✈❛❞♦
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♥❛s ✜❣✉r❛s ✹✳✹ ❡ ✹✳✺ ♦♥❞❡ ♥❛s ❞❡♥s✐❞❛❞❡s ♠❛✐s ❜❛✐①❛s ❛ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ ❛♣r❡✲

s❡♥t❛ ✉♠❛ rá♣✐❞❛ ♣❡r❞❛ ❞❡ ❝♦rr❡❧❛çã♦ r❡s✉❧t❛❞♦ ❞❛ ❞✐♥â♠✐❝❛ rá♣✐❞❛ ❞♦ s✐st❡♠❛

♥❡st❛s ❝♦♥❞✐çõ❡s✱ ❝♦♠ ✉♠ ♣r♦❣r❡ss✐✈♦ ❛✉♠❡♥t♦ ❞♦ t❡♠♣♦ ❞❡ ❞❡❝❛✐♠❡♥t♦ ❝♦♠ ♦

❛✉♠❡♥t♦ ❞❛ ❞❡♥s✐❞❛❞❡✳

❉❡ ❢❛t♦✱ ♥❛ ❞❡♥s✐❞❛❞❡ ♠❛✐s ❜❛✐①❛ ❡st✉❞❛❞❛✱ ❈1✭t✮ ❞✐❢❡r❡♥❝✐❛✲s❡ ❧✐❣❡✐r❛♠❡♥t❡

❞♦ r❡s✉❧t❛❞♦ ♦❜t✐❞♦ ♣❛r❛ ♦ r♦t♦r ❧✐✈r❡ ❝❧áss✐❝♦ ✭❛ ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛✮✱ ❞❡t❡r♠✐♥❛❞♦

❛tr❛✈és ❞❡ ✉♠❛ s✐♠✉❧❛çã♦ ❝♦♠ ❞❡♥s✐❞❛❞❡ ♣ró①✐♠❛ à ③❡r♦✳ ❊♠ t♦❞♦s ♦s ❝❛s♦s ♦

❝♦♠♣♦rt❛♠❡♥t♦ ♣❛r❛ t❡♠♣♦s ❝✉rt♦s é q✉❛❞rát✐❝♦✱ ✉♠ r❡s✉❧t❛❞♦ q✉❡ r❡✢❡t❡ ♦ ❢❛t♦

❞❡ q✉❡ ❛s ❢✉♥çõ❡s ❞❡ ❝♦rr❡❧❛çã♦ ❝❧áss✐❝❛s sã♦ ❢✉♥çõ❡s ♣❛r❡s ♥♦ t❡♠♣♦✱ ♠❛s ❡st❡

❝♦♠♣♦rt❛♠❡♥t♦ q✉❛❞rát✐❝♦ ✐♥✐❝✐❛❧ é ❝❧❛r❛♠❡♥t❡ ❞❡♣❡♥❞❡♥t❡ ❞❛ ❞❡♥s✐❞❛❞❡✳ P❛r❛

❛❧t❛s ❞❡♥s✐❞❛❞❡s ❛♣ós ✉♠ t❡♠♣♦ ✐♥✐❝✐❛❧ ♦♥❞❡ ❛ ✐♥✢✉ê♥❝✐❛ q✉❛❞rát✐❝❛ é ♦❜s❡r✈❛❞❛✱

❛ ❝✉r✈❛ ❞❡ ❈1✭t✮ ♣♦❞❡ s❡r r❡♣r❡s❡♥t❛❞❛ ♣♦r ✉♠❛ ❡①♣♦♥❡♥❝✐❛❧✳

P❛r❛ ♦s ✈❛❧♦r❡s ❞❡ ❈2✭t✮ ❛♣r❡s❡♥t❛❞♦s ♥❛ ✜❣✉r❛ ✹✳✺ é ❡♠♣r❡❣❛❞❛ ❛ ❡s❝❛❧❛ ❧♦❣❛✲

rít♠✐❝❛ ♣❛r❛ q✉❡ ♦ ❣rá✜❝♦ ♣♦ss❛ s❡r ❝♦♠♣❛r❛❞♦ ❛♦s ✈❛❧♦r❡s ❞♦ ❛rt✐❣♦ ♦r✐❣✐♥❛❧ ❬✹✺❪✳

◆❛s ❞❡♥s✐❞❛❞❡s ❛❧t❛s ♣♦❞❡♠♦s ♦❜s❡r✈❛r ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❧✐♥❡❛r ❞❛ ❝✉r✈❛ ♣❛r❛

t❡♠♣♦s ❧♦♥❣♦s ❝❛r❛❝t❡ríst✐❝♦ ❞♦ ❞❡❝❛✐♠❡♥t♦ ❡①♣♦♥❡♥❝✐❛❧ ❞❛ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦✳

◆❛s ❞❡♥s✐❞❛❞❡s ❜❛✐①❛s sã♦ ♦❜s❡r✈❛❞♦s ❞♦✐s ♣♦♥t♦s ❞❡ ✐♥✢❡①ã♦ ❝♦♠ ✉♠ ♠í♥✐♠♦ ❜❡♠

❞❡✜♥✐❞♦ ✭✵✱✹ ♣s ♣❛r❛ ♦ r♦t♦r ❧✐✈r❡ ❝♦♠ ❛ ❢✉♥çã♦ t❡♥❞❡♥❞♦ ❛♦ ✈❛❧♦r ❛ss✐♥tót✐❝♦ ❞❡

✵✱✷✺ ✭❞❡✈✐❞♦ à ❢♦r♠❛ ❢✉♥❝✐♦♥❛❧ ❞♦ ♣♦❧✐♥ô♠✐♦ ❞❡ ▲❡❣❡♥❞r❡ ❞❡ s❡❣✉♥❞❛ ♦r❞❡♠✮✳

Tabela 4.1. ❈♦❡✜❝✐❡♥t❡s ❞❡ ❛✉t♦✲❞✐❢✉sã♦ ❞♦ ❈❖2 ❙❝ ♣❛r❛ ❚❂✸✷✸❑

ρ(g/cm2) DExp(10−5cm2/s) DDM(10−5cm2/s)

✵✱✶✵✽ 19, 6 20, 8

✵✱✹✻✹ 4, 1 4, 8

✵✱✽✺✾ 1, 9 2, 0

✵✱✾✷✾ 1, 6 1, 6

❖s ❝♦❡✜❝✐❡♥t❡s ❞❡ ❛✉t♦✲❞✐❢✉sã♦ ✭❉✮ t❛♠❜é♠ ❢♦r❛♠ ❝♦♠♣✉t❛❞♦s ✉t✐❧✐③❛♥❞♦ ❛ r❡✲

❧❛çã♦ ❞❡ ❊✐♥st❡✐♥ ❞❡✜♥✐❞❛ ♥❛ ❡q✉❛çã♦ ✷✳✷✹✳ P♦❞❡♠♦s ♦❜s❡r✈❛r ❛tr❛✈és ❞♦s ✈❛❧♦r❡s

❞❛ t❛❜❡❧❛ ✹✳✶ ❛ ❞❡♣❡♥❞ê♥❝✐❛ ❞✐r❡t❛ ❞♦ ❝♦❡✜❝✐❡♥t❡ ❝♦♠ ❛ ❞❡♥s✐❞❛❞❡✳ ❚❛♠❜é♠ ♦❜✲

s❡r✈❛♠♦s q✉❡ ♦s ✈❛❧♦r❡s ❝❛❧❝✉❧❛❞♦s sã♦ s❡♠♣r❡ s✉♣❡r✐♦r❡s ❛♦s ❡①♣❡r✐♠❡♥t❛✐s ❡①❝❡t♦

♥❛ ❞❡♥s✐❞❛❞❡ ♠❛✐s ❛❧t❛ ♦♥❞❡ ❛ ❝♦♥❝♦r❞â♥❝✐❛ é ❡①❝❡❧❡♥t❡✳ ❊st❡ ❝♦♠♣♦rt❛♠❡♥t♦ é

♦❜s❡r✈❛❞♦ ❡♠ t♦❞♦s ♦s ♠♦❞❡❧♦s ❞❡ ♣♦t❡♥❝✐❛✐s ❡①✐st❡♥t❡s ♣❛r❛ ♦ ❈❖2✱ ❝♦♥❢♦r♠❡ ❞❡s✲
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❝r✐t♦ ♥♦ tr❛❜❛❧❤♦ ❞❡ ❩❤❛♥❣ ❡ ❉✉❛♥ ❬✹✻❪✳ ◆♦ss♦s ✈❛❧♦r❡s sã♦ ❝♦♥s✐st❡♥t❡s ❝♦♠ ✉♠

❡st✉❞♦ ❛♥t❡r✐♦r ♦♥❞❡ ♦s ❛✉t♦r❡s ❝❛❧❝✉❧❛r❛♠ ♦s ✈❛❧♦r❡s ❞❡ ❉ ✉s❛♥❞♦ ♦✉tr♦ ♠♦❞❡❧♦

❞❡ ♣♦t❡♥❝✐❛❧ ♣❛r❛ ❞❡s❝r❡✈❡r ❛s ♠♦❧é❝✉❧❛s ❞♦ ❈❖2 ❬✻✸❪✳

4.5 Conclusões

❘❡♣r♦❞✉③✐♠♦s ♦s ✈❛❧♦r❡s ❡①♣❡r✐♠❡♥t❛✐s ❞❛ ❡str✉t✉r❛ ✐♥t❡r♠♦❧❡❝✉❧❛r ❞♦ ❈❖2 ♥❛s

❝♦♥❞✐çõ❡s s✉♣❡r❝rít✐❝❛s✱ r❡♣r❡s❡♥t❛❞♦s ♣❡❧❛ ❢✉♥çã♦ gnw✭r✮✱ ❝♦♠ ❣r❛♥❞❡ ♣r❡❝✐sã♦ ❡

❞❡t❛❧❤❛♠❡♥t♦✳

❋♦✐ ♣♦ssí✈❡❧ ♦❜s❡r✈❛r✱ s❡♠ ♥❡♥❤✉♠❛ ❛❧t❡r❛çã♦ ♥♦s ♣♦t❡♥❝✐❛✐s✱ ♦s ❡❢❡✐t♦s ❞❡ ❛✉✲

♠❡♥t♦ ❞❡ ❞❡♥s✐❞❛❞❡ ❧♦❝❛❧ ❝❛r❛❝t❡ríst✐❝❛ ❞♦s ✢✉✐❞♦s s✉♣❡r❝rít✐❝♦s✳

❖❜s❡r✈❛♠♦s ✉♠❛ ❡①❝❡❧❡♥t❡ ❝♦♥❝♦r❞â♥❝✐❛ ❡♥tr❡ ♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ ❞✐❢✉sã♦ ❞♦ ❈❖2

❝❛❧❝✉❧❛❞♦s ❛tr❛✈és ❞❛ ❉▼ ❡ ♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✳

❖ ♠♦❞❡❧♦ ❊P▼✷ ♠♦str♦✉✲s❡ ♠✉✐t♦ ❛❞❡q✉❛❞♦ ♥❛ r❡♣r♦❞✉çã♦ t❛♥t♦ ❞❛s ♣r♦♣r✐✲

❡❞❛❞❡s ❞❡ ❡str✉t✉r❛ q✉❛♥t♦ ❞♦s r❡s✉❧t❛❞♦s ❞❛ ❞✐♥â♠✐❝❛✱ ❝♦♥✜r♠❛♥❞♦ t❛♠❜é♠ q✉❡

❛ q✉❛♥t✐❞❛❞❡ ♠í♥✐♠❛ ❞❡ ✸✵✵ ♠♦❧é❝✉❧❛s ❞❡ s♦❧✈❡♥t❡ é s✉✜❝✐❡♥t❡ ♣❛r❛ r❡♣r♦❞✉③✐r

s❛t✐s❢❛t♦r✐❛♠❡♥t❡ ❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡ ✐♥t❡r❡ss❡✳

❊♠ ❢✉♥çã♦ ❞♦s ❜♦♥s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♦ ♣♦t❡♥❝✐❛❧ ❞❡ ❍❛rr✐s ❡ ❨✉♥❣ ❬✹✷❪ ❢♦✐

❛❞♦t❛❞♦ ♥♦s ❡st✉❞♦s s✉❜s❡qü❡♥t❡s s♦❜r❡ ❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡ s♦❧✈❛t❛çã♦ ❞❡ s♦❧✉t♦s

❡♠ ❈❖2 s✉♣❡r❝rít✐❝♦✳
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5.1 Introdução

❊♠ ✉♠❛ sér✐❡ ❞❡ ❡st✉❞♦s r❡❝❡♥t❡s✱ ▼♦❤❛♠❡❞ ❡ ❝♦❧❛❜♦r❛❞♦r❡s ❬✻✱ ✻✹✕✻✻❪ ❛♣r❡✲

s❡♥t❛r❛♠ r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❞❛ ❡①tr❛çã♦ ❞❡ ♠❡t✐❧①❛♥t✐♥❛s ❡ ❣♦r❞✉r❛s ❞❡

♣r♦❞✉t♦s ✐♠♣♦rt❛♥t❡s ♣❛r❛ ❛ ✐♥❞ústr✐❛ ❛❧✐♠❡♥tí❝✐❛ ✉s❛♥❞♦ ❈❖2✱ ❡t❛♥♦ ❡ s✉❛s ♠✐s✲

t✉r❛s✳ ❊st❡s tr❛❜❛❧❤♦s r❡✈❡❧❛r❛♠ ❝❛r❛❝t❡ríst✐❝❛s ✐♠♣♦rt❛♥t❡s s♦❜r❡ ❛ s♦❧✈❛t❛çã♦ ❞❡

♠❡t✐❧①❛♥t✐♥❛s ❡♠ ❈❖2 s✉♣❡r❝rít✐❝♦✳ P❛rt✐❝✉❧❛r♠❡♥t❡✱ ❛ s♦❧✉❜✐❧✐❞❛❞❡ ❞❛ t❡♦✜❧✐♥❛ ❡

❞❛ t❡♦❜r♦♠✐♥❛ ❡♠ ❈❖2 s✉♣❡r❝rít✐❝♦ é ❡♠ t♦r♥♦ ❞❡ ❞✉❛s ♦r❞❡♥s ❞❡ ❣r❛♥❞❡③❛ ♠❡♥♦r

❞♦ q✉❡ ❛ ❝❛❢❡í♥❛ ♣❛r❛ t❡♠♣❡r❛t✉r❛s ❡♥tr❡ ✸✶✸ ❡ ✸✹✸❑ ❡ ♣r❡ssõ❡s ♥❛ ❢❛✐①❛ ❞❡ ✶✹✲✷✹

▼P❛✳ ❊st❡ ❝♦♠♣♦rt❛♠❡♥t♦ é ❛tr✐❜✉í❞♦ à ❢♦r♠❛çã♦ ❞❡ ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ ♥❛ t❡✲

♦✜❧✐♥❛ ❡ t❡♦❜r♦♠✐♥❛✱ ❛♠♣❧✐❛♥❞♦ ❛ ✐♥t❡r❛çã♦ s♦❧✉t♦✲s♦❧✉t♦✱ ❛♦ ❝♦♥trár✐♦ ❞❛ ❝❛❢❡í♥❛✳

❊①✐st❡♠ ❞♦✐s ❡st✉❞♦s ❞❡ ❝r✐st❛❧♦❣r❛✜❛ r❡❛❧✐③❛❞♦ ♣♦r P❛✉❧ ❉✳ ❇♦②❧❡ ❡ ❝♦❧❛❜♦r❛❞♦✲

r❡s q✉❡ ❛♣r❡s❡♥t❛♠✱ ❡♥tr❡ ♦✉tr♦s ❞❛❞♦s✱ ❛s r❡❞❡s ❞❡ ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ q✉❡ s❡

❢♦r♠❛♠ ❡♠ ❝r✐st❛✐s ❞❡ t❡♦✜❧✐♥❛ ❡ ❞❡ t❡♦❜r♦♠✐♥❛ ❬✻✼✱✻✽❪✳

▼♦t✐✈❛❞♦s ♣❡❧♦s tr❛❜❛❧❤♦s ❞❡ ▼♦❤❛♠❡❞ ❡ ❝♦❧❛❜♦r❛❞♦r❡s r❡❛❧✐③❛♠♦s s✐♠✉❧❛çõ❡s

♣♦r ❞✐♥â♠✐❝❛ ♠♦❧❡❝✉❧❛r ❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ ✐♥✈❡st✐❣❛r✱ ❝♦♠ ❞❡t❛❧❤❡s ❡♠ ❡s❝❛❧❛ ♠♦✲

❧❡❝✉❧❛r✱ ❛s ❝❛r❛❝t❡ríst✐❝❛s ❞❛ s♦❧✈❛t❛çã♦ ❞❛ ❝❛❢❡í♥❛✱ t❡♦✜❧✐♥❛ ❡ t❡♦❜r♦♠✐♥❛ ❡♠ ❈❖2

s♦❜ ❞✐❢❡r❡♥t❡s ❝♦♥❞✐çõ❡s s✉♣❡r❝rít✐❝❛s ❜❡♠ ❝♦♠♦ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞✐♥â♠✐❝♦ ❞❡st❡s

s✐st❡♠❛s✳
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5.2 Descrição do Sistema

❚♦❞♦s ♦s s✐st❡♠❛s ❞❡s❝r✐t♦s ♥❡st❡ ❝❛♣ít✉❧♦ sã♦ ❢♦r♠❛❞♦s ♣♦r ✉♠ s♦❧✉t♦ rí❣✐❞♦

✭❝❛❢❡í♥❛✱ t❡♦❜r♦♠✐♥❛ ♦✉ t❡♦✜❧✐♥❛✮ ✐♥s❡r✐❞♦ ❡♠ ✉♠❛ ❝❛✐①❛ ❞❡ s✐♠✉❧❛çã♦ ❝♦♠ ✸✵✵ ♠♦✲

❧é❝✉❧❛s ❞❡ ❈❖2✳ ❆s ♠♦❧é❝✉❧❛s ❢♦r❛♠ ✐♥✐❝✐❛❧♠❡♥t❡ t❡r♠❛❧✐③❛❞❛s ♥♦ ❡♥s❡♠❜❧❡ ❝❛♥ô✲

♥✐❝♦ ✭◆❱❚✮ ❡ ❛s tr❛❥❡tór✐❛s ♣❛r❛ ❛♥á❧✐s❡ ❢♦r❛♠ ❣❡r❛❞❛s ♥♦ ❡♥s❡♠❜❧❡ ♠✐❝r♦❝❛♥ô♥✐❝♦

✭◆❱❊✮ ❛♠❜❛s ❝♦♠ ♣❛ss♦ ❞❡ s✐♠✉❧❛çã♦ ❞❡ ✹❢s✳ ❆s s✐♠✉❧❛çõ❡s ❢♦r❛♠ r❡❛❧✐③❛❞❛s ♥❛s

t❡♠♣❡r❛t✉r❛s ♠é❞✐❛s ❞❡ ✸✶✸❑ ❡ ✸✹✸❑ ❝♦♠ ❞❡♥s✐❞❛❞❡s ❡♥tr❡ ✵✱✷✺ ρc ❡ ✷✱✵✵ ρc ❡s✲

t❡s ❡st❛❞♦s t❡r♠♦❞✐♥â♠✐❝♦s ❝♦rr❡s♣♦♥❞❡♠ ❛ ❛❧❣✉♠❛s ❞❛s ❝♦♥❞✐çõ❡s ❡①♣❡r✐♠❡♥t❛✐s

✉t✐❧✐③❛❞❛s ♥♦s ❡st✉❞♦s ❞❛ ❡①tr❛çã♦ s✉♣❡r❝rít✐❝❛ ❬✻❪✳

Tabela 5.1. ❉✐♠❡♥sã♦ ❞♦s ❧❛❞♦s ❞❛s ❝❛✐①❛s ❝ú❜✐❝❛s ❞❡ s✐♠✉❧❛çã♦ ✭▲✮ ♣❛r❛ ♦s s✐st❡♠❛s

♠❡t✐❧①❛♥t✐♥❛s✴❈❖2✳

❈❛❢❡í♥❛

ρ/ρc ▲ ✭➴✮

✵✱✷✺ ✺✼✱✺✵

✵✱✺✵ ✹✺✱✻✹

✶✱✵✵ ✸✻✱✷✷

✷✱✵✵ ✷✽✱✼✺

❚❡♦❜r♦♠✐♥❛

❡ ❚❡♦✜❧✐♥❛

ρ/ρc ▲ ✭➴✮

✵✱✷✺ ✺✼✱✹✽

✷✱✵✵ ✷✽✱✼✹

❋♦r❛♠ ✉s❛❞❛s ❝♦♥❞✐çõ❡s ♣❡r✐ó❞✐❝❛s ❞❡ ❝♦♥t♦r♥♦✱ ❛❧❣♦r✐t♠♦s ✏❱❡❧♦❝✐t ❱❡r❧❡t✑ ❡

✏❘❆❚❚▲❊✑✳ ❊♠♣r❡❣❛♠♦s ❛✐♥❞❛ ✉♠ r❛✐♦ ❞❡ ❝♦rt❡ ✐❣✉❛❧ ❛ ♠❡t❛❞❡ ❞♦ ❧❛❞♦ ❞❛ ❝❛✐①❛ ❞❡

s✐♠✉❧❛çã♦ ❡ ❛s ✐♥t❡r❛çõ❡s ❡❧❡tr♦stát✐❝❛s ❢♦r❛♠ ❝♦♠♣✉t❛❞❛s ✉s❛♥❞♦ P▼❊✲✏P❛rt✐❝❧❡

▼❡s❤ ❊✇❛❧❞✑✳

❖ s♦❧✉t♦ é ❝♦♥s✐❞❡r❛❞♦ ❡♠ ❞✐❧✉✐çã♦ ✐♥✜♥✐t❛✳ ❚❛♥t♦ ♥♦s s✐st❡♠❛s ❛q✉✐ ❞❡s❝r✐t♦s✱

❜❡♠ ❝♦♠♦ ♥♦s ❞❡♠❛✐s s✐st❡♠❛s q✉❡ s❡rã♦ ❛♣r❡s❡♥t❛❞♦s ❛ s❡❣✉✐r✳ P♦✐s t❛♥t♦ ❛s

✐♥t❡r❛çõ❡s ❞❡ ❝✉rt♦ ❛❧❝❛♥❝❡ q✉❛♥t♦ ❛s ❞❡ ❧♦♥❣♦ ❛❧❝❛♥❝❡ ❝♦♠♣✉t❛❞❛s ♣♦r P▼❊ ✜❝❛♠

r❡str✐t❛s às ❞✐♠❡♥sõ❡s ❞❛ ❝❛✐①❛ ❞❡ s✐♠✉❧❛çã♦✳ P❛r❛ s✐♠✉❧❛r ✉♠ s✐st❡♠❛ ❝♦♠ ❛

❝♦♥❝❡♥tr❛çã♦ ❡①♣❡r✐♠❡♥t❛❧ ❝♦♠ ❢r❛çã♦ ♠♦❧❛r ❞❛ ♦r❞❡♠ ❞❡ ✶✵−4 ❞❡ ❝❛❢❡í♥❛ ❡♠ ❈❖2

❬✻✺❪✱ ♣♦r ❡①❡♠♣❧♦✱ s❡r✐❛ ♥❡❝❡ssár✐♦ ✉♠❛ ❝❛✐①❛ ❝♦♠ ❝❡r❝❛ ❞❡ ✸✵✳✵✵✵ ♠♦❧é❝✉❧❛s ❞❡

s♦❧✈❡♥t❡ ♣❛r❛ ✉♠❛ ❞❡ s♦❧✉t♦✳

P❛rt❡ ❞♦s r❡s✉❧t❛❞♦s ❞❡s❝r✐t♦s ♥❡st❡ ❝❛♣ít✉❧♦ ❢♦r❛♠ ♣✉❜❧✐❝❛❞♦s r❡❝❡♥t❡♠❡♥t❡

✭❙♦❧✈❛t✐♦♥ ♦❢ ♣✉r✐♥❡ ❛❧❦❛❧♦✐❞s ✐♥ s✉♣❡r❝r✐t✐❝❛❧ ❈❖2 ❜② ♠♦❧❡❝✉❧❛r ❞②♥❛♠✐❝s s✐♠✉❧❛✲
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t✐♦♥s✱ ❋á✈❡r♦✱ ❋✳ ❲✳❀ ❙❦❛❢✱ ▼✳ ❙✳✱ ❏♦✉r♥❛❧ ♦❢ ❙✉♣❡r❝r✐t✐❝❛❧ ❋❧✉✐❞s✱ ❱♦❧✳ ✸✹✱ Pá❣✳

✷✸✼ ✭❥✉♥❤♦ ✷✵✵✺✮✮✳

5.3 Propriedades de Estrutura

■♥✈❡st✐❣❛♠♦s ❝♦♠♦ sã♦ ❡str✉t✉r❛❞❛s ❛s ❝❛♠❛❞❛s ❞❡ s♦❧✈❛t❛çã♦ ❡♠ t♦r♥♦ ❞♦

s♦❧✉t♦✱ ♣❛r❛ t❛♥t♦ ❢♦✐ ♥❡❝❡ssár✐♦ ♦ ❝á❧❝✉❧♦ ❞❡ ❣ss✭s✮ ❝♦♠♦ ❞❡t❛❧❤❛❞♦ ♥♦ ❝❛♣ít✉❧♦ ✷✳

Figura 5.1. ❋✉♥çã♦ ❣✭r✮ ❡♥tr❡ ❈▼ ❞♦ s♦❧✉t♦ ❡ ♦s ❈▼ ❞♦s s♦❧✈❡♥t❡s ❡ ❛ ❢✉♥çã♦ ❣ss✭s✮

♣❛r❛ ❛ ❝❛❢❡í♥❛ ❡♠ ❈❖2 s✉♣❡r❝rít✐❝♦ ♣❛r❛ ❚❂✸✶✸❑✱ ♥❛s ❞❡♥s✐❞❛❞❡s r❡❧❛t✐✈❛s ❞❡ ρ❂✵✱✷✺

ρc ❡ ρ❂✷✱✵✵ ρc✳

❆ ✈❛♥t❛❣❡♠ ❞❡ss❛ ❢✉♥çã♦ ❣ss✭s✮ s♦❜r❡ ❛ g(r) tr❛❞✐❝✐♦♥❛❧ é q✉❡ ❡❧❛ r❡♣r❡s❡♥t❛

♠❡❧❤♦r ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ ❡♥❝♦♥tr❛r ✉♠❛ ♠♦❧é❝✉❧❛ ❞❡ s♦❧✈❡♥t❡ ♥❛s ❝❛♠❛❞❛s ❞❡

s♦❧✈❛t❛çã♦ ✐♥❞❡♣❡♥❞❡♥t❡♠❡♥t❡ ❞❛ ❢♦r♠❛ ❞♦ s♦❧✉t♦✳ ◆❛ ✜❣✉r❛ ✺✳✶ t❡♠♦s ✉♠❛ ❝♦♠✲

♣❛r❛çã♦ ❡♥tr❡ ❛ ❢✉♥çã♦ g(r) ❡♥tr❡ ♦s ❝❡♥tr♦s ❞❡ ♠❛ss❛ ❞♦ s♦❧✉t♦ ❡ ❞♦s s♦❧✈❡♥t❡s

❡ ❛ ❣ss✭s✮ ♣❛r❛ ❛ ❝❛❢❡í♥❛✳ ❆ ♣❛rt✐r ❞❛ ❢✉♥çã♦ g(r) ♣♦✉❝♦ ♣♦❞❡♠♦s ✐♥❢❡r✐r s♦❜r❡

❛ ❡str✉t✉r❛ ❞❡ s♦❧✈❛t❛çã♦ ♣❛r❛ ✉♠❛ ♠♦❧é❝✉❧❛ ♣♦✐s ❡❧❛ é ❞❡t❡r♠✐♥❛❞❛ ❡♠ ❢✉♥çã♦

❞♦ s❡✉ ❝❡♥tr♦ ❞❡ ♠❛ss❛ ❡ ❛ ❞✐str✐❜✉✐çã♦ ❞♦s s♦❧✈❡♥t❡s✱ ♥♦ s❡✉ ❡♥t♦r♥♦✱ ❞❡♣❡♥❞❡rá

❞✐r❡t❛♠❡♥t❡ ❞❛ s✉❛ ❢♦r♠❛ ❡str✉t✉r❛❧✳ ▲♦❣♦ ❛ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ❡st❛s ❞✉❛s ❢✉♥çõ❡s

s❡rá ❛❝❡♥t✉❛❞❛ ♣❛r❛ s♦❧✉t♦s q✉❡ ♣♦ss✉❡♠ ✉♠❛ ❡str✉t✉r❛ ♠♦❧❡❝✉❧❛r ♠✉✐t♦ ❞✐❢❡r❡♥t❡

❞❛ ❢♦r♠❛ ❡s❢ér✐❝❛✳
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❖s r❡s✉❧t❛❞♦s ❞❛ ❢✉♥çã♦ ❣ss✭s✮ ❞❛ ❝❛❢❡í♥❛ ♣❛r❛ ❞✐❢❡r❡♥t❡s ❞❡♥s✐❞❛❞❡s sã♦ ❛♣r❡✲

s❡♥t❛❞♦s ♥❛ ✜❣✉r❛ ✺✳✷✱ ♣❛✐♥❡❧ s✉♣❡r✐♦r✳ P❛r❛ ♦ s✐st❡♠❛ ❝❛❢❡í♥❛✴❈❖2 ❡♥❝♦♥tr❛♠♦s

✉♠❛ ❞✐stâ♥❝✐❛ ♠é❞✐❛ ✭❞❡ ❝♦♥t❛t♦✮ s♦❧✈❡♥t❡✲s♦❧✉t♦ ❞❡ ≈✸✳✸✸ ➴✳ ◆❛ ❞❡♥s✐❞❛❞❡ ♠❛✐s

❛❧t❛ ♦❜s❡r✈❛✲s❡ ❛ ❢♦r♠❛çã♦ ❞❡ ✉♠ s❡❣✉♥❞♦ ♣✐❝♦ ❜❡♠ ❞❡✜♥✐❞♦✱ ❝❛r❛❝t❡ríst✐❝♦ ❞❡

✢✉✐❞♦s ❞❡♥s♦s✱ ❝♦♠ ♦ ♣r✐♠❡✐r♦ ♠í♥✐♠♦ ❡♠ ✺✱✵ ➴✳ ◆♦ ♣❛✐♥❡❧ ✐♥❢❡r✐♦r ❞❛ ✜❣✉r❛ ✺✳✷

❛♣r❡s❡♥t❛♠♦s ♦s r❡s✉❧t❛❞♦s ❞❛ ❢✉♥çã♦ ❞❡ ❡♥❡r❣✐❛✱ ❞❡✜♥✐❞❛ ♥❛ ❡q✉❛çã♦ ✷✳✷✸✱ ♦♥❞❡ ♦

♠í♥✐♠♦ ❞❛ ❢✉♥çã♦ r❡♣r❡s❡♥t❛ ♦ ❜❡♥❡❢í❝✐♦ ❡♥❡r❣ét✐❝♦ ❞♦ s♦❧✈❡♥t❡ ♣❡r♠❛♥❡❝❡r ♥❛ ♣r✐✲

♠❡✐r❛ ❝❛♠❛❞❛ ❞❡ s♦❧✈❛t❛çã♦✳ ❊st❡ ❣❛♥❤♦ ❞❡ ❡♥❡r❣✐❛ ❧✐✈r❡ é ♠❛✐♦r q✉❛♥t♦ ♠❡♥♦r ❢♦r

❛ ❞❡♥s✐❞❛❞❡ ❞♦ ♠❡✐♦✳ ◆❛ s✐t✉❛çã♦ ❞❡ ❜❛✐①❛ ❞❡♥s✐❞❛❞❡ ❛s ✐♥t❡r❛çõ❡s s♦❧✉t♦✲s♦❧✈❡♥t❡

♣r❡✈❛❧❡❝❡♠ ❡♠ r❡❧❛çã♦ às ❞❡ s♦❧✈❡♥t❡✲s♦❧✈❡♥t❡✳

❖ r❡s✉❧t❛❞♦ ❞♦ ♥ú♠❡r♦ ❞❡ ❝♦♦r❞❡♥❛çã♦ ❞❛ ♣r✐♠❡✐r❛ ❝❛♠❛❞❛ ❞❡ s♦❧✈❛t❛çã♦ ✭♥ã♦

❡s❢ér✐❝❛✮ ✭◆1✮ ❡♠ t♦r♥♦ ❞♦ s♦❧✉t♦ ❝❛❢❡í♥❛ ❡♠ ❢✉♥çã♦ ❞❛ ❞❡♥s✐❞❛❞❡ r❡❧❛t✐✈❛ é ❛♣r❡✲

s❡♥t❛❞♦ ♥❛ ✜❣✉r❛ ✺✳✸✳ ❆ ❧✐♥❤❛ tr❛❝❡❥❛❞❛ r❡♣r❡s❡♥t❛ ♦ ♥ú♠❡r♦ ❡s♣❡r❛❞♦ ❞❡ s♦❧✈❡♥t❡s

♣❛r❛ s✐st❡♠❛s ❤♦♠♦❣ê♥❡♦s ❝❛s♦ ♥ã♦ ❡①✐st✐ss❡ ♦ ❡❢❡✐t♦ ❞❡ ❛✉♠❡♥t♦ ❞❡ ❞❡♥s✐❞❛❞❡ ❧♦✲

❝❛❧✳ ❖❜s❡r✈❛♠♦s q✉❡ ❡ss❡ ❛✉♠❡♥t♦ ❞❡ ❞❡♥s✐❞❛❞❡ r❡❧❛t✐✈❛ ❛♦ ′′bulk′′ t❡♠ ✉♠ ♠á①✐♠♦

❡♥tr❡ ✵✱✺ ❡ ✶✱✵ ρc✳ ◆❛ t❛❜❡❧❛ ✺✳✷ ❡♥❝♦♥tr❛♠✲s❡ ♦s ✈❛❧♦r❡s ❞❡ ◆1 ♣❛r❛ ❛s três ♠❡✲

t✐❧①❛♥t✐♥❛s✳ P❛r❛ ❛ ❞❡♥s✐❞❛❞❡ ❜❛✐①❛ ♦s ✈❛❧♦r❡s ❞❡ ◆1 sã♦ ♠✉✐t♦ s❡♠❡❧❤❛♥t❡ ❡ ♥❛

❞❡♥s✐❞❛❞❡ ❛❧t❛ ❛ ❝❛❢❡í♥❛ ♣♦ss✉✐✱ ❡♠ ♠é❞✐❛✱ ✶✱✺ ♠♦❧é❝✉❧❛s ❞❡ s♦❧✈❡♥t❡ ❛ ♠❛✐s ❞♦ q✉❡

❛ t❡♦❜r♦♠✐♥❛ ❡ ❛ t❡♦✜❧✐♥❛✳

Tabela 5.2. ◆ú♠❡r♦ ❞❡ ❝♦♦r❞❡♥❛çã♦ ◆1 ♣❛r❛ ❛s três ♠❡t✐❧①❛♥t✐♥❛s ❡♠ ❡st✉❞♦ ❝♦♠

❚❂✸✶✸❑

ρ/ρc ❈❛❢❡í♥❛ ❚❡♦✜❧✐♥❛ ❚❡♦❜r♦♠✐♥❛

◆1 ◆1 ◆1

✵✱✷✺ ✹✱✺ ✹✱✹ ✹✱✹

✷✱✵✵ ✷✷✱✵ ✷✵✱✺ ✷✵✱✻

◆❛ ✜❣✉r❛ ✺✳✹ ❛♣r❡s❡♥t❛♠♦s ❛ ❢✉♥çã♦ ❣ss✭s✮ ❞❛ ❝❛❢❡í♥❛✱ t❡♦✜❧✐♥❛ ❡ t❡♦❜r♦♠✐♥❛

♣❛r❛ ❛ ♠❡♥♦r ❡ ❛ ♠❛✐♦r ❞❡♥s✐❞❛❞❡ ❞♦ s♦❧✈❡♥t❡ ❡st✉❞❛❞❛s✳ P❛r❛ ❛ ❞❡♥s✐❞❛❞❡ ❛❧t❛

♣r❛t✐❝❛♠❡♥t❡ ♥ã♦ ♦❝♦rr❡ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ❛s ❢✉♥çõ❡s ❞♦s três s♦❧✉t♦s ❞❡✈✐❞♦ ❛♦ ❡❢❡✐t♦

❞❡ ❡♠♣❛❝♦t❛♠❡♥t♦ ❝❛r❛❝t❡ríst✐❝♦s ❞❡ ✢✉✐❞♦s ❞❡♥s♦s✳ ◆❛ ❞❡♥s✐❞❛❞❡ ❜❛✐①❛ ♦s ♣✐❝♦s

♣❛r❛ ❛ t❡♦✜❧✐♥❛ ❡ t❡♦❜r♦♠✐♥❛ sã♦ ♠❛✐♦r❡s q✉❡ ♦ ❞❛ ❝❛❢❡í♥❛✳ ❊♠ ❛♠❜❛s ❛s ❞❡♥s✐❞❛❞❡s
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Figura 5.2. ❋✉♥çã♦ ❣ss✭s✮ ✭❛❝✐♠❛✮ ❡ ❛ ❝♦rr❡s♣♦♥❞❡♥t❡ ❢✉♥çã♦ ❞❡ ❡♥❡r❣✐❛ ❧✐✈r❡ ❛Ω✭s✮

✭❛❜❛✐①♦✮ ♣❛r❛ ♦ s✐st❡♠❛ ❝❛❢❡í♥❛✴❈❖2 s✉♣❡r❝rít✐❝♦ ♣❛r❛ ❚❂✸✶✸❑✱ ♥❛s ❞❡♥s✐❞❛❞❡s r❡✲

❧❛t✐✈❛s ❞❡ ρ❂✵✱✷✺ ρc✱ ρ❂✵✱✺✵ ρc✱ ρ❂✶✱✵✵ ρc ❡ ρ❂✷✱✵✵ ρc✳

t❡♠♦s ✉♠❛ ❞✐stâ♥❝✐❛ ♠é❞✐❛ ❞❡ ❝♦♥t❛t♦ ❞✐❢❡r❡♥t❡ ♣❛r❛ ❛ ❝❛❢❡í♥❛ ❡❧❛ é ❞❡ ≈ 3, 33 ➴

❡ ♣❛r❛ ♦s ♦✉tr♦s s♦❧✉t♦s ❞❡ ≈ 3, 25 ➴✳

➚ ♣r✐♠❡✐r❛ ✈✐st❛ ♣❛r❡❝❡ ✉♠❛ ✐♥❝♦❡rê♥❝✐❛ ❝♦♠ ♦s ✈❛❧♦r❡s ❞❛ t❛❜❡❧❛ ✺✳✷✱ ♦♥❞❡ ❛

❞✐❢❡r❡♥ç❛ ♠❛✐♦r ❞♦s ✈❛❧♦r❡s ♦❝♦rr❡ ❥✉st❛♠❡♥t❡ ♥❛ ❞❡♥s✐❞❛❞❡ ❞❡ ✷✱✵✵ ρc✳ ❆♣❡s❛r ❞❡

◆1 ❞❛s ♠❡t✐❧①❛♥t✐♥❛s s❡r❡♠ ♠✉✐t♦ ♣❛r❡❝✐❞♦s ♣❛r❛ ρ =✵✱✷✺ ρc✱ ♣❛r❛ ❛ t❡♦✜❧✐♥❛ ❡ ❛

t❡♦❜r♦♠✐♥❛✱ ◆1 é ♠❛✐♦r ❞♦ q✉❡ ♦ ❡♥❝♦♥tr❛❞♦ ❡♠ ✉♠❛ ❞✐str✐❜✉✐çã♦ ❤♦♠♦❣ê♥❡❛ ❞❡

s♦❧✈❡♥t❡s ❡♠ ❝♦♥s❡qüê♥❝✐❛ ❞❛ ❛✉sê♥❝✐❛ ❞❡ ✉♠ ❣r✉♣♦ ♠❡t✐❧ ♥❡ss❛s ❞✉❛s ♠♦❧é❝✉❧❛s

❡♠ r❡❧❛çã♦ à ❝❛❢❡í♥❛✳ ❙❡♥❞♦ ❛ss✐♠✱ ❛ ❝❛❢❡í♥❛ ♣♦ss✉✐ ✉♠❛ ✐♥t❡r❛çã♦ s♦❧✈❡♥t❡✲s♦❧✉t♦
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Figura 5.3. ◆ú♠❡r♦ ❞❡ ❝♦♦r❞❡♥❛çã♦ ◆1 ♣❛r❛ rc❂✺✱✵✱ ❛♣r❡s❡♥t❛ ❛ q✉❛♥t✐❞❛❞❡ ❞❡

♠♦❧é❝✉❧❛s ❞❡ s♦❧✈❡♥t❡s ♥❛ ♣r✐♠❡✐r❛ ❝❛♠❛❞❛ ✭♥ã♦ ❡s❢ér✐❝❛✮ ❞❡ s♦❧✈❛t❛çã♦ ❡♠ ❢✉♥çã♦ ❞❛

❞❡♥s✐❞❛❞❡ r❡❧❛t✐✈❛ ❞♦ ✏❜✉❧❦✑✱ ♣❛r❛ ♦ s✐st❡♠❛ ❝❛❢❡í♥❛✴❈❖2 s✉♣❡r❝rít✐❝♦ ♣❛r❛ ❚❂✸✶✸❑✳

❆ ❧✐♥❤❛ tr❛❝❡❥❛❞❛ r❡♣r❡s❡♥t❛ ♦ ♥ú♠❡r♦ ❡s♣❡r❛❞♦ ❞❡ ♠♦❧é❝✉❧❛s ❞❡ s♦❧✈❡♥t❡ ♥❛ ❛✉sê♥❝✐❛

❞♦ ❡❢❡✐t♦ ❞❡ ❛✉♠❡♥t♦ ❞❡ ❞❡♥s✐❞❛❞❡ ❧♦❝❛❧✳

♠❡♥♦s ❡♥❡r❣ét✐❝❛ ❞♦ q✉❡ ♦s ♦✉tr♦s ❞♦✐s s♦❧✉t♦s✱ ✐st♦ é✱ ❛ ❝❛❢❡í♥❛ ♣♦ss✉✐ ✉♠ ♠❡♥♦r

❜❡♥❡❢í❝✐♦ ❡♥❡r❣ét✐❝♦ ♣❛r❛ ♦s s♦❧✈❡♥t❡s ♣❡rt❡♥❝❡♥t❡s ❛ ♣r✐♠❡✐r❛ ❝❛♠❛❞❛ ❞❡ s♦❧✈❛t❛✲

çã♦✳ ❆♣❡s❛r ❞✐ss♦✱ ❛ s♦❧✉❜✐❧✐❞❛❞❡ ❞❛ ❝❛❢❡í♥❛ é ❞✉❛s ♦r❞❡♥s ❞❡ ❣r❛♥❞❡③❛ s✉♣❡r✐♦r

à ❞❛ t❡♦✜❧✐♥❛ ❡ ❞❛ t❡♦❜r♦♠✐♥❛✱ r❡❢♦rç❛♥❞♦ ❛ t❡s❡ ❞❡ q✉❡ ❛s s♦❧✉❜✐❧✐❞❛❞❡s ❞❡ss❛s

❞✐♠❡t✐❧①❛♥t✐♥❛s sã♦ ❞❡♣❡♥❞❡♥t❡s ❞❛s ✐♥t❡r❛çõ❡s s♦❧✉t♦✲s♦❧✉t♦ ❬✻✹❪✳

❈♦♠ ❜❛s❡ ♥♦ ❛rt✐❣♦ ❞❡ ▼❛r♦♥❝❡❧❧✐ ❡ ❝♦❧❛❜♦r❛❞♦r❡s ❬✸✽❪✱ ❡ ✈✐s❛♥❞♦ ❞❡t❛❧❤❛r ♦

❢❡♥ô♠❡♥♦ ❞♦ ❛✉♠❡♥t♦ ❞❡ ❞❡♥s✐❞❛❞❡ ❧♦❝❛❧ ❞♦ s♦❧✈❡♥t❡ s✉♣❡r❝rít✐❝♦ ❡♠ t♦r♥♦ ❞♦

s♦❧✉t♦✱ ❞❡s❡♥✈♦❧✈❡♠♦s ✉♠ ♣r♦❣r❛♠❛ ♣❛r❛ ❛ ♦❜t❡♥çã♦ ❞❡ ✉♠ ♠❛♣❛ ❞❡ ❞❡♥s✐❞❛❞❡s

r❡❧❛t✐✈❛s✱ ♦♥❞❡ ❛ ❡s❝❛❧❛ ❞❡ ❝♦r❡s r❡♣r❡s❡♥t❛ ❛ ❞❡♥s✐❞❛❞❡ ♠é❞✐❛ ❞♦s s♦❧✈❡♥t❡s ❡♠

t♦r♥♦ ❞♦ s♦❧✉t♦ ❡♠ r❡❧❛çã♦ à ❞❡♥s✐❞❛❞❡ ❞♦ s♦❧✈❡♥t❡ q✉❡ s❡ ❡♥❝♦♥tr❛ ♥♦ ′′bulk′′✳

❖s ♠❛♣❛s ❢♦r❛♠ ❞❡t❡r♠✐♥❛❞♦s ♣❛r❛ três ♣❧❛♥♦s ❞♦ s♦❧✉t♦ ❡s♣❡❝✐✜❝❛❞♦s ♥❛ ✜❣✉r❛

✺✳✺ q✉❡ ❛♣r❡s❡♥t❛ ❛ ♠♦❧é❝✉❧❛ ❝❛❢❡í♥❛ ❡ ♦ s✐st❡♠❛ ❞❡ ❡✐①♦s ✉t✐❧✐③❛❞♦ ♥❛ ❞❡t❡r♠✐♥❛çã♦

❞♦s ♣❧❛♥♦s ❛♥❛❧✐s❛❞♦s✳ ◆♦ ♣❧❛♥♦ ❢♦r♠❛❞♦ ♣❡❧♦s ❛♥é✐s ❞❛s ♠♦❧é❝✉❧❛s t❡♠♦s ♦ ♣❧❛♥♦
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Figura 5.4. ❋✉♥çã♦ ❞❡ ❞✐str✐❜✉✐çã♦ ❞❛ ❝❛♠❛❞❛ ❞❡ s♦❧✈❛t❛çã♦ ♣❛r❛ ❛s três ♠❡t✐❧①❛♥t✐♥❛s

❡st✉❞❛❞❛s✳ ◆❛s ❞❡♥s✐❞❛❞❡s ❞❡ ✵✱✷✺ ❡ ✷✱✵✵ ρc✳

Figura 5.5. ❘❡♣r❡s❡♥t❛çã♦ ❞♦s ♣❧❛♥♦s ❡♠♣r❡❣❛❞♦s ♥❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦s ♠❛♣❛s ❞❡

❞❡♥s✐❞❛❞❡s r❡❧❛t✐✈❛s✳

❳❨✱ ♦ ❝♦rt❡ ❡♥tr❡ ❛ ❥✉♥çã♦ ❞♦s ❛♥é✐s ❢♦r♠❛ ♦ ♣❧❛♥♦ ❳❩ ❡ ♦ ♣❧❛♥♦ ❢♦r♠❛❞♦ ♣❡❧♦

❝♦rt❡ ♣❡r♣❡♥❞✐❝✉❧❛r ❛ ❥✉♥çã♦ ❞♦s ❛♥é✐s ❞❛ ♠♦❧é❝✉❧❛ é ❝❤❛♠❛❞♦ ♣❧❛♥♦ ❨❩✳

P♦❞❡♠♦s ♦❜s❡r✈❛r ♥❛ ✜❣✉r❛ ✺✳✻✱ ❛ ❡①✐stê♥❝✐❛ ❞❡ ✉♠❛ ❣r❛♥❞❡ ❤❡t❡r♦❣❡♥❡✐❞❛❞❡ ❞❛

❞❡♥s✐❞❛❞❡ ❞♦ s♦❧✈❡♥t❡ ❡♠ t♦r♥♦ ❞♦ s♦❧✉t♦✱ ❝❛r❛❝t❡ríst✐❝❛ ❞❡ s✐st❡♠❛s ❛tr❛t✐✈♦s ♥ã♦

♠✉✐t♦ ❞✐st❛♥t❡s ❞❛ ❝r✐t✐❝❛❧✐❞❛❞❡ ❬✻✾❪✳ ❖❝♦rr❡ ✉♠❛ ❛❧t❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ s♦❧✈❡♥t❡

❡♠ t♦r♥♦ ❞❛s ❝❛r❜♦♥✐❧❛s ❡ ❛❝✐♠❛ ❡ ❛❜❛✐①♦ ❞♦ ♣❧❛♥♦ ❢♦r♠❛❞♦ ♣❡❧♦s ❞♦✐s ❛♥é✐s ❞❛s

♠♦❧é❝✉❧❛s ❡ t❛♠❜é♠ ♣ró①✐♠♦ ❛♦ ♥✐tr♦❣ê♥✐♦ ❧✐❣❛❞♦ ❛♣❡♥❛s ❛♦s ❝❛r❜♦♥♦s ♥♦ ❛♥❡❧ ❞❡

✺ át♦♠♦s ✭◆✼ ♥❛s ❧❡❣❡♥❞❛s ❞❛s ✜❣✉r❛s ✸✳✷✱ ✸✳✸ ❡ ✸✳✹✮✳ ❊st❛ ❝♦♥❝❡♥tr❛çã♦ ♣♦❞❡
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Figura 5.6. ▼❛♣❛ ❞❡ ❞❡♥s✐❞❛❞❡ r❡❧❛t✐✈❛ ♣❛r❛ ♦ s✐st❡♠❛ ❈❛❢❡í♥❛✴❈❖2 ❝♦♠ ❞❡♥s✐❞❛❞❡s

❞♦ ′′bulk′′ ❞❡ ✵✱✷✺ ❡ ✷✱✵✵ ρc ✭P❛✐♥❡❧ ❞❛ ❡sq✉❡r❞❛ ❡ ❞❛ ❞✐r❡✐t❛ r❡s♣❡❝t✐✈❛♠❡♥t❡✮ ♥❛ t❡♠✲

♣❡r❛t✉r❛ ❞❡ ✸✶✸❑✳ ❆ ❡s❝❛❧❛ ❞❡ ❝♦r❡s é r❡❧❛t✐✈❛ ❛ ❞❡♥s✐❞❛❞❡ ❞♦ ′′bulk′′ ❝♦rr❡s♣♦♥❞❡♥t❡

❡ ♣❛r❛ ❝❛❞❛ ♣❧❛♥♦ ♦ ❣r✐❞ ❝♦rr❡s♣♦♥❞❡ ❛ ✉♠❛ ár❡❛ ❞❡ ✷✵×✷✵ ➴2✳
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Figura 5.7. ▼❛♣❛ ❞❡ ❞❡♥s✐❞❛❞❡s ♣❛r❛ ♦s s✐st❡♠❛ t❡♦❜r♦♠✐♥❛✴❈❖2 ✭❡sq✉❡r❞❛✮ ❡

t❡♦✜❧✐♥❛✴❈❖2 ✭❞✐r❡✐t❛✮ ❝♦♠ ❞❡♥s✐❞❛❞❡s ❞♦ ′′bulk′′ ❞❡ ✵✱✷✺ ρc✳ ❱❛❧♦r❡s ❝❛❧❝✉❧❛❞♦s ♥❛

t❡♠♣❡r❛t✉r❛ ❞❡ ✸✶✸❑✳ ❆ ❡s❝❛❧❛ ❞❡ ❝♦r❡s é r❡❧❛t✐✈❛ ❛ ❞❡♥s✐❞❛❞❡ ❞♦ ′′bulk′′ ❝♦rr❡s♣♦♥✲

❞❡♥t❡ ❡ ❝❛❞❛ ❣r✐❞ ❝♦rr❡s♣♦♥❞❡ ❛ ✉♠❛ ár❡❛ ❞❡ ✷✵×✷✵ ➴2✳

❝❤❡❣❛r ❛ ♠❛✐s ❞❡ ❝✐♥❝♦ ✈❡③❡s ❛ ❞❡♥s✐❞❛❞❡ ❞♦ ′′bulk′′✱ ❞✐♠✐♥✉✐♥❞♦ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞❛

❞❡♥s✐❞❛❞❡✳ ❆♣❡s❛r ❞❛ ❞❡♥s✐❞❛❞❡ r❡❧❛t✐✈❛ ❞✐♠✐♥✉✐r ♣❛r❛ ♦s s✐st❡♠❛s ♠❛✐s ❞❡♥s♦s✱ ❛
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❢♦r♠❛ ❞❛ ❞✐str✐❜✉✐çã♦ ❞❡ ❞❡♥s✐❞❛❞❡ ♣❡r♠❛♥❡❝❡ ✐❣✉❛❧ ❡ ♦ ♥ú♠❡r♦ ❞❡ ❝♦♦r❞❡♥❛çã♦ ❞❛s

♠♦❧é❝✉❧❛s ❛✉♠❡♥t❛ ✭✈✐❞❡ t❛❜❡❧❛ ✺✳✷✮✳ ❆s r❡❣✐õ❡s ❞❡ ❛❧t❛ ❝♦♥❝❡♥tr❛çã♦ ✭✈❡r♠❡❧❤♦✮

❡♥❝♦♥tr❛♠✲s❡ ❛ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✸✱✸➴ ❞♦ s♦❧✉t♦ ❡ ❡stã♦ r❡❧❛❝✐♦♥❛❞❛s ❛♦ ♣r✐♠❡✐r♦

♣✐❝♦ ♥❛s ❢✉♥çõ❡s ❣ss ❡ ❛s ❞❡ ❜❛✐①❛ ❞❡♥s✐❞❛❞❡ ✭❛③✉❧ ❡s❝✉r♦✮ ♣r❡s❡♥t❡s ♥♦s ♠❛♣❛s

❞❛ ❞✐r❡✐t❛ ✭ρ ❂ ✷✱✵✵ ρc✮✱ r❡❧❛t✐✈♦ ❛ ❞❡♥s✐❞❛❞❡ ❛❧t❛✱ sã♦ ❡q✉✐✈❛❧❡♥t❡s ❛ r❡❣✐ã♦ ❞♦

♣r✐♠❡✐r♦ ♠í♥✐♠♦ ♥❛s ❢✉♥çõ❡s ❣ss ❡♠ t♦r♥♦ ❞❡ ✺✱✵➴✳

P❛r❛ ❛ t❡♦✜❧✐♥❛ ❡ t❡♦❜r♦♠✐♥❛ ❛s ❞✐str✐❜✉✐çõ❡s s♦❜r❡ ❡ s♦❜ ♦s ♣❧❛♥♦s ❞♦s ❛♥é✐s sã♦

♠✉✐t♦ ♣❛r❡❝✐❞♦s às ❞❛ ❝❛❢❡í♥❛✳ ◆❛ t❡♦✜❧✐♥❛ ❡ t❡♦❜r♦♠✐♥❛ t❛♠❜é♠ ♦❝♦rr❡ ✉♠❛ ❝♦♥✲

❝❡♥tr❛çã♦ ♠❛✐♦r ❡♠ t♦r♥♦ ❞❛s ❝❛r❜♦♥✐❧❛s ✭✜❣✉r❛ ✺✳✼✮ ❡ ♥♦ ♥✐tr♦❣ê♥✐♦ ◆✼✳ ❖❜s❡r✈❛✲s❡

q✉❡ ❛ ❛✉sê♥❝✐❛ ❞❡ ✉♠ ❣r✉♣♦ ♠❡t✐❧ ♥❡st❛s ❞✉❛s ♠♦❧é❝✉❧❛s ❛❝❛❜❛ ❞❛♥❞♦ ♦r✐❣❡♠ ❛

❞✐❢❡r❡♥t❡s ❢♦r♠❛ ❞❡ ❛❣❧♦♠❡r❛❞♦s ❡♠ t♦r♥♦ ❞❡ss❡s s♦❧✉t♦s✳

◆♦ ❝❛s♦ ❞❛ t❡♦❜r♦♠✐♥❛ ❛ ❛✉sê♥❝✐❛ ❞♦ ❣r✉♣♦ ♠❡t✐❧ ❡♥tr❡ ♦s ❞♦✐s ♦①✐❣ê♥✐♦s ❞❛s

❝❛r❜♦♥✐❧❛s ♣❡r♠✐t❡ ✉♠❛ ❛♣r♦①✐♠❛çã♦ ♠❛✐♦r ❞♦s s♦❧✈❡♥t❡ ♥❡st❛ r❡❣✐ã♦ ❥á ♥♦ ❝❛s♦ ❞❛

t❡♦✜❧✐♥❛ ♦ ❣r✉♣♦ ♠❡t✐❧ ❛✉s❡♥t❡ é ♦ ❧✐❣❛❞♦ ❛♦ ♥✐tr♦❣ê♥✐♦ ◆✾ ♥♦ ❛♥❡❧ ❞❡ ❝✐♥❝♦ át♦♠♦s

♣❡r♠✐t✐♥❞♦ ❛ss✐♠ ✉♠❛ ❛♣r♦①✐♠❛çã♦ ♠❛✐♦r ❡♠ t♦r♥♦ ❞♦ ♦①✐❣ê♥✐♦ ❖✶✹✳ ❖s ♠❛♣❛s

❞❡ ❞❡♥s✐❞❛❞❡ ❞❡ss❛s ❞✉❛s ♠♦❧é❝✉❧❛s ♣❛r❛ ❛ ❞❡♥s✐❞❛❞❡ ❛❧t❛ sã♦ ♠✉✐t♦ s❡♠❡❧❤❛♥t❡s

❛♦s ❛♣r❡s❡♥t❛❞♦s ♣❛r❛ ❛ ❝❛❢❡í♥❛ ❛ ♠❡♥♦s ❞❛s ❞✐str✐❜✉✐çõ❡s r❡❧❛t✐✈❛s à ❛✉sê♥❝✐❛ ❞♦s

❣r✉♣♦s ♠❡t✐❧✳

❋♦✐ ♦❜s❡r✈❛❞♦ ❛tr❛✈és ❞♦s ♠❛♣❛s ❞❡ ❞❡♥s✐❞❛❞❡s q✉❡ ❛s ❝❛r❜♦♥✐❧❛s sã♦ ❡str✉t✉✲

r❛s ✐♠♣♦rt❛♥t❡s ♥❛s ✐♥t❡r❛çõ❡s s♦❧✉t♦✲s♦❧✈❡♥t❡ ❞❛s ♠❡t✐❧①❛♥t✐♥❛s ❡st✉❞❛❞❛s✳ ❆s✲

s✐♠✱ ❝♦♥t✐♥✉❛♠♦s ❝♦♠ ❛s ❛♥á❧✐s❡s ❞❡ ❡str✉t✉r❛ ♠❡❞✐♥❞♦ ❛ ❞✐str✐❜✉✐çã♦ ❞♦s â♥❣✉❧♦s

❢♦r♠❛❞♦s ❡♥tr❡ ❡✐①♦ ❞❛ ❞✉♣❧❛ ❧✐❣❛çã♦ ❞❛s ❝❛r❜♦♥✐❧❛s ❞❛s ♠❡t✐❧①❛♥t✐♥❛s ❡ ♦ ❡✐①♦

♣r✐♥❝✐♣❛❧ ❞❛s ♠♦❧é❝✉❧❛s ❞❡ ❈❖2 ♣r❡s❡♥t❡s ♥❛ ♣r✐♠❡✐r❛ ❝❛♠❛❞❛ ❞❡ s♦❧✈❛t❛çã♦✳

◆❛ ❞❡t❡r♠✐♥❛çã♦ ❞❡ss❛s ❞✐str✐❜✉✐çõ❡s ❛♥❣✉❧❛r❡s ❢♦r❛♠ ❝♦♥s✐❞❡r❛❞❛s ❛♣❡♥❛s ❛s

♠♦❧é❝✉❧❛s ❞❡ s♦❧✈❡♥t❡ ❝✉❥♦s ❝❡♥tr♦s ❞❡ ♠❛ss❛ s❡ ❡♥❝♦♥tr❛ss❡♠ ❞❡♥tr♦ ❞❡ ✉♠ r❛✐♦

❞❡ ✹➴ ❡♠ t♦r♥♦ ❞♦s ♦①✐❣ê♥✐♦s ❞❛s ❝❛r❜♦♥✐❧❛s ❞♦s s♦❧✉t♦s✱ ❞❡ ❢♦r♠❛ ❛ ✐♥❝❧✉✐r só

❛s ♠♦❧é❝✉❧❛s ♣❡rt❡♥❝❡♥t❡s à ♣r✐♠❡✐r❛ ❝❛♠❛❞❛ ❞❡ s♦❧✈❛t❛çã♦✳ ❆s ❞✐str✐❜✉✐çõ❡s ❛♥✲

❣✉❧❛r❡s sã♦ ❛♣r❡s❡♥t❛❞❛ ♥❛s ✜❣✉r❛s ✺✳✽✱ ✺✳✾ ❡ ✺✳✶✵ ♣❛r❛ ❛ ❞❡♥s✐❞❛❞❡ ❛❧t❛ ❡ ❜❛✐①❛✳

❋♦✐ ✐♥❝❧✉í❞❛ ❡♠ ❝❛❞❛ ✉♠❛ ❞❛s ✜❣✉r❛s✱ ♣❛r❛ ❝♦♠♣❛r❛çã♦✱ ❛s ❞✐str✐❜✉✐çõ❡s ❡s♣❡r❛❞❛s

♣❛r❛ ❛♠❜✐❡♥t❡s ✐s♦tró♣✐❝♦s ❝✉❥❛ ❝✉r✈❛ é ❞❡t❡r♠✐♥❛❞❛ ♣❡❧❛ ❢✉♥çã♦✱

f(φ) =
π

360
sin

(
πφ

180

)
. ✭✺✳✶✮
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Figura 5.8. ❉✐str✐❜✉✐çã♦ ❆♥❣✉❧❛r ❞♦s s♦❧✈❡♥t❡s ❡♠ t♦r♥♦ ❞❛s ❝❛r❜♦♥✐❧❛s ❞♦ s♦❧✉t♦

❝❛❢❡í♥❛✳ ❖s ❝á❧❝✉❧♦s ❢♦r❛♠ r❡❛❧✐③❛❞♦s ♣❛r❛ ♦ s✐st❡♠❛ ❝♦♠ ❜❛✐①❛ ❡ ❝♦♠ ❛❧t❛ ❞❡♥s✐❞❛❞❡

❖❜s❡r✈❛✲s❡ ✉♠ ❛✉♠❡♥t♦ r❡❧❛t✐✈♦ ❞❛ ❢r❛çã♦ ❞❡ ♠♦❧é❝✉❧❛s ❞❡ ❈❖2 ♣❛r❛ φ = 90o✱

✐st♦ é✱ ♣❛r❛ s♦❧✈❡♥t❡s ♦r✐❡♥t❛❞♦s ♣❡r♣❡♥❞✐❝✉❧❛r♠❡♥t❡ ❡♠ r❡❧❛çã♦ às ❝❛r❜♦♥✐❧❛s✳ ■st♦

r❡✢❡t❡ ❛ ❡①✐stê♥❝✐❛ ❞❡ ✉♠❛ ♦r✐❡♥t❛çã♦ ♣r❡❢❡r❡♥❝✐❛❧ ❞♦ t✐♣♦ ′′T ′′ ❡♥tr❡ ♦s ❣r✉♣♦ ❈❂❖

❞♦s s♦❧✉t♦s ❡ ❛s ♠♦❧é❝✉❧❛s ❞❡ ❈❖2✱ t✐♣✐❝♦ ❞❡ ✐♥t❡r❛çã♦ ❞✐♣♦❧♦✲q✉❛❞r✉♣♦❧♦✳

Figura 5.9. ❉✐str✐❜✉✐çã♦ ❆♥❣✉❧❛r ❞♦s s♦❧✈❡♥t❡s ❡♠ t♦r♥♦ ❞❛s ❝❛r❜♦♥✐❧❛s ❞♦ s♦❧✉t♦

t❡♦✜❧✐♥❛✳
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Figura 5.10. ❉✐str✐❜✉✐çã♦ ❆♥❣✉❧❛r ❞♦s s♦❧✈❡♥t❡s ❡♠ t♦r♥♦ ❞❛s ❝❛r❜♦♥✐❧❛s ❞♦ s♦❧✉t♦

t❡♦✜❧✐♥❛✳

P❛r❛ ρ = 2, 00 ρc ♦ ❡❢❡✐t♦ ❞❡ ❡♠♣❛❝♦t❛♠❡♥t♦ ❝♦♠♣❡t❡ ❝♦♠ ❛ ✐♥t❡r❛çã♦ ❞♦

t✐♣♦ ′′T ′′✱ s❡♥❞♦ ♦ r❡s♣♦♥sá✈❡❧ ♣❡❧♦ ❛❝❤❛t❛♠❡♥t♦ ❞❛ ❝✉r✈❛ ❞❛ ❞✐str✐❜✉✐çã♦ ❛♥❣✉❧❛r

✭✜❣✉r❛s ✺✳✽✱ ✺✳✾ ❡ ✺✳✶✵✮ ❡♠ t♦r♥♦ ❞❡ φ = 90o✳ ◆♦t❛✲s❡ t❛♠❜é♠ q✉❡ ♦ ❞❡s✈✐♦ ❞❛

❞✐str✐❜✉✐çã♦ ✐s♦tró♣✐❝❛ é ♠✉✐t♦ ♠❛✐s ❛❝❡♥t✉❛❞❛ ♥❛ ❝❛❢❡í♥❛ ❞♦ q✉❡ ♥❛s ♦✉tr❛s ❞✉❛s

①❛♥t✐♥❛s ❡st✉❞❛❞❛s ✭✜❣✉r❛ ✺✳✶✶✮ ❞❡✈✐❞♦ ❛ ❛✉sê♥❝✐❛ ❞❡ ✉♠ ❞♦s ❣r✉♣♦s ♠❡t✐❧ ♥❡ss❛s

❞✉❛s ♠♦❧é❝✉❧❛s ❢❛❝✐❧✐t❛♥❞♦ ❛ ❛♣r♦①✐♠❛çã♦ ❞♦ s♦❧✈❡♥t❡ ♣♦r ❞✐✈❡rs♦s â♥❣✉❧♦s✱ ❝♦♠♦

❞❡s❝r✐t♦ ♥❛ ❛♥á❧✐s❡ ❞♦s ♠❛♣❛s ❞❡ ❞❡♥s✐❞❛❞❡s ✭✜❣✉r❛ ✺✳✼✮✳

▼♦❤❛♠❡❞ ❡ ❝♦❧❛❜♦r❛❞♦r❡s ♦❜s❡r✈❛r❛♠ ♥♦s ❡①♣❡r✐♠❡♥t♦s ❞❡ ❡①tr❛çã♦ s✉♣❡r❝rí✲

t✐❝❛ ❞❛ ❝❛❢❡í♥❛ ❞❡ ❣rã♦s ❞❡ ❝❛❢é ✉♠ ❛✉♠❡♥t♦ ❞❛ s♦❧✉❜✐❧✐❞❛❞❡ ❝♦♠ ❛ t❡♠♣❡r❛t✉r❛

♠❛s✱ ❛❝♦♠♣❛♥❤❛❞❛ ❞❡ ✉♠❛ ✐♥✈❡rsã♦ ♥❛s ❝✉r✈❛s ❞❡ s♦❧✉❜✐❧✐❞❛❞❡ ❬✻✹✱ ✻✺❪✳ ◆♦ ❝❛s♦

❞❛ ❝❛❢❡í♥❛ ❛❜❛✐①♦ ❞❛ ♣r❡ssã♦ ❞❡ ✶✾▼P❛ ❛ s♦❧✉❜✐❧✐❞❛❞❡ é ♠❛✐♦r ♣❛r❛ ✉♠❛ t❡♠♣❡✲

r❛t✉r❛ ❞❡ ✸✶✸❑ ❡ ❛❝✐♠❛ ❞❡ss❡ ✈❛❧♦r ❡❧❛ é ♠❛✐♦r ♣❛r❛ ✸✹✸❑✳ ❊st❛ ✐♥✈❡rsã♦ é ✉♠❛

❝❛r❛❝t❡ríst✐❝❛ ❞♦s ♣r♦❝❡ss♦s ❞❡ ❡①tr❛çã♦ s✉♣❡r❝rít✐❝❛ ❛tr✐❜✉í❞❛ ❛ ✉♠❛ ❝♦♠❜✐♥❛çã♦

❞♦s ❡❢❡✐t♦s ❞❛ ♣r❡ssã♦ ❞❡ ✈❛♣♦r ❡ ❞❛ ❞❡♥s✐❞❛❞❡✱ ♦♥❞❡ ❛ ♣r✐♠❡✐r❛ ❛✉♠❡♥t❛ ❝♦♠ ❛

t❡♠♣❡r❛t✉r❛ ❡♥q✉❛♥t♦ ♦❝♦rr❡ ❛ ❝♦rr❡s♣♦♥❞❡♥t❡ r❡❞✉çã♦ ❞❛ ❞❡♥s✐❞❛❞❡✳

❖s ❝á❧❝✉❧♦s ❞❛ s♦❧✉❜✐❧✐❞❛❞❡ ❡stã♦ ❢♦r❛ ❞♦ ❡s❝♦♣♦ ❞❡ss❡ tr❛❜❛❧❤♦ ♠❛s ❛♥❛❧✐s❛♠♦s

♦s ❡❢❡✐t♦s ❞❛ t❡♠♣❡r❛t✉r❛ ♥❛s ❡str✉t✉r❛s ❡ ♥❛s ❞✐♥â♠✐❝❛s ❞♦s s✐st❡♠❛s ❡♠ ❡st✉❞♦✳

❖❜s❡r✈❛♠♦s q✉❡ ♦ ❛✉♠❡♥t♦ ❞❛ t❡♠♣❡r❛t✉r❛ ♦❝❛s✐♦♥❛ ✉♠❛ ♣❡q✉❡♥❛ r❡❞✉çã♦ ♥♦
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Figura 5.11. ❈♦♠♣❛r❛çã♦ ❞❛ ❉✐str✐❜✉✐çã♦ ❆♥❣✉❧❛r ❞♦s s♦❧✈❡♥t❡s ❡♠ t♦r♥♦ ❞❛s ❝❛r❜♦✲

♥✐❧❛s ❡♥tr❡ ♦s três s♦❧✉t♦s ❡st✉❞❛❞♦s✳ P❛r❛ ♦s s✐st❡♠❛s ❞❡ ❜❛✐①❛ ❞❡♥s✐❞❛❞❡

♥ú♠❡r♦ ♠é❞✐♦ ❞❡ s♦❧✈❡♥t❡ ♥❛ ❝❛♠❛❞❛ ❞❡ s♦❧✈❛t❛çã♦ ♥ã♦ ❡s❢ér✐❝❛✱ r❡♣r❡s❡♥t❛❞❛ ♣❡❧❛

❞✐❢❡r❡♥ç❛ ❞♦s ♣✐❝♦s ♥❛s ❢✉♥çõ❡s ❣ss✭s✮ ❛♣r❡s❡♥t❛❞❛s ♥❛ ✜❣✉r❛ ✺✳✶✷✳ P❛r❛ ❛ ❜❛✐①❛

❞❡♥s✐❞❛❞❡ ❛ r❡❞✉çã♦ é ❞❡ ✼✪ ❡♥q✉❛♥t♦ q✉❡ ♥❛ ❛❧t❛ ❞❡♥s✐❞❛❞❡ ♣r❛t✐❝❛♠❡♥t❡ ♥ã♦ ❤á

r❡❞✉çã♦ ♣♦✐s ♦ ✈❛❧♦r ♠❡❞✐❞♦ ❢♦✐ ❞❡ ♠❡♥♦s ❞♦ q✉❡ ✶✪✳

❆ s❡❣✉✐r ❛♥❛❧✐s❛r❡♠♦s ❛s ♣r♦♣r✐❡❞❛❞❡s ❞✐♥â♠✐❝❛s ❞♦s s✐st❡♠❛s ❜❡♠ ❝♦♠♦ ♦

❡❢❡✐t♦ ❞❛ t❡♠♣❡r❛t✉r❛ ♥❡ss❛s ❞✐♥â♠✐❝❛s✳

5.4 Propriedades Dinâmicas

❆ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ t❡♠♣♦r❛❧ ❞❛ r❡♦r✐❡♥t❛çã♦ ❞♦ ❞✐♣♦❧♦ ✉♥✐tár✐♦ ❡ ♦ ❝♦❡✜❝✐✲

❡♥t❡ ❞❡ ❞✐❢✉sã♦ ❞❡t❡r♠✐♥❛❞♦ ❛tr❛✈és ❞❛ ♠❡❞✐❞❛ ❞♦ ❞❡s❧♦❝❛♠❡♥t♦ ♠é❞✐♦ q✉❛❞rát✐❝♦

❢♦r❛♠ ❝❛❧❝✉❧❛❞♦s ♣❛r❛ ❝❛❞❛ ✉♠ ❞♦s s♦❧✉t♦s ❡♠ ❡st✉❞♦✱ ♥❛s ❝♦♥❞✐çõ❡s t❡r♠♦❞✐♥â✲

♠✐❝❛s ❞❡s❝r✐t❛s ♥♦ ✐♥í❝✐♦ ❞❡st❡ ❝❛♣ít✉❧♦✳

❆s ❢✉♥çõ❡s ❞❡ ❝♦rr❡❧❛çã♦ ❛♣r❡s❡♥t❛❞❛s ♥❛s ✜❣✉r❛s ✺✳✶✸ ❡ ✺✳✶✹ ♣♦ss✉❡♠ ✉♠

❞❡❝❛✐♠❡♥t♦ q✉❛❞rát✐❝♦ ♣❛r❛ t❡♠♣♦s ❝✉rt♦s✱ ♠❡♥♦r❡s ❞♦ q✉❡ ✶ ♣s✱ ❛ss♦❝✐❛❞♦ ❛♦

♠♦✈✐♠❡♥t♦ ✐♥❡r❝✐❛❧ ❞♦ s♦❧✉t♦ ❡ ✉♠ ❞❡❝❛✐♠❡♥t♦ ❡①♣♦♥❡♥❝✐❛❧ ♣❛r❛ t❡♠♣♦s ❧♦♥❣♦s✳

P♦❞❡♠♦s ♦❜s❡r✈❛r ♥❛ ✜❣✉r❛ ✺✳✶✸ ❛ ❞❡♣❡♥❞ê♥❝✐❛ ❞❛ ❝♦rr❡❧❛çã♦ ❝♦♠ ❛ ❞❡♥s✐❞❛❞❡✱ ♦s

♠♦✈✐♠❡♥t♦s ❞♦ s♦❧✉t♦ t♦r♥❛♠✲s❡ ♠❛✐s ✐♠♣❡❞✐❞♦s ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞❛ ❞❡♥s✐❞❛❞❡ ❞♦

s✐st❡♠❛ ❛✉♠❡♥t❛♥❞♦ ♦ t❡♠♣♦ ❞❡ ❞❡❝❛✐♠❡♥t♦ ❞❛ ❝♦rr❡❧❛çã♦ r❡♦r✐❡♥t❛❝✐♦♥❛❧✳ ◗✉❛♥❞♦
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Figura 5.12. ❋✉♥çã♦ ❣ss✭s✮ ♣❛r❛ ♦ s✐st❡♠❛ ❝❛❢❡í♥❛✴❈❖2 ♥❛s t❡♠♣❡r❛t✉r❛s ❞❡ ✸✶✸

❡ ✸✹✸❑✳ ❖s ✈❛❧♦r❡s ❢♦r❛♠ ❝♦♠♣✉t❛❞♦s ♣❛r❛ ❛ ♠❛✐s ❛❧t❛ ❡ ❛ ♠❛✐s ❜❛✐①❛ ❞❡♥s✐❞❛❞❡

❡st✉❞❛✳

Figura 5.13. ❋✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ t❡♠♣♦r❛❧ ❞♦ ❞✐♣♦❧♦ ✉♥✐tár✐♦ ♣❛r❛ ❛ ❝❛❢❡í♥❛ à

✸✶✸❑✳ ❆s ❞❡♥s✐❞❛❞❡s sã♦ ❛♣r❡s❡♥t❛❞❛s ❡♠ ✈❛❧♦r❡s r❡❧❛t✐✈♦s ❛♦ ❞❛ ❞❡♥s✐❞❛❞❡ ❝rít✐❝❛

❞♦ s♦❧✈❡♥t❡ ✭ρc = 0, 468❣✴❝♠3✮
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Figura 5.14. ❈♦rr❡❧❛çã♦ t❡♠♣♦r❛❧ ❞❡ r❡♦r✐❡♥t❛çã♦ ❞♦ ❞✐♣♦❧♦ ✉♥✐tár✐♦ ❞♦s s✐st❡♠❛s

❈❛❢❡í♥❛✱ t❡♦❜r♦♠✐♥❛ ❡ t❡♦✜❧✐♥❛✴❈❖2 ♥❛ t❡♠♣❡r❛t✉r❛ ❞❡ ✸✶✸❑✳

❝♦♠♣❛r❛♠♦s ♦s r❡s✉❧t❛❞♦s ❡♥tr❡ ♦s três s♦❧✉t♦s ✭✜❣✉r❛ ✺✳✶✹✮ ♦❜s❡r✈❛♠♦s q✉❡ ♦s

♠♦✈✐♠❡♥t♦s ❞❛ ❝❛❢❡í♥❛ sã♦ ♠❛✐s ✐♠♣❡❞✐❞♦s ❞♦ q✉❡ ❞❛s ♦✉tr❛s ❞✉❛s ①❛♥t✐♥❛s✱ ♦ q✉❡

é ❝♦♥s✐st❡♥t❡ ❝♦♠ ♦ ❢❛t♦ ❞❛ ❝❛❢❡í♥❛ ♣♦ss✉✐r ✉♠ ❣r✉♣♦ ♠❡t✐❧ ❛ ♠❛✐s ❡♠ s✉❛ ❡str✉t✉r❛✳

P❛r❛ ❛ t❡♦❜r♦♠✐♥❛ ❡ t❡♦✜❧✐♥❛ ❡st❛ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ ❛♣r❡s❡♥t❛ ♦ ♠❡s♠♦ t❡♠♣♦

❞❡ ❞❡❝❛✐♠❡♥t♦✳ ❊st❡ ❝♦♠♣♦rt❛♠❡♥t♦ é ❡♥❝♦♥tr❛❞♦ t❛♥t♦ ❡♠ ❜❛✐①❛s q✉❛♥t♦ ❡♠ ❛❧t❛s

❞❡♥s✐❞❛❞❡s✳ ❖ ❡❢❡✐t♦ ❞❛ t❡♠♣❡r❛t✉r❛ ♥❛ ❞✐♥â♠✐❝❛ ❞❛ ❝❛❢❡í♥❛ t❛♠❜é♠ ❢♦✐ ❡st✉❞❛❞♦

❡ t❛♥t♦ ♥❛ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ q✉❛♥t♦ ♥♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❞✐❢✉sã♦ ❛s ❞✐♥â♠✐❝❛s

❛♣r❡s❡♥t❛r❛♠✲s❡ ♠❛✐s rá♣✐❞❛s ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞❛ t❡♠♣❡r❛t✉r❛✱ ❝♦♥❢♦r♠❡ ❡s♣❡r❛❞♦

♣❛r❛ ✢✉✐❞♦s ♥ã♦ ♠✉✐t♦ r❛r❡❢❡✐t♦s✳ ◆❛ t❛❜❡❧❛ ✺✳✹ ❛♣r❡s❡♥t❛♠♦s ♦s ✈❛❧♦r❡s ❝❛❧❝✉❧❛❞♦s

❞♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ ❞✐❢✉sã♦ ❞❛ ❝❛❢❡í♥❛ ♣❛r❛ ❛s t❡♠♣❡r❛t✉r❛s ❞❡ ✸✶✸ ❡ ✸✹✸❑✳

❖s ❝♦❡✜❝✐❡♥t❡s ❞❡ ❞✐❢✉sã♦ ✭❉✮ ❞❛s ♠❡t✐❧①❛♥t✐♥❛s ❡♠ ❈❖2 s✉♣❡r❝rít✐❝♦ ❢♦r❛♠

❝♦♠♣✉t❛❞♦s ✉t✐❧✐③❛♥❞♦✲s❡ ❛ r❡❧❛çã♦ ❞❡ ❊✐♥st❡✐♥ ❞❡✜♥✐❞❛ ♥❛ ❡q✉❛çã♦ ✷✳✷✹✳ P♦❞❡♠♦s

♦❜s❡r✈❛r✱ ❛tr❛✈és ❞♦s ✈❛❧♦r❡s ❞❛ t❛❜❡❧❛ ✺✳✸✱ q✉❡ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❞✐❢✉sã♦ é ✐♥✈❡rs❛✲

♠❡♥t❡ ♣r♦♣♦r❝✐♦♥❛❧ à ❞❡♥s✐❞❛❞❡ ❞♦ s✐st❡♠❛✳ ❏á ♦ ❡❢❡✐t♦ ❞❛ t❡♠♣❡r❛t✉r❛ t❡♠ r❡❧❛çã♦

❞✐r❡t❛ ❝♦♠ ♦ ✈❛❧♦r ❞❡ ❉ ✭t❛❜❡❧❛ ✺✳✹✮✳

◆❛ ✜❣✉r❛ ✺✳✶✺ ❝♦♠♣❛r❛♠♦s ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ❡♠ ♥♦ss❛s s✐♠✉❧❛çõ❡s ❝♦♠ ♦s

✈❛❧♦r❡s ❡①♣❡r✐♠❡♥t❛✐s ❞✐s♣♦♥í✈❡✐s ♥❛ ❧✐t❡r❛t✉r❛ ❬✼✵❪✳ ❊ss❛s ♠❡❞✐❞❛s ❡①♣❡r✐♠❡♥t❛✐s

❡stã♦ r❡str✐t❛s à r❡❣✐ã♦ ❞❡ ❞❡♥s✐❞❛❞❡ ❛❝✐♠❛ ❞♦ ✈❛❧♦r ❝rít✐❝♦ ♣♦r s❡r ❡st❛ ❛ r❡❣✐ã♦
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Tabela 5.3. ❈♦❡✜❝✐❡♥t❡s ❞❡ ❉✐❢✉sã♦ ✭❉✮ ✭✶✵−4 ❝♠2✴s✮ ♣❛r❛ ❈❛❢❡í♥❛✱ ❚❡♦✜❧✐♥❛ ❡

❚❡♦❜r♦♠✐♥❛ ❡♠ ❈❖2 ❙❝ ❝♦♠ ❚❂✸✶✸❑✳ ◆❛s ❞❡♥s✐❞❛❞❡s r❡❧❛t✐✈❛s ❞❡ ✵✱✷✺ ❡ ✷✱✵✵ ρc

❝♦♠ ρc = 0, 468g/cm3✳

❈♦❡✜❝✐❡♥t❡s ❞❡ ❉✐❢✉sã♦ ✭❉✮ ✭✶✵−4 ❝♠2✴s✮

ρ/ρc ❈❛❢❡í♥❛ ❚❡♦✜❧✐♥❛ ❚❡♦❜r♦♠✐♥❛

✵✱✷✺ ✻✱✹✵±✵✱✷✹ ✺✱✽✸±✵✱✶✻ ✻✱✸✷±✵✱✽✵

✷✱✵✵ ✵✱✺✹±✵✱✵✶ ✵✱✻✷±✵✱✵✶ ✵✱✺✺±✵✱✵✸

Tabela 5.4. ❈♦❡✜❝✐❡♥t❡s ❞❡ ❉✐❢✉sã♦ ✭❉✮ ✭✶✵−4 ❝♠2✴s✮ ♣❛r❛ ❛ ❝❛❢❡í♥❛ ♥❛s t❡♠♣❡r❛t✉r❛s

❞❡ ✸✶✸❑ ❡ ✸✹✸❑

❈❛❢❡í♥❛ ✕ ❉ ✭✶✵−4 ❝♠2✴s✮

ρ/ρc ✸✶✸❑ ✸✹✸❑

✵✱✷✺ ✻✱✹✵±✵✱✷✹ ✻✱✽✼±✵✱✶✷

✷✱✵✵ ✵✱✺✹±✵✱✵✶ ✵✱✻✸±✵✱✵✸

Figura 5.15. ❈♦❡✜❝✐❡♥t❡ ❞❡ ❞✐❢✉sã♦ ♣❛r❛ ❛ ❝❛❢❡í♥❛✱ ♦❜t✐❞♦s ♣♦r s✐♠✉❧❛çã♦ ✭❝ír❝✉❧♦s✮

❝♦♠♣❛r❛❞♦s ❛♦s ✈❛❧♦r❡s ❡①♣❡r✐♠❡♥t❛✐s ✭tr✐â♥❣✉❧♦s✮ à ✸✶✸❑✳
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❞❡ ✐♥t❡r❡ss❡ ♥♦s ♣r♦❝❡ss♦s ❞❡ ❡①tr❛çã♦ ❡ s❡♣❛r❛çã♦✳ P❛r❛ ❡st❛ r❡❣✐ã♦ ❡①✐st❡ ✉♠❛

❡①❝❡❧❡♥t❡ ❝♦♥❝♦r❞â♥❝✐❛ ❡♥tr❡ ♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❡ ♦s ✈❛❧♦r❡s ❝❛❧❝✉❧❛❞♦s

❡♠ ♥♦ss❛s s✐♠✉❧❛çõ❡s✳

5.5 Conclusões

❆tr❛✈és ❞❛s ❢✉♥çõ❡s ❣ss✭s✮ é ♣♦ssí✈❡❧ ♦❜t❡r ❛ ❞✐str✐❜✉✐çã♦ ❞❡ s♦❧✈❡♥t❡s ❡♠ t♦r♥♦

♥♦ s♦❧✉t♦ ✐♥❞❡♣❡♥❞❡♥t❡ ❞❛ ❢♦r♠❛ ❞❡st❡ s♦❧✉t♦ ❡ ❛tr❛✈és ❞❡ss❛ ❢✉♥çã♦ ❝❛❧❝✉❧❛♠♦s

♦ ♥ú♠❡r♦ ❞❡ ❝♦♦r❞❡♥❛çã♦ ❞❡ ♣r✐♠❡✐r❛ ❝❛♠❛❞❛✳ P♦❞❡✲s❡ ♠♦str❛r ❞❡st❛ ❢♦r♠❛ ♦

❢❡♥ô♠❡♥♦ ❞❡ ❛✉♠❡♥t♦ ❞❡ ❞❡♥s✐❞❛❞❡ ❧♦❝❛❧ ♦❜s❡r✈❛❞♦s ❡♠ s✐st❡♠❛s ❝♦♠ ✢✉✐❞♦s s✉✲

♣❡r❝rít✐❝♦s✳

▼♦str❛♠♦s ❛✐♥❞❛✱ ❝♦♠ ♦ ❛✉①í❧✐♦ ❞♦ ♠❛♣❛ ❞❡ ❝♦r❡s ❞❛s ❞❡♥s✐❞❛❞❡s r❡❧❛t✐✈❛s✱

q✉❡ ❡st❛ ❝❛♠❛❞❛ ❞❡ s♦❧✈❛t❛çã♦ ♥ã♦ é ❤♦♠♦❣ê♥❡❛✱ ✜❝❛♥❞♦ ❝♦♥❝❡♥tr❛❞❛ ❡♠ ❛❧❣✉♠❛s

r❡❣✐õ❡s ♣r❡❢❡r❡♥❝✐❛✐s✱ ❡✈✐❞❡♥❝✐❛♥❞♦ q✉❡ ♦ ❝♦♥❝❡✐t♦ ❞❡ ✏❝❧✉st❡r ✑ ❞❡ s♦❧✈❡♥t❡s ❞❡✈❡

s❡r ❡♥t❡♥❞✐❞♦ ❝♦♠♦ ✉♠ ❝♦♥❝❡✐t♦ ❞❡ ✈❛❧♦r ♠é❞✐♦✳

❆ ❢✉♥çã♦ ❣ss ♠♦str♦✉ q✉❡ é ❡♥❡r❣❡t✐❝❛♠❡♥t❡ ♠❛✐s ❢❛✈♦rá✈❡❧ ❛♦s s♦❧✈❡♥t❡s ♣❡rt❡♥✲

❝❡r❡♠ ❛ ♣r✐♠❡✐r❛ ❝❛♠❛❞❛ ❞❡ s♦❧✈❛t❛çã♦ ❞❛s ❞✐♠❡t✐❧①❛♥t✐♥❛s t❡♦❜r♦♠✐♥❛ ❡ t❡♦✜❧✐♥❛

❞♦ q✉❡ ❞❛ ❝❛❢❡í♥❛✳

◆♦s ❝á❧❝✉❧♦s ❞❡ ❞✐♥â♠✐❝❛ ♦❜s❡r✈❛♠♦s q✉❡ ❛s ❞✐♠❡t✐❧①❛♥t✐♥❛s ♣♦ss✉❡♠ ❞✐♥â♠✐❝❛

r❡♦r✐❡♥t❛❝✐♦♥❛❧ ♠❛✐s rá♣✐❞❛s ❞♦ q✉❡ ❛ ❝❛❢❡í♥❛ ♣❛r❛ ✉♠ ♠❡s♠♦ ❡st❛❞♦ t❡r♠♦❞✐♥â✲

♠✐❝♦✳ ❆♣❡s❛r ❞❡ss❛s ♠❡❞✐❞❛s✱ ♦❜s❡r✈❛✲s❡ ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡ q✉❡ ❛ s♦❧✉❜✐❧✐❞❛❞❡ ❞❛

❝❛❢❡í♥❛ é ♣❡❧♦ ♠❡♥♦s ❞✉❛s ♦r❞❡♥s ❞❡ ❣r❛♥❞❡③❛ s✉♣❡r✐♦r às ❞✐♠❡t✐❧①❛♥t✐♥❛s ❡✈✐❞❡♥✲

❝✐❛♥❞♦ ❛ ✐♠♣♦rtâ♥❝✐❛ ❞❛s ✐♥t❡r❛çõ❡s s♦❧✉t♦✲s♦❧✉t♦✱ ♣♦✐s ❛s ❞✐♠❡t✐❧①❛♥t✐♥❛s ♣♦❞❡♠

❢♦r♠❛r ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ ❡♥tr❡ s✐ ♦ q✉❡ ♥ã♦ ♦❝♦rr❡ ❝♦♠ ❛ ❝❛❢❡í♥❛✳

❖s ❝♦❡✜❝✐❡♥t❡s ❞❡ ❞✐❢✉sã♦ ❞❛ ❝❛❢❡í♥❛ ❝❛❧❝✉❧❛❞♦s ♣♦r s✐♠✉❧❛çã♦ ❝♦♥❝♦r❞❛r❛♠

♠✉✐t♦ ❜❡♠ ❝♦♠ ♦s ✈❛❧♦r❡s ❡①♣❡r✐♠❡♥t❛✐s✳
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Caṕıtulo 6

Metilxantinas em CO2

com etanol como

co-solvente

6.1 Introdução

❆ ❝❛♣❛❝✐❞❛❞❡ ❞♦ ❈❖2 s♦❧✉❜✐❧✐③❛r ♠♦❧é❝✉❧❛s ♣♦❧❛r❡s é ❧✐♠✐t❛❞❛ ♠❡s♠♦ ❡♠ ❛❧t❛s

❞❡♥s✐❞❛❞❡s✱ ❝♦♠ ✐♠♣❧✐❝❛çõ❡s ❞✐r❡t❛s ♥♦ ❝✉st♦ ❞♦s ♣r♦❝❡ss♦s ❞❡ ❡①tr❛çã♦ ❞❡✈✐❞♦ à

♥❡❝❡ss✐❞❛❞❡ ❞❡ ✉♠❛ ♠❛✐♦r q✉❛♥t✐❞❛❞❡ ❞❡ ❈❖2✳ ❆ ❛❞✐çã♦ ❞❡ ♣❡q✉❡♥❛s q✉❛♥t✐❞❛❞❡s

❞❡ ❝♦♠♣♦st♦s ♣♦❧❛r❡s ✭❝♦✲s♦❧✈❡♥t❡s ♦✉ ♠♦❞✐✜❝❛❞♦r❡s✮✱ ♠✐ssí✈❡✐s ❡♠ ❈❖2✱ ♣♦❞❡♠

❛✉♠❡♥t❛r ❡st❛ ❝❛♣❛❝✐❞❛❞❡ ♠❡❧❤♦r❛♥❞♦ ♦ ❞❡s❡♠♣❡♥❤♦ ❞♦ s♦❧✈❡♥t❡ ♥❛ ❡①tr❛çã♦ ❞❡

s♦❧✉t♦s ♣♦❧❛r❡s✳ ❉✐✈❡rs♦s ❝♦♠♣♦st♦s ♣♦❧❛r❡s tê♠ s✐❞♦ ❡st✉❞❛❞♦s ❝♦♠♦ ❝♦✲s♦❧✈❡♥t❡s

❞❡♥tr❡ ❡❧❡s ♦s ♠❛✐s ✉t✐❧✐③❛❞♦s sã♦ ♦ ♠❡t❛♥♦❧ ❡ ♦ ❡t❛♥♦❧✱ s❡♥❞♦ ❡st❡ ú❧t✐♠♦ ♦ ♠❛✐s

❡♠♣r❡❣❛❞♦ ❡♠ ❡①tr❛çã♦ s✉♣❡r❝rít✐❝❛ ❞❡✈✐❞❛ ❛ s✉❛ ❜❛✐①❛ t♦①✐❞❛❞❡✳

❋♦st❡r ❡ ❝♦❧❛❜♦r❛❞♦r❡s ❞❡s❡♥✈♦❧✈❡r❛♠ ✉♠ ❡st✉❞♦ s✐st❡♠át✐❝♦ ❞♦ ❡❢❡✐t♦ ❞❛ ❛❞✐çã♦

❞♦ ❝♦✲s♦❧✈❡♥t❡ ♥❛ ❡①tr❛çã♦ s✉♣❡r❝rít✐❝❛ ✉t✐❧✐③❛♥❞♦ ✼ ❞✐❢❡r❡♥t❡s s✉❜stâ♥❝✐❛s ✭❛❝❡t❛t♦

❞❡ ❡t✐❧❛✱ ❛❝❡t♦♥❛✱ ♠❡t❛♥♦❧✱ ❡t❛♥♦❧✱ ✷✲♣r♦♣❛♥♦❧✱ ✶✲♣r♦♣❛♥♦❧✮ r❡❧❛❝✐♦♥❛♥❞♦ ❛s q✉❛❧✐❞❛✲

❞❡s ❞❡ ✉♠ ❝♦✲s♦❧✈❡♥t❡ ❝♦♠ ❛ ❤❛❜✐❧✐❞❛❞❡ ❞❡❧❡ ❢♦r♠❛r ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ ❬✼✶✱✼✷❪✳

❏á ▲❛♥❣ ❡ ❲❛✐ ❡♠ s❡✉ ❛rt✐❣♦ ❞❡ r❡✈✐sã♦ s♦❜r❡ ♦s ♣r♦❝❡ss♦s ❞❡ ❡①tr❛çã♦ ❡ s❡♣❛✲

r❛çã♦ s✉♣❡r❝rít✐❝❛ ❞❡ ♣r♦❞✉t♦s ♥❛t✉r❛✐s ❝✐t❛♠ ✶✼ s✉❜stâ♥❝✐❛s ❡st✉❞❛❞❛s ❝♦♠♦ ❝♦✲

s♦❧✈❡♥t❡s✳ ❖❜s❡r✈❛♠ ❛✐♥❞❛ q✉❡ ♦ ❡❢❡✐t♦ ❞❛ ❛❞✐çã♦ ❞♦ ❝♦✲s♦❧✈❡♥t❡ ♥❡st❡s ♣r♦❝❡ss♦s

é ❝♦♠♣❧❡①♦ ♣♦✐s✱ ❞❡✈❡♠ ❧❡✈❛r ❡♠ ❝♦♥t❛ ❛s ❞✐❢❡r❡♥t❡s ❢♦r♠❛s ❞❡ ✐♥t❡r❛çõ❡s ❝♦♠ ♦

s♦❧✉t♦ ❡ ♦s ❡❢❡✐t♦s s♦❜r❡ ❛ ♠❛tr✐③ só❧✐❞❛ ❞❡ ♦♥❞❡ ❛s s✉❜stâ♥❝✐❛s s❡rã♦ ❡①tr❛í❞❛s✳

❆❧❡rt❛♠ ❛✐♥❞❛ ♣❛r❛ ♦ ❢❛t♦ ❞❡ q✉❡ ❛ ✐♥❝❧✉sã♦ ❞❡st❡s ♠♦❞✐✜❝❛❞♦r❡s ♣♦❞❡♠ ❞✐♠✐♥✉✐r

❛ s❡❧❡t✐✈✐❞❛❞❡ ❞♦ s♦❧✈❡♥t❡ ❬✼✸❪✳

◆❡st❡ ❝❛♣ít✉❧♦ ❡st✉❞❛r❡♠♦s ❝♦♠♦ ❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡ ❡str✉t✉r❛ ❡ ❞❡ ❞✐♥â♠✐❝❛s

❞♦s s♦❧✉t♦s ❝❛❢❡í♥❛✱ t❡♦❜r♦♠✐♥❛ ❡ t❡♦✜❧✐♥❛ sã♦ ❛❢❡t❛❞❛s ♣❡❧❛ ♣r❡s❡♥ç❛ ❞♦ ❝♦✲s♦❧✈❡♥t❡
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❡t❛♥♦❧✳ ❊st❡s s✐st❡♠❛s ❢♦r❛♠ ❡st✉❞❛❞♦s ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡ ❡ ❝♦♥st❛t♦✉✲s❡ q✉❡ ❛

❛❞✐çã♦ ❞❡ ✉♠❛ ♣❡q✉❡♥❛ q✉❛♥t✐❞❛❞❡ ❞❡ ❝♦✲s♦❧✈❡♥t❡ ♣♦❧❛r ❛✉♠❡♥t❛ ❛ s♦❧✉❜✐❧✐❞❛❞❡ ❞❛

❝❛❢❡í♥❛ ❡♠ ❛té ❝✐♥❝♦ ✈❡③❡s ❬✼✹❪✳

❆s s✐♠✉❧❛çõ❡s ❢♦r❛♠ r❡❛❧✐③❛❞❛s ♥♦s s✐st❡♠❛s ❢♦r♠❛❞♦s ♣♦r ✉♠ s♦❧✉t♦ ✭❝❛❢❡í♥❛✱

t❡♦❜r♦♠✐♥❛ ❡ t❡♦✜❧✐♥❛✮ ❡♠ ✉♠❛ ♠✐st✉r❛ ❝♦♠ ✸✵✵ ♠♦❧é❝✉❧❛s ❞❡ ❈❖2 ❡ ✶✺ ❞❡ ❡t❛♥♦❧

❝♦♠♦ ❝♦✲s♦❧✈❡♥t❡ ✭≈ ✾✺✪ ❈❖2 ❡ ✺✪ ❞❡ ❡t❛♥♦❧✮ ♥❛s ❞❡♥s✐❞❛❞❡s r❡❧❛t✐✈❛s ❞❡ ✵✱✷✺ ρc

❡ ✷✱✵✵ ρc ♥❛s t❡♠♣❡r❛t✉r❛s ❞❡ ✸✶✸ ❡ ✸✹✸ ❑ ♣❛r❛ ❝❛❞❛ s♦❧✉t♦✳

Tabela 6.1. ❉✐♠❡♥sã♦ ❞♦s ❧❛❞♦s ❞❛s ❝❛✐①❛s ❝ú❜✐❝❛s ❞❡ s✐♠✉❧❛çã♦ ✭▲✮ ♣❛r❛ ♦s s✐st❡♠❛s

♠❡t✐❧①❛♥t✐♥❛s✴❈❖2✰❡t❛♥♦❧✳

❈❛❢❡í♥❛ ❚❡♦❜r♦♠✐♥❛ ❡ ❚❡♦✜❧✐♥❛

ρ/ρc ▲ ✭➴✮ ▲ ✭➴✮

✵✱✷✺ ✺✽✱✹✼ ✺✽✱✹✺

✷✱✵✵ ✷✾✱✷✹ ✷✾✱✷✸

❋♦r❛♠ ❛♣❧✐❝❛❞❛s ❝♦♥❞✐çõ❡s ♣❡r✐ó❞✐❝❛s ❞❡ ❝♦♥t♦r♥♦✱ ❛❧❣♦r✐t♠♦s ✏❱❡❧♦❝✐t ❱❡r❧❡t✑ ❡

✏❙❍❆❑❊✑✳ ❊♠♣r❡❣❛♠♦s ❛✐♥❞❛ ✉♠ r❛✐♦ ❞❡ ❝♦rt❡ ✐❣✉❛❧ ❛ ♠❡t❛❞❡ ❞♦ ❧❛❞♦ ❞❛ ❝❛✐①❛ ❞❡

s✐♠✉❧❛çã♦ ❡ ❛s ✐♥t❡r❛çõ❡s ❡❧❡tr♦stát✐❝❛s ❢♦r❛♠ ❝♦♠♣✉t❛❞❛s ✉s❛♥❞♦ P▼❊✲✏P❛rt✐❝❧❡

▼❡s❤ ❊✇❛❧❞✑✳

6.2 Propriedades de Estrutura

◆❛s ❢✉♥çõ❡s ❣ss✭s✮ ♥ã♦ sã♦ ❢❡✐t❛s ❞✐st✐♥çõ❡s q✉❛♥t♦ ❛♦ t✐♣♦ ❞❡ ♠♦❧é❝✉❧❛ ♥❛

♠✐st✉r❛ s♦❧✈❡♥t❡ ✰ ❝♦✲s♦❧✈❡♥t❡ ❡♥❝♦♥tr❛❞❛s ♥❛s ❝❛♠❛❞❛s ❞❡ s♦❧✈❛t❛çã♦✳

❆tr❛✈és ❞❛ ✜❣✉r❛ ✻✳✶ ♣♦❞❡♠♦s ♦❜s❡r✈❛r q✉❡ ♥❡st❡s s✐st❡♠❛s ❛ ❞✐❢❡r❡♥ç❛ ❡♥tr❡

♦s ♣✐❝♦s ❞❛s ❢✉♥çõ❡s ❣ss✭s✮ ❞♦s três s♦❧✉t♦s é r❡❧❛t✐✈❛♠❡♥t❡ ♠❡♥♦r s❡ ❝♦♠♣❛r❛❞♦

❝♦♠ ❛s ♠❡s♠❛s ❢✉♥çõ❡s ❝❛❧❝✉❧❛❞❛s ♣❛r❛ ♦ s✐st❡♠❛ ❝♦♠ ❈❖2 ♣✉r♦ ✭❋✐❣✉r❛ ✺✳✹✮✱ ❡st❛

❞✐❢❡r❡♥ç❛ é ♠❡♥♦r ❛✐♥❞❛ ♣❛r❛ ♦ s✐st❡♠❛ ❡♠ ❞❡♥s✐❞❛❞❡ ❛❧t❛✳

❆s ❞✐stâ♥❝✐❛s ♠é❞✐❛s ❞❡ ❝♦♥t❛t♦ ❞♦s s♦❧✈❡♥t❡ ❡♠ t♦r♥♦ ❞♦ s♦❧✉t♦ sã♦ ❞❡≈ 3, 33 ➴

♣❛r❛ ❛ ❝❛❢❡í♥❛ ❡ ❞❡ ≈ 3, 25 ➴ ♣❛r❛ ♦s ♦✉tr♦s s♦❧✉t♦s✱ ❝♦♠♦ ♦❝♦rr❡ ♣❛r❛ ♦ s♦❧✈❡♥t❡

♣✉r♦✳

❆♣r❡s❡♥t❛♠♦s ♥♦ ♣❛✐♥❡❧ s✉♣❡r✐♦r ❞❛ ✜❣✉r❛ ✻✳✷ ✉♠❛ ❝♦♠♣❛r❛çã♦ ❡♥tr❡ ❛s ❢✉♥✲

çõ❡s ❣ss ❞❛ ❝❛❢❡í♥❛ ❝❛❧❝✉❧❛❞❛s ♣❛r❛ ♦s s✐st❡♠❛s ❝♦♠ ❝♦✲s♦❧✈❡♥t❡ ❡ ❛s ❝❛❧❝✉❧❛❞❛s ♥♦
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Figura 6.1. ❋✉♥çã♦ ❣ss✭s✮ ♣❛r❛ ♦s s♦❧✉t♦s ❝❛❢❡í♥❛✱ t❡♦❜r♦♠✐♥❛ ❡ t❡♦✜❧✐♥❛ ❝♦♠ ❚❂✸✶✸❑

♣❛r❛ ρ = 0.25ρc ❡ 2.00ρc✳

❝❛♣ít✉❧♦ ❛♥t❡r✐♦r ✭❈❖2 ♣✉r♦✮✳ ◆♦ ♣❛✐♥❡❧ ✐♥❢❡r✐♦r ♦s r❡s✉❧t❛❞♦s ❞❛ ❢✉♥çã♦ ❞❡ ❡♥❡r❣✐❛

aΩ✭s✮ ✭❡q✉❛çã♦ ✷✳✷✸✮✱ ♦♥❞❡ t❡♠♦s q✉❡ ♦ ❜❡♥❡❢í❝✐♦ ❡♥❡r❣ét✐❝♦ ❞♦ s♦❧✈❡♥t❡ ♣❡r♠❛♥❡❝❡r

♥❛ ♣r✐♠❡✐r❛ ❝❛♠❛❞❛ ❞❡ s♦❧✈❛t❛çã♦ é ♠❛✐♦r ♣❛r❛ ♦s s✐st❡♠❛s ❝♦♠ ❝♦✲s♦❧✈❡♥t❡✳ ❊st❛

❞✐❢❡r❡♥ç❛ ❞❡ ❣❛♥❤♦ ❞❡ ❡♥❡r❣✐❛ ❧✐✈r❡ é ♠❛✐♦r ♣❛r❛ ❛ ❞❡♥s✐❞❛❞❡ ❜❛✐①❛✳ ❖s r❡s✉❧t❛❞♦s

❞❛ ❢✉♥çã♦ ❞❡ ❡♥❡r❣✐❛ aΩ✭s✮ ♦❜t✐❞♦s ♣❛r❛ ❛ t❡♦❜r♦♠✐♥❛ ❡ t❡♦✜❧✐♥❛ sã♦ s❡♠❡❧❤❛♥t❡s

❛♦s ❞❡s❝r✐t♦s ♣❛r❛ ❛ ❝❛❢❡í♥❛ ❡ ♣♦r ❡ss❡ ♠♦t✐✈♦ ♥ã♦ ❡stã♦ ❛♣r❡s❡♥t❛❞♦s ❛q✉✐✳

Tabela 6.2. ◆ú♠❡r♦ ❞❡ ❝♦♦r❞❡♥❛çã♦ ◆1 ♣❛r❛ ❛s três ♠❡t✐❧①❛♥t✐♥❛s ❡♠ ❡st✉❞♦ ❝♦♠ ❡

s❡♠ ❝♦✲s♦❧✈❡♥t❡ ❝♦♠ ❚❂✸✶✸❑

❈❛❢❡í♥❛ ❚❡♦✜❧✐♥❛ ❚❡♦❜r♦♠✐♥❛

ρ/ρc ❙✐st❡♠❛ ◆1 ◆1 ◆1

✵✱✷✺ ♣✉r♦ ✹✱✺ ✹✱✹ ✹✱✹

❝♦✲s♦❧✈✳ ✽✱✽ ✽✱✺ ✽✱✷

✷✱✵✵ ♣✉r♦ ✷✷✱✵ ✷✵✱✺ ✷✵✱✻

❝♦✲s♦❧✈✳ ✷✷✱✺ ✷✵✱✽ ✷✵✱✾

❆ ❞✐❢❡r❡♥ç❛ ❞❛s ❢✉♥çõ❡s ❣ss r❡✢❡t❡♠ ✉♠ ❛✉♠❡♥t♦ ❞♦ ♥ú♠❡r♦ ❞❡ s♦❧✈❡♥t❡s ❡♠

t♦r♥♦ ❞♦ s♦❧✉t♦✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♥❛ ❜❛✐①❛ ❞❡♥s✐❞❛❞❡✳ P❛r❛ ❞✐♠❡♥s✐♦♥❛r ❡st❡ ❛✉✲

♠❡♥t♦ é ♥❡❝❡ssár✐♦ ❝❛❧❝✉❧❛r ♦ ♥ú♠❡r♦ ♠é❞✐♦ ❞❡ ♠♦❧é❝✉❧❛s ❞❡ s♦❧✈❡♥t❡ ♥❛ ♣r✐♠❡✐r❛
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Figura 6.2. ❋✉♥çã♦ ❣ss✭s✮ ❡ ❛ ❡q✉✐✈❛❧❡♥t❡ ❢✉♥çã♦ ❞❡ ❡♥❡r❣✐❛ ❧✐✈r❡ ❛Ω✭s✮ ♣❛r❛ ♦s

s✐st❡♠❛s ❝❛❢❡í♥❛✴❈❖2✰❡t❛♥♦❧ ❡♠ ❝♦♠♣❛r❛çã♦ ❛♦ s✐st❡♠❛ só ❝♦♠ ❈❖2 ♣✉r♦✳ P❛r❛ ❛s

❞❡♥s✐❞❛❞❡s ❛❧t❛ ❡ ❜❛✐①❛ ♣❛r❛ ❚❂✸✶✸❑

❝❛♠❛❞❛ ❞❡ s♦❧✈❛t❛çã♦ ♥ã♦✲❡s❢ér✐❝❛ ✭◆1✮ ♣❛r❛ ♦s três s♦❧✉t♦s✳ ❖s r❡s✉❧t❛❞♦s ♣❛r❛ ❛s

❞✉❛s ❞❡♥s✐❞❛❞❡s ❡st✉❞❛❞❛s ❡♥❝♦♥tr❛♠✲s❡ ♥❛ t❛❜❡❧❛ ✻✳✷✳ P♦❞❡♠♦s ✈❡r q✉❡ ❛ ✐♥❝❧✉sã♦

❞♦ ❝♦✲s♦❧✈❡♥t❡ ♥♦ s✐st❡♠❛ s♦❧✉t♦✴❈❖2 ♣r❛t✐❝❛♠❡♥t❡ ❞♦❜r❛ ♦ ♥ú♠❡r♦ ❞❡ s♦❧✈❡♥t❡s

♣r❡s❡♥t❡ ♥❛ ♣r✐♠❡✐r❛ ❝❛♠❛❞❛ ❞❡ s♦❧✈❛t❛çã♦✱ q✉❛♥❞♦ ❛ ❞❡♥s✐❞❛❞❡ é ❞❡ ✵✱✷✺ ρc✳ P❛r❛

❛ ❞❡♥s✐❞❛❞❡ ❛❧t❛ t❛♠❜é♠ ♦❝♦rr❡ ✉♠ ❛✉♠❡♥t♦ ♥♦ ✈❛❧♦r ❞❡ ◆1✱ ♠❛s ❜❡♠ ♠❡♥♦s ♣r♦✲

♥✉♥❝✐❛❞♦ ❞❡✈✐❞♦ ❛♦ ❡❢❡✐t♦ ❞❡ ❡♠♣❛❝♦t❛♠❡♥t♦ à q✉❡ ❛s ♠♦❧é❝✉❧❛s ❞❡ s♦❧✈❡♥t❡ ❡stã♦

s✉❥❡✐t❛s ♥❡st❛ ❞❡♥s✐❞❛❞❡✳

❈♦♠ ❛ ✜♥❛❧✐❞❛❞❡ ❞❡ ❞❡t❡r♠✐♥❛r q✉❛♥t❛s ♠♦❧é❝✉❧❛s ❞❡ ❈❖2 ❡ ❞❡ ❡t❛♥♦❧ ❡stã♦

♣r❡s❡♥t❡s ♥❛ ♣r✐♠❡✐r❛ ❝❛♠❛❞❛ ❞❡ s♦❧✈❛t❛çã♦ ❢♦✐ ❝❛❧❝✉❧❛❞♦ ✉♠ ♥♦✈♦ ❤✐st♦❣r❛♠❛

s❡♣❛r❛♥❞♦ ❛s ♠♦❧é❝✉❧❛s ❞❡ s♦❧✈❡♥t❡ ❞❛s ❞♦ ❝♦✲s♦❧✈❡♥t❡✳ ❖s ✈❛❧♦r❡s ❞❡ ◆1 s❡♣❛r❛❞♦s
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Tabela 6.3. ◆ú♠❡r♦ ❞❡ ❝♦♦r❞❡♥❛çã♦ ◆1 ♣❛r❛ ❛s três ♠❡t✐❧①❛♥t✐♥❛s ❡♠ ❡st✉❞♦ ❝♦♠ ❡

s❡♠ ❝♦✲s♦❧✈❡♥t❡ ❝♦♠ ❚❂✸✶✸❑

❈❛❢❡í♥❛ ❚❡♦✜❧✐♥❛ ❚❡♦❜r♦♠✐♥❛

ρ/ρc ❚❡♠♣✳ ✭❑✮ ◆1CO2
◆1etanol

◆1CO2
◆1etanol

◆1CO2
◆1etanol

✵✱✷✺ ✸✶✸ ✻✱✶ ✷✱✼ ✺✱✻ ✷✱✾ ✺✱✼ ✷✱✺

✸✹✸ ✺✱✹ ✶✱✶ ✺✱✵ ✶✱✹ ✹✱✻ ✶✱✾

✷✱✵✵ ✸✶✸ ✷✵✱✼ ✶✱✽ ✶✽✱✻ ✷✱✷ ✶✽✱✾ ✷✱✵

✸✹✸ ✷✵✱✺ ✶✱✻ ✶✽✱✽ ✶✱✽ ✶✾✱✶ ✶✱✻

sã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛ t❛❜❡❧❛ ✻✳✸✳ ❉❡ ♠❛♥❡✐r❛ ❣❡r❛❧ ❛ t❡♠♣❡r❛t✉r❛ t❡♠ ✉♠ ❡❢❡✐t♦

♠❛✐s ✐♥t❡♥s♦ s♦❜r❡ ❛s ♠♦❧é❝✉❧❛s ❞❡ ❡t❛♥♦❧✳ ◆❛ ❜❛✐①❛ ❞❡♥s✐❞❛❞❡ ♦❜s❡r✈❛♠♦s q✉❡ ♦

♥ú♠❡r♦ ❞❡ ❡t❛♥♦❧ s❡ r❡❞✉③ ♣❡❧❛ ♠❡t❛❞❡ q✉❛♥❞♦ ❛ t❡♠♣❡r❛t✉r❛ ♣❛ss❛ ❞❡ ✸✶✸ ♣❛r❛

✸✹✸❑ ❡♥q✉❛♥t♦ q✉❡ ♣❛r❛ ♦ ❈❖2 ♦❜s❡r✈❛✲s❡ ✉♠❛ r❡❞✉çã♦ ♠é❞✐❛ ❞❡ ✶✺✪ ♥♦ ✈❛❧♦r ❞❡

◆1✳ ❏á ♣❛r❛ ❛ ❞❡♥s✐❞❛❞❡ ❛❧t❛ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞❡ t❡♠♣❡r❛t✉r❛ t❡♠♦s ✉♠❛ r❡❞✉çã♦

♠é❞✐❛ ❞❡ ✶✺✪ ♥♦ ♥ú♠❡r♦ ❞❡ ❝♦✲s♦❧✈❡♥t❡s ❡♥q✉❛♥t♦ q✉❡ ♦s s♦❧✈❡♥t❡s ♣❡r♠❛♥❡❝❡♠

♣r❛t✐❝❛♠❡♥t❡ ❡stá✈❡✐s✳ ❊①♣❡r✐♠❡♥t❛❧♠❡♥t❡✱ ♣❛r❛ ❞❡♥s✐❞❛❞❡s ❜❛✐①❛s✱ é ♦❜s❡r✈❛❞♦

✉♠❛ r❡❞✉çã♦ ❞❛ s♦❧✉❜✐❧✐❞❛❞❡ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞❛ t❡♠♣❡r❛✉r❛ ❬✼✹❪✱ ❝♦❡r❡♥t❡ ❝♦♠ ❛s

r❡❞✉çõ❡s ❞❡ ◆1 ♦❜s❡r✈❛❞❛s ❡♠ ♥♦ss♦s ❝á❧❝✉❧♦s✳

P❛r❛ ✉♠❛ ❛♥á❧✐s❡ q✉❛❧✐t❛t✐✈❛ s♦❜r❡ ❛ ❞✐str✐❜✉✐çã♦ ❞❡ s♦❧✈❡♥t❡s ❡♠ t♦r♥♦ ❞♦ s♦✲

❧✉t♦ ❜❡♠ ❝♦♠♦ ♣❛r❛ ❛ ✈✐s✉❛❧✐③❛çã♦ ❞♦ ❛✉♠❡♥t♦ ❞❡ ❞❡♥s✐❞❛❞❡ ❧♦❝❛❧ ❢♦r❛♠ ❝❛❧❝✉❧❛❞♦s

♦s ♠❛♣❛s ❞❡ ❞❡♥s✐❞❛❞❡s r❡❧❛t✐✈❛s ♣❛r❛ ♦s três s♦❧✉t♦s✳ ❙ã♦ ❛♣r❡s❡♥t❛❞♦s ❞♦✐s ♣❛✐✲

♥é✐s✳ ◆❛ ✜❣✉r❛ r❡❢ ✜❣✿♣✉r♦❝♦s♦❧✈❛❧❧ ❝♦♠♣❛r❛♠♦s ♦s ♣❡r✜s ❞❡ ❞❡♥s✐❞❛❞❡ ❞♦s s♦❧✉t♦s

♥♦ s♦❧✈❡♥t❡ ♣✉r♦ ❝♦♠ ♦ s♦❧✉t♦ ♥♦ s♦❧✈❡♥t❡✰❝♦✲s♦❧✈❡♥t❡✳ ❏á ♦ ❛♣r❡s❡♥t❛❞♦ ♥❛ ✜❣✉r❛

✻✳✸ é ❢♦r♠❛❞♦s ♣♦r três ❞✐❢❡r❡♥t❡s ♠❛♣❛s ♣❛r❛ ❝❛❞❛ ✉♠ ❞♦s s♦❧✉t♦s✳ ❉❡ ❝✐♠❛ ♣❛r❛

❜❛✐①♦ ♦ ♣r✐♠❡✐r♦ ❝♦♥s✐❞❡r❛ ♦s ✈❛❧♦r❡s r❡❧❛t✐✈♦s ❛♦ s♦❧✈❡♥t❡ ❝♦♠♦ ✉♠ t♦❞♦ s❡♠ ❢❛✲

③❡r ❞✐st✐♥çã♦ ❛♦ t✐♣♦ ❞❡ ♠♦❧é❝✉❧❛ ✭♦s três ♠❛♣❛s ❞❛ ❧✐♥❤❛ s✉♣❡r✐♦r✮✱ ❡♠ s❡❣✉✐❞❛

♦ ♠❛♣❛ ❝r✐❛❞♦ ❝♦♥s✐❞❡r❛♥❞♦ só ♦ s♦❧✈❡♥t❡ ❈❖2 ✭♠❛♣❛s ❝❡♥tr❛✐s✮ ❡ ✉♠ ú❧t✐♠♦ só

❝♦♥s✐❞❡r❛♥❞♦ ♦ ❝♦✲s♦❧✈❡♥t❡ ❡t❛♥♦❧✳ ❈♦♠♦ ❡❧❡s sã♦ ❞❡t❡r♠✐♥❛❞♦s ❡♠ ❢✉♥çã♦ ❞❛s

❞❡♥s✐❞❛❞❡s r❡❧❛t✐✈❛s ❢♦✐ ♥❡❝❡ssár✐♦ ♦ ✉s♦ ❞❡ ❞✉❛s ❡s❝❛❧❛s ❞✐❢❡r❡♥t❡s ♣♦✐s✱ q✉❛♥❞♦

❝♦♥s✐❞❡r❛♠♦s ❛♣❡♥❛s ❛ ♣r❡s❡♥ç❛ ❞♦ ❡t❛♥♦❧ ♥❛ ❝❛✐①❛ ❞❡ s✐♠✉❧❛çã♦ t❡♠♦s ✉♠❛ ❞❡♥s✐✲

❞❛❞❡ ♠é❞✐❛ r❡❞✉③✐❞❛ ✭❡①✐st❡♠ ❛♦ t♦❞♦ ✶✺ ♠♦❧é❝✉❧❛s ❞❡ ❡t❛♥♦❧✮ ❡ ❝♦♥s❡qü❡♥t❡♠❡♥t❡

✉♠❛ ❞❡♥s✐❞❛❞❡ r❡❧❛t✐✈❛ ♠✉✐t♦ ❛❧t❛✳
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Figura 6.3. P❛✐♥é✐s ❝♦♠ ♦s ♠❛♣❛s ❞❡ ❝♦r❡s ❞❛s ❞❡♥s✐❞❛❞❡s r❡❧❛t✐✈❛s ♣❛r❛ ❛ ❝❛❢❡í♥❛✱

t❡♦✜❧✐♥❛ ❡ t❡♦❜r♦♠✐♥❛ ❝♦♠ ❚❂✸✶✸❑ ❡ ρ = 0, 25ρc✳ ❈❛❞❛ q✉❛❞r♦ ❛♣r❡s❡♥t❛ ✉♠❛ ár❡❛

❞❡ ✷✵×✷✵ ➴2✳ ❖ ♣❛✐♥❡❧ ❆ ❛♣r❡s❡♥t❛ ❛s ❞✐str✐❜✉✐çõ❡s ♣❛r❛ ❈❖2 ♣✉r♦ ❞♦ ❝❛♣ít✉❧♦

❛♥t❡r✐♦r✳ ◆♦ ♣❛✐♥❡❧ ❇ t❡♠♦s ❛ ❞✐str✐❜✉✐çã♦ ❞❡ ❞❡♥s✐❞❛❞❡ ♣❛r❛ ♦ s✐st❡♠❛ ❈❖2✰❝♦✲

s♦❧✈❡♥t❡✳ ❖♥❞❡ ❛ ♣r✐♠❡✐r❛ ❧✐♥❤❛ ❞♦ ♣❛✐♥❡❧ ❇ ❛♣r❡s❡♥t❛ ❛s ❞✐str✐❜✉✐çõ❡s ❝♦♥s✐❞❡r❛♥❞♦

t♦❞♦ ♦ s♦❧✈❡♥t❡✱ ✐st♦ é✱ s❡♠ ❢❛③❡r ❞✐st✐♥çã♦ q✉❛♥t♦ ❛♦ t✐♣♦ ❞❡ ♠♦❧é❝✉❧❛ ♣r❡s❡♥t❡ ♥♦

s♦❧✈❡♥t❡✱ ♥❛ ❧✐♥❤❛ ❝❡♥tr❛❧ ❡stã♦ ❛s ❞✐str✐❜✉✐çõ❡s ❝♦♥s✐❞❡r❛♥❞♦ só ♦ ❈❖2 ❡ ♥❛ ú❧t✐♠❛

❧✐♥❤❛ t❡♠♦s ❛s ❞✐str✐❜✉✐çõ❡s r❡❧❛t✐✈❛s ❛♦ ❡t❛♥♦❧ ❝✉❥❛ ❡s❝❛❧❛ ❞❡ ❝♦r❡s t❡♠ ✈❛❧♦r❡s

r❡❧❛t✐✈♦s ❞✐❢❡r❡♥t❡s ❞❛s ❞❡♠❛✐s✳
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❖❜s❡r✈❛♠♦s ❛tr❛✈és ❞❛ ✜❣✉r❛ ✻✳✸ q✉❡ ❛s ❞✐str✐❜✉✐çõ❡s ❞❡ ❞❡♥s✐❞❛❞❡ ♣❛r❛ ♦s

s♦❧✉t♦s ❝♦♥t✐♥✉❛♠ s❡♠❡❧❤❛♥t❡s ❡♠ ❢♦r♠❛ ♠❛s ❝♦♠ ❛✉♠❡♥t♦ ❞❛ ✐♥t❡♥s✐❞❛❞❡ ♥❛

❝♦♠♣❛r❛çã♦ ❝♦♠ ♦s ♠❛♣❛s ♣❛r❛ ♦ ❈❖2 ♣✉r♦✳ ❆ ♠❛✐♦r ❞✐❢❡r❡♥ç❛ ♦❜s❡r✈❛❞❛ ♥❛

t❡♦✜❧✐♥❛ é ❛ ♦❝♦rrê♥❝✐❛ ❞❡ ✉♠❛ ❣r❛♥❞❡ ❝♦♥❝❡♥tr❛çã♦ ❞❡ s♦❧✈❡♥t❡s ♥♦ ♥✐tr♦❣ê♥✐♦ ◆✾

❞♦ ❛♥❡❧ ❞❡ ❝✐♥❝♦ át♦♠♦s✱ q✉❡ é ♦ át♦♠♦ q✉❡ ❞✐❢❡r❡♥❝✐❛ ❛ ♠♦❧é❝✉❧❛ ❞❛ ❝❛❢❡í♥❛ ♣❡❧❛

❛✉sê♥❝✐❛ ❞♦ ❣r✉♣♦ ♠❡t✐❧ ❧✐❣❛❞♦ ❛ ❡❧❡✳ ◆❛ t❡♦❜r♦♠✐♥❛ ♣♦❞❡✲s❡ ♣❡r❝❡❜❡r t❛♠❜é♠

✉♠ ❛✉♠❡♥t♦ ♥❛ ❞❡♥s✐❞❛❞❡ r❡❧❛t✐✈❛✱ ♠❛s ❛❣♦r❛✱ ♥♦ ♥✐tr♦❣ê♥✐♦ ◆✻ ❡♥tr❡ ❛s ❞✉❛s

❝❛r❜♦♥✐❧❛s q✉❡ é ♦♥❞❡ ♦❝♦rr❡ ❛ ❛✉sê♥❝✐❛ ❞♦ ❣r✉♣♦ ♠❡t✐❧ ❡♠ ❝♦♠♣❛r❛çã♦ ❝♦♠ ❛

❝❛❢❡í♥❛✳

◗✉❛♥❞♦ ♦❜s❡r✈❛♠♦s ❛ s❡❣✉♥❞❛ ❡ t❡r❝❡✐r❛ ❧✐♥❤❛ ❞❡ ♠❛♣❛s ❞❛ ✜❣✉r❛ ✻✳✸ ♣♦❞❡♠♦s

❝♦♥st❛t❛r q✉❡ ♥♦ ❝❛s♦ ❞❛ ❝❛❢❡í♥❛ ❛s ♠♦❧é❝✉❧❛s ❞❡ ❡t❛♥♦❧ ❝♦♥❝❡♥tr❛♠✲s❡ ♥❛s ❝❛r❜♦✲

♥✐❧❛s ❞❛ ♠♦❧é❝✉❧❛ ✐♥❞✐❝❛♥❞♦ ✉♠❛ s✉❜st✐t✉✐çã♦ ❞♦ ❈❖2 ♣❡❧♦ ❡t❛♥♦❧✳ P❛r❛ ❛ t❡♦✜❧✐♥❛

❡st❛ s✉❜st✐t✉✐çã♦ ✜❝❛ ♠❛✐s ❡✈✐❞❡♥t❡ q✉❛♥❞♦ ♦❜s❡r✈❛♠♦s ❛ r❡❣✐ã♦ ❛③✉❧ ❡s❝✉r♦ ♥♦

♠❛♣❛ ❞❡ ❞❡♥s✐❞❛❞❡s ❞♦ ❈❖2 ✭s❡❣✉♥❞♦ ♠❛♣❛ ❞❛ s❡❣✉♥❞❛ ❧✐♥❤❛✮ ♣ró①✐♠♦ ❛♦ ♥✐tr♦❣ê✲

♥✐♦ ◆✾ ❡ ❛ ♠❡s♠❛ r❡❣✐ã♦ ♥♦ ♠❛♣❛ ❞♦ ❡t❛♥♦❧ ✭t❡r❝❡✐r❛ ❧✐♥❤❛✮ ❛♣r❡s❡♥t❛♥❞♦ ✉♠❛ ❛❧t❛

❝♦♥❝❡♥tr❛çã♦ r❡❧❛t✐✈❛✳ ❯♠❛ ❛♥á❧✐s❡ s❡♠❡❧❤❛♥t❡ ♣♦❞❡ s❡r ❢❡✐t❛ ♣❛r❛ ❛ t❡♦❜r♦♠✐♥❛ só

q✉❡ ♥❡st❡ ❝❛s♦ ❝♦♥s✐❞❡r❛♥❞♦ ❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ ❡t❛♥♦❧ ✜❝❛ ♠❛✐s ❡✈✐❞❡♥t❡ ♥❛ r❡❣✐ã♦

♣ró①✐♠❛ ❛♦ ♥✐tr♦❣ê♥✐♦ ◆✻✳

❊st❡s ♠❛♣❛s ♠♦str❛♠ ❛✐♥❞❛ q✉❡ ♦ ❡t❛♥♦❧ ❝♦♥❝❡♥tr❛✲s❡ ♣r❡❢❡r❡♥❝✐❛❧♠❡♥t❡ ♥❛s

r❡❣✐õ❡s ♦♥❞❡ sã♦ ♣♦ssí✈❡✐s ❛ ❢♦r♠❛çã♦ ❞❡ ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ ❡♥tr❡ ♦ s♦❧✉t♦ ❡ ♦s

❝♦✲s♦❧✈❡♥t❡s✳ ■st♦ ♥♦s ❧❡✈♦✉ ❛ ✐♥✈❡st✐❣❛r ❛ ❢♦r♠❛çã♦ ❞❡ss❛s ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦

✉s❛♥❞♦ ♣❛r❛ t❛♥t♦ ♦ ❝r✐tér✐♦ ❣❡♦♠étr✐❝♦ ❞❡s❝r✐t♦ ♥♦ ❝❛♣ít✉❧♦ ✷✳

❆ ✜❣✉r❛ ✻✳✹ ❛♣r❡s❡♥t❛ ♦ ♥ú♠❡r♦ ♠é❞✐♦ ❞❡ ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ s✐♠✉❧tâ♥❡❛s

❡♥tr❡ ❛ ❝❛❢❡í♥❛ ❡ ♦ ❡t❛♥♦❧ ♥♦s ❞♦✐s ❡st❛❞♦s t❡r♠♦❞✐♥â♠✐❝♦s ❡st✉❞❛❞♦s ✭ρ ❂ ✵✱✷✺

❡ ✷✱✵✵ ρc✮✳ ❆s ❞✐str✐❜✉✐çõ❡s ♣❛r❛ ❛ t❡♦✜❧✐♥❛ ❡ ❛ t❡♦❜r♦♠✐♥❛ sã♦ ❛♣r❡s❡♥t❛❞❛s ♥❛

✜❣✉r❛ ✻✳✺✳ ❯♠❛ ♣r♦♣r✐❡❞❛❞❡ ❝♦♠✉♠ ❛♦s três s♦❧✉t♦s é ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛s ❧✐✲

❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ ♥❛ ❞❡♥s✐❞❛❞❡ ❛❧t❛ ♦♥❞❡ ♦ ♥ú♠❡r♦ ❞❡ ❝♦♥✜❣✉r❛çõ❡s q✉❡ ♥ã♦

❛♣r❡s❡♥t❛♠ ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ r❡♣r❡s❡♥t❛♠ ❛ ♠❛✐♦r✐❛ ❞❛s ❝♦♥✜❣✉r❛çõ❡s ❝♦♠

✉♠❛ t❡rç❛ ♣❛rt❡ ❞❛s ❝♦♥✜❣✉r❛çõ❡s ❛♣r❡s❡♥t❛♥❞♦ ✉♠❛ ❧✐❣❛çã♦✳ ◆❛ ❝❛❢❡í♥❛ ♦❝♦rr❡♠

♥♦ ♠á①✐♠♦ ❞✉❛s ❧✐❣❛çõ❡s s✐♠✉❧tâ♥❡❛s s❡♥❞♦ q✉❡ ♥❛ ❜❛✐①❛ ❞❡♥s✐❞❛❞❡ ♣r❡✈❛❧❡❝❡♠

❛s ❝♦♥✜❣✉r❛çõ❡s ❝♦♠ ✉♠❛ ❧✐❣❛çã♦ ❞❡ ❤✐❞r♦❣ê♥✐♦✳ ❏á ❛ t❡♦✜❧✐♥❛ ❡ ❛ t❡♦❜r♦♠✐♥❛

❛♣r❡s❡♥t❛♠ ❝♦♥✜❣✉r❛çõ❡s ❝♦♠ ❛té três ❧✐❣❛çõ❡s s✐♠✉❧tâ♥❡❛s ♦♥❞❡ ♣r❡✈❛❧❡❝❡♠ ❛s

❝♦♥✜❣✉r❛çõ❡s ❝♦♠ ❞✉❛s ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ ♣❛r❛ ❛ t❡♦✜❧✐♥❛ ❡ ✉♠ ❡q✉✐❧í❜r✐♦ ❞❡
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Figura 6.4. ❉✐str✐❜✉✐çã♦ ❞♦ ♥ú♠❡r♦ ❞❡ ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ ❡♥tr❡ ❛ ❝❛❢❡í♥❛ ❡ ♦

❡t❛♥♦❧ ♣❛r❛ ❚❂✸✶✸❑ ♥❛s ❞❡♥s✐❞❛❞❡s ❜❛✐①❛ ❡ ❛❧t❛✳ ❆s ❧✐♥❤❛s sã♦ ❛♣❡♥❛s ♣❛r❛ ❣✉✐❛r

♦s ♦❧❤♦s✳

Figura 6.5. ❉✐str✐❜✉✐çã♦ ❞♦ ♥ú♠❡r♦ ❞❡ ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ s✐♠✉❧tâ♥❡❛s ❡♥tr❡ ♦ s♦✲

❧✉t♦ ❡ ❛s ♠♦❧é❝✉❧❛s ❞❡ ❡t❛♥♦❧✳ ❖ ❣rá✜❝♦ ❞❛ ❡sq✉❡r❞❛ ❛♣r❡s❡♥t❛ ♦s ✈❛❧♦r❡s ❡♥❝♦♥tr❛❞♦s

♣❛r❛ ❛ t❡♦✜❧✐♥❛ ❡ ♦ ❞❛ ❞✐r❡✐t❛ ♦s ✈❛❧♦r❡s ♣❛r❛ ❛ t❡♦❜r♦♠✐♥❛✳ ❆♠❜❛s ❛s ❞✐str✐❜✉✐çõ❡s

❢♦r❛♠ ❞❡t❡r♠✐♥❛❞♦s ♥❛ t❡♠♣❡r❛t✉r❛ ❞❡ ✸✶✸❑ ♣❛r❛ ❛s ❞✉❛s ❞❡♥s✐❞❛❞❡s ❡st✉❞❛❞❛s

❝♦♥✜❣✉r❛çõ❡s ❝♦♠ ③❡r♦✱ ✉♠❛ ❡ ❞✉❛s ❧✐❣❛çõ❡s ♣❛r❛ ❛ t❡♦❜r♦♠✐♥❛✳ ❆ ❢❛✐①❛ ❞❡ ✈❛❧♦r❡s

❡♥❝♦♥tr❛❞♦s ♠♦str❛ q✉❡ ❛ ❢♦r♠❛çã♦ ❞❡ ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ ❡♥tr❡ ❞✉❛s ♠♦❧é❝✉❧❛s

é ✉♠ ♣r♦❝❡ss♦ ❞✐♥â♠✐❝♦✱ ♦✉ s❡❥❛✱ ♥ã♦ ❤á ✉♠ ♥ú♠❡r♦ ✜①♦ ❞❡ ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦

❡♥tr❡ ♦ s♦❧✉t♦ ❡ ♦ ❡t❛♥♦❧✱ ♠❛s ✉♠❛ ❞✐str✐❜✉✐çã♦ ❞❡❝♦rr❡♥t❡ ❞❛ ✢✉t✉❛çã♦ ❞♦ ♥ú♠❡r♦

❞❡ ❧✐❣❛çõ❡s ❛♦ ❧♦♥❣♦ ❞♦ t❡♠♣♦✳
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Tabela 6.4. ◆ú♠❡r♦ ♠é❞✐♦ ❞❡ ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ ❡♥tr❡ ♦s s♦❧✉t♦s ✭♠❡t✐❧①❛♥t✐♥❛s✮

❡ ♦s s♦❧✈❡♥t❡s✰❝♦✲s♦❧✈❡♥t❡s ♣❛r❛ ❚❂✸✶✸❑

◆ú♠❡r♦ ♠é❞✐♦ ❞❡ ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦

ρ/ρc ❚❡♠♣ ✭❑✮ ❈❛❢❡í♥❛ ❚❡♦✜❧✐♥❛ ❚❡♦❜r♦♠✐♥❛

✵✱✷✺ ✸✶✸ ✵✱✽ ✶✱✻ ✶✱✷

✸✹✸ ✵✱✹ ✶✱✷ ✵✱✻

✷✱✵✵ ✸✶✸ ✵✱✹ ✶✱✵ ✵✱✻

✸✹✸ ✵✱✸ ✵✱✽ ✵✱✹

◆❛ t❛❜❡❧❛ ✻✳✹ ❡stã♦ ♦s r❡s✉❧t❛❞♦s ❞♦s ♥ú♠❡r♦s ♠é❞✐♦s ❞❡ ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦

❝❛❧❝✉❧❛❞♦s ♣❛r❛ ❛s t❡♠♣❡r❛t✉r❛s ❞❡ ✸✶✸ ❡ ✸✹✸❑ ♥❛s ❞❡♥s✐❞❛❞❡s ❛❧t❛ ❡ ❜❛✐①❛✳ ❖s

s♦❧✉t♦s t❡♦✜❧✐♥❛ ❡ t❡♦❜r♦♠✐♥❛✱ q✉❡ ♣♦ss✉❡♠ ✉♠ ❣r✉♣♦ ♠❡t✐❧ ❛ ♠❡♥♦s ❡♠ r❡❧❛çã♦ à

❝❛❢❡í♥❛✱ ♣♦ss✉❡♠ ❡♠ ♠é❞✐❛ ✉♠ ♥ú♠❡r♦ ♠❛✐♦r ❞❡ ❧✐❣❛çõ❡s✱ ♠❛s ❡♠ t♦❞♦s ♦s ❝❛s♦s

❡ss❛s ♠é❞✐❛s ❞✐♠✐♥✉❡♠ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞❛ t❡♠♣❡r❛t✉r❛ ❡✴♦✉ ❞❡♥s✐❞❛❞❡✱ s❡♥❞♦

♦s s✐st❡♠❛s ❝♦♠ t❡♦✜❧✐♥❛ ♦s q✉❡ ❛♣r❡s❡♥t❛♠ ♦s ♠❛✐♦r❡s ✈❛❧♦r❡s ♠é❞✐♦s ❡♠ t♦❞♦s

♦s s✐st❡♠❛s ❡ ♦s ♠❡♥♦s s❡♥sí✈❡✐s à ✈❛r✐❛çã♦ ❞❛ t❡♠♣❡r❛t✉r❛✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♥❛

❞❡♥s✐❞❛❞❡ ❛❧t❛✳

6.3 Propriedades Dinâmicas

◆♦ ❝❛♣ít✉❧♦ ❛♥t❡r✐♦r ❝♦♠♣❛r❛♠♦s s❛t✐s❢❛t♦r✐❛♠❡♥t❡ ♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ ❞✐❢✉sã♦

✭❉✮ ❝❛❧❝✉❧❛❞♦s ❡♠ ♥♦ss❛s s✐♠✉❧❛çõ❡s ✭❊q✉❛çã♦ ✷✳✷✹✮ ❝♦♠ ♦s ✈❛❧♦r❡s ❡①♣❡r✐♠❡♥t❛✐s✳

❆❣♦r❛ ❛s ♣r♦♣r✐❡❞❛❞❡s ❞✐♥â♠✐❝❛s ❞♦s s✐st❡♠❛s ❝♦♠ ❝♦✲s♦❧✈❡♥t❡ s❡rã♦ ❝♦♠♣❛r❛❞♦s

❛♦s s✐st❡♠❛s ❝♦♠ ❈❖2 ♣✉r♦✳ ❚❛♠❜é♠ ✈❡r✐✜❝❛r❡♠♦s ♦s ❡❢❡✐t♦s ❞❛ t❡♠♣❡r❛t✉r❛ ❡

❞❡♥s✐❞❛❞❡ s♦❜r❡ ❛s ♣r♦♣r✐❡❞❛❞❡s ❞✐♥â♠✐❝❛s✳ P❛r❛ ♦s s✐st❡♠❛s ❝♦♠ ❝♦✲s♦❧✈❡♥t❡ ♥ã♦

❡♥❝♦♥tr❛♠♦s ✈❛❧♦r❡s ❡①♣❡r✐♠❡♥t❛✐s ❞✐s♣♦♥í✈❡✐s ♥❛ ❧✐t❡r❛t✉r❛ ♣❛r❛ ❝♦♠♣❛r❛çã♦✳

❖s ❝♦❡✜❝✐❡♥t❡s ❞❡ ❞✐❢✉sã♦ ✭❉✮ ❞♦s três s♦❧✉t♦s ♣❛r❛ ❛s t❡♠♣❡r❛t✉r❛s ❞❡ ✸✶✸ ❡

✸✹✸❑ ♥❛s ❞❡♥s✐❞❛❞❡s ❜❛✐①❛ ❡ ❛❧t❛ ❡♥❝♦♥tr❛♠✲s❡ ♥❛ t❛❜❡❧❛ ✻✳✺✳ ❖s ✈❛❧♦r❡s ❝❛❧❝✉❧❛❞♦s

sã♦ ❡q✉✐✈❛❧❡♥t❡s ♣❛r❛ ♦s três s♦❧✉t♦s ❝♦♠ ❛ t❡♦✜❧✐♥❛ ❛♣r❡s❡♥t❛♥❞♦ ✉♠❛ ❞✐❢✉sã♦ ♠❛✐s

rá♣✐❞❛✳ ❖s ❡❢❡✐t♦s ❞❛ t❡♠♣❡r❛t✉r❛ s♦❜r❡ ❉ sã♦ ❞✐r❡t❛♠❡♥t❡ ♣r♦♣♦r❝✐♦♥❛✐s s❡♥❞♦

♠❛✐s ❛❝❡♥t✉❛❞♦s ♣❛r❛ ♦s s✐st❡♠❛s ❝♦♠ ❜❛✐①❛ ❞❡♥s✐❞❛❞❡ ♦♥❞❡ ♦ ❛✉♠❡♥t♦ ♠é❞✐♦ ❞♦

s❡✉ ✈❛❧♦r é ❞❡ ✺✼✪ ❡♥q✉❛♥t♦ q✉❡ ♣❛r❛ ❛ ❞❡♥s✐❞❛❞❡ ❛❧t❛ ❛ ✈❛r✐❛çã♦ ✜❝❛ ❡♠ ✷✵✪
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Tabela 6.5. ❈♦❡✜❝✐❡♥t❡s ❞❡ ❉✐❢✉sã♦ ✭❉✮ ✭✶✵−4 ❝♠2✴s✮ ♣❛r❛ ❈❛❢❡í♥❛✱ ❚❡♦✜❧✐♥❛ ❡

❚❡♦❜r♦♠✐♥❛ ❡♠ ❈❖2✰❝♦✲s♦❧✈❡♥t❡ ♣❛r❛ ❚❂✸✶✸❑ ❡ ❚❂✸✹✸❑✳ ◆❛s ❞❡♥s✐❞❛❞❡s r❡❧❛t✐✈❛s

❞❡ ✵✱✷✺ ❡ ✷✱✵✵ ρc ✭ρc = 0, 468 g/cm3✮✳

❈♦❡✜❝✐❡♥t❡s ❞❡ ❉✐❢✉sã♦ ✭❉✮ ✭✶✵−4 ❝♠2✴s✮

ρ/ρc ❚❡♠♣ ✭❑✮ ❈❛❢❡í♥❛ ❚❡♦✜❧✐♥❛ ❚❡♦❜r♦♠✐♥❛

✵✱✷✺ ✸✶✸ ✸✱✸✶±✵✱✶✵ ✸✱✸✻±✵✱✶✸ ✸✱✷✺±✵✱✶✶

✸✹✸ ✺✱✶✼±✵✱✷✶ ✺✱✺✹±✵✱✸✷ ✹✱✽✹±✵✱✵✹

✷✱✵✵ ✸✶✸ ✵✱✹✷±✵✱✵✶ ✵✱✺✵±✵✱✵✶ ✵✱✹✻±✵✱✵✶

✸✹✸ ✵✱✺✻±✵✱✵✸ ✵✱✺✸±✵✱✵✶ ✵✱✺✺±✵✱✵✶

Tabela 6.6. ❈♦❡✜❝✐❡♥t❡s ❞❡ ❉✐❢✉sã♦ ✭❉✮ ✭✶✵−4 ❝♠2✴s✮ ♣❛r❛ ❈❛❢❡í♥❛✱ ❚❡♦✜❧✐♥❛ ❡

❚❡♦❜r♦♠✐♥❛ ❡♠ ❈❖2 ♣✉r♦ ❡ ❈❖2✰❝♦✲s♦❧✈❡♥t❡ ♣❛r❛ ❚❂✸✶✸❑✳ ◆❛s ❞❡♥s✐❞❛❞❡s r❡❧❛t✐✈❛s

❞❡ ✵✱✷✺ ❡ ✷✱✵✵ ρc ✭ρc = 0, 468 g/cm3✮✳

❈♦❡✜❝✐❡♥t❡s ❞❡ ❉✐❢✉sã♦ ✭❉✮ ✭✶✵−4 ❝♠2✴s✮

ρ/ρc ❙✐st❡♠❛ ❈❛❢❡í♥❛ ❚❡♦✜❧✐♥❛ ❚❡♦❜r♦♠✐♥❛

✵✱✷✺ ♣✉r♦ ✻✱✹✵±✵✱✷✹ ✺✱✽✸±✵✱✶✻ ✻✱✸✷±✵✱✽✵

❝♦✲s♦❧✈✳ ✸✱✸✶±✵✱✶✵ ✸✱✸✻±✵✱✶✸ ✸✱✷✺±✵✱✶✶

✷✱✵✵ ♣✉r♦ ✵✱✺✹±✵✱✵✶ ✵✱✻✷±✵✱✵✶ ✵✱✺✺±✵✱✵✸

❝♦✲s♦❧✈✳ ✵✱✹✷±✵✱✵✶ ✵✱✺✵±✵✱✵✶ ✵✱✹✻±✵✱✵✶

♣❛r❛ ✉♠ ❛✉♠❡♥t♦ ❞❡ ✶✵✪ ♥❛ t❡♠♣❡r❛t✉r❛✳ ❊ sã♦ ✐♥✈❡rs❛♠❡♥t❡ ♣r♦♣♦r❝✐♦♥❛✐s à

✈❛r✐❛çã♦ ❞❛ ❞❡♥s✐❞❛❞❡ ❞♦ s✐st❡♠❛✳ ❖❜s❡r✈❛♠♦s ❝♦♠ ♦ ❛✉①í❧✐♦ ❞❛ t❛❜❡❧❛ ✻✳✻ q✉❡ ♦s

✈❛❧♦r❡s ❞❡ ❉ sã♦ ♠❡♥♦r❡s ❞♦ q✉❡ ♦s ❝♦♠♣✉t❛❞♦s ♣❛r❛ ♦ s♦❧✈❡♥t❡ ♣✉r♦✱ r❡s✉❧t❛❞♦ ❡st❡

❛tr✐❜✉í❞♦ às ✐♥t❡r❛çõ❡s ❡♥tr❡ ♦ s♦❧✉t♦ ❡ ♦s ❝♦✲s♦❧✈❡♥t❡s✳ ❊ss❛s ✐♥t❡r❛çõ❡s ❛❝❛❜❛♠

✐♥t❡♥s✐✜❝❛♥❞♦ ♦ ❡❢❡✐t♦ ❞❡ ❛✉♠❡♥t♦ ❞❡ ❞❡♥s✐❞❛❞❡ ❧♦❝❛❧ ❡♠ t♦r♥♦ ❞♦ s♦❧✉t♦ ❝r✐❛♥❞♦

✉♠ ❡❢❡✐t♦ ❞❡ ❝❧✉st❡r ❧✐♠✐t❛♥❞♦ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ❞❡s❧♦❝❛♠❡♥t♦ ❞♦ s♦❧✉t♦✳ ❉✐✈❡rs♦s

❛✉t♦r❡s t❡♠ ♣r♦❝✉r❛❞♦ ❞❡s❡♥✈♦❧✈❡r ♠♦❞❡❧♦s t❡ór✐❝♦s ❡ ❡♠♣ír✐❝♦s ♣❛r❛ ❞❡s❝r❡✈❡r ❛

❞✐❢✉sã♦ ❞❡ s♦❧✉t♦s ❡♠ ✢✉✐❞♦s s✉♣❡r❝rít✐❝♦s✱ ❛ ♠❛✐♦r ❞✐✜❝✉❧❞❛❞❡ ❡stá ❡♠ ✐♥❝♦r♣♦r❛r

♦s ❡❢❡✐t♦s ❞♦ ❛✉♠❡♥t♦ ❞❡ ❞❡♥s✐❞❛❞❡ ❧♦❝❛❧ ❢♦rt❡♠❡♥t❡ ✐♥✢✉❡♥❝✐❛❞♦ ♣❡❧❛ ❞❡♥s✐❞❛❞❡

❬✼✵❪✳
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Figura 6.6. ❈♦rr❡❧❛çã♦ t❡♠♣♦r❛❧ ❞❡ r❡♦r✐❡♥t❛çã♦ ❞♦ ❞✐♣♦❧♦ ✉♥✐tár✐♦ ❞♦s s✐st❡♠❛s

❝❛❢❡í♥❛✱ t❡♦❜r♦♠✐♥❛ ❡ t❡♦✜❧✐♥❛✴❈❖2 ✰ ❝♦✲s♦❧✈❡♥t❡ ♥❛ t❡♠♣❡r❛t✉r❛ ❞❡ ✸✶✸❑✳

❆tr❛✈és ❞❛s ❢✉♥çõ❡s ❞❡ ❝♦rr❡❧❛çõ❡s r❡♦r✐❡♥t❛❝✐♦♥❛✐s ❞♦ ❞✐♣♦❧♦ ✉♥✐tár✐♦ ♣❛r❛ ♦s

três s♦❧✉t♦s✱ ♣r❡s❡♥t❡s ♥❛ ✜❣✉r❛ ✻✳✻✱ ♣♦❞❡♠♦s ♣❡r❝❡❜❡r q✉❡ ♦s ♠♦✈✐♠❡♥t♦s ❞❛ ❝❛✲

❢❡í♥❛ sã♦ ♠❛✐s ✐♠♣❡❞✐❞♦s ❞♦ q✉❡ ❞❛s ♦✉tr❛s ❞✉❛s ①❛♥t✐♥❛s✱ ❝♦♠♦ ❥á ❝✐t❛❞♦ ♥♦

❝❛♣ít✉❧♦ ❛♥t❡r✐♦r✱ ❡st❡ ❡❢❡✐t♦ é ❛tr✐❜✉í❞♦ ❛♦ ❢❛t♦ ❞❛ ❝❛❢❡í♥❛ ♣♦ss✉✐r ✉♠ ❣r✉♣♦ ♠❡t✐❧

❛ ♠❛✐s ❡♠ s✉❛ ❡str✉t✉r❛✳ ❊♥q✉❛♥t♦ q✉❡ ♣❛r❛ ❛ t❡♦❜r♦♠✐♥❛ ❡ t❡♦✜❧✐♥❛ ❡st❛ ❢✉♥✲

çã♦ ❞❡ ❝♦rr❡❧❛çã♦ ❛♣r❡s❡♥t❛ t❡♠♣♦s ❞❡ ❞❡❝❛✐♠❡♥t♦ ♠❡♥♦r❡s✱ s❡♥❞♦ ❛ t❡♦❜r♦♠✐♥❛ ♦

s♦❧✉t♦ ❝♦♠ ❛ r❡♦r✐❡♥t❛çã♦ ♠❛✐s rá♣✐❞❛✳ ❊st❛s ❞✐❢❡r❡♥ç❛s ♥♦s t❡♠♣♦s ❞❡ r❡♦r✐❡♥t❛✲

çã♦ ♣♦❞❡♠ s❡r ❡①♣❧✐❝❛❞❛s ❧❡♠❜r❛♥❞♦ q✉❡ ❛ t❡♦✜❧✐♥❛ é ♦ s♦❧✉t♦ ❝♦♠ ♠❛✐♦r ♥✉♠❡r♦

♠é❞✐♦ ❞❡ ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ q✉❡ ❛❝❛❜❛♠ ♣♦r ❞✐✜❝✉❧t❛r ♦ ♠♦✈✐♠❡♥t♦ ❞❡ r❡♦r✐✲

❡♥t❛çã♦ ❞❛s ♠♦❧é❝✉❧❛s ❞❡ t❡♦✜❧✐♥❛✳ ❊st❡ ❝♦♠♣♦rt❛♠❡♥t♦ é ❡♥❝♦♥tr❛❞♦ t❛♥t♦ ♣❛r❛

♦s s✐st❡♠❛s ♥❛s ❞❡♥s✐❞❛❞❡s ❜❛✐①❛ q✉❛♥t♦ ♥❛ ❛❧t❛✳

◆❛ ✜❣✉r❛ ✻✳✼ t❡♠♦s ♦ ❡❢❡✐t♦ ❞❛ t❡♠♣❡r❛t✉r❛ s♦❜r❡ ❛ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ ♣❛r❛

❛ ❝❛❢❡í♥❛✳ ◆❛ t❡♠♣❡r❛t✉r❛ ♠❛✐♦r ✭❧✐♥❤❛ tr❛❝❡❥❛❞❛✮ ♦❝♦rr❡ ✉♠ ❞❡❝❛✐♠❡♥t♦ ♠❛✐s

rá♣✐❞♦ ❞❡ss❛ ❢✉♥çã♦ ❡♠ ❛♠❜❛s ❛s ❞❡♥s✐❞❛❞❡s✳ ❖ ❡❢❡✐t♦ ❞♦ ❝♦✲s♦❧✈❡♥t❡ s♦❜r❡ ❛

❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ é ❛♣r❡s❡♥t❛❞♦ ♥❛ ✜❣✉r❛ ✻✳✽✳ ❖s s✐st❡♠❛s ❝♦♠ ❝♦✲s♦❧✈❡♥t❡

✭❧✐♥❤❛ tr❛❝❡❥❛❞❛✮ ♣♦ss✉❡♠ ✉♠ ❞❡❝❛✐♠❡♥t♦ ♠❛✐s ❧❡♥t♦✳ ❊ss❡ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛

❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ ♣♦❞❡ s❡r t❛♠❜é♠ r❡❧❛❝✐♦♥❛❞♦ ❛♦ ❛✉♠❡♥t♦ ❞❡ ❞❡♥s✐❞❛❞❡ ❧♦❝❛❧✱

r❡✢❡t✐❞♦ ♥❛ ❞✐❢❡r❡♥ç❛ ❞♦ ♥ú♠❡r♦ ❞❡ ♠♦❧é❝✉❧❛s ♥❛ ♣r✐♠❡✐r❛ ❝❛♠❛❞❛ ❞❡ s♦❧✈❛t❛çã♦

♥ã♦ ❡s❢ér✐❝❛ ✭t❛❜❡❧❛ ✻✳✷✮✳
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Figura 6.7. ❊❢❡✐t♦ ❞❛ t❡♠♣❡r❛t✉r❛ ♥❛ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ ❞❡ ❞✐♣♦❧♦ ✉♥✐tár✐♦ ♣❛r❛ ❛

❝❛❢❡í♥❛ ♥❛s ❞❡♥s✐❞❛❞❡s ❜❛✐①❛ ❡ ❛❧t❛✳

Figura 6.8. ❊❢❡✐t♦ ❞❛ ♣r❡s❡♥ç❛ ❞♦ ❝♦✲s♦❧✈❡♥t❡ ♥❛ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ ❞❡ ❞✐♣♦❧♦

✉♥✐tár✐♦ ♣❛r❛ ❛ ❝❛❢❡í♥❛ ♥❛s ❞❡♥s✐❞❛❞❡s ❜❛✐①❛ ❡ ❛❧t❛ ♣❛r❛ ❚❂✸✶✸❑✳
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6.4 Conclusões

❆ ❛❞✐çã♦ ❞❡ ❝♦✲s♦❧✈❡♥t❡ ❛♦ ❈❖2 s✉♣❡r❝rít✐❝♦ ❛❧t❡r❛ ❛ ❡str✉t✉r❛ ❞❡ s♦❧✈❛t❛çã♦✳

❊ss❛ ❛❧t❡r❛çã♦ ♣♦❞❡ s❡r ✈❡r✐✜❝❛❞❛ ♣❡❧♦ ❛✉♠❡♥t♦ ❞♦ ♣r✐♠❡✐r♦ ♣✐❝♦ ❞❛ ❢✉♥çã♦ ❣ss✭s✮

❡ ❝♦♥s❡qü❡♥t❡ ❛✉♠❡♥t♦ ❞♦ ♥ú♠❡r♦ ❞❡ s♦❧✈❡♥t❡s ♣r❡s❡♥t❡s ♥❛ ♣r✐♠❡✐r❛ ❝❛♠❛❞❛ ❞❡

s♦❧✈❛t❛çã♦ ♥ã♦✲❡s❢ér✐❝❛✳ ◗✉❛s❡ ❞♦❜r❛♥❞♦ ♦ ✈❛❧♦r ❞❡ ◆1 ♣❛r❛ ❛ ❞❡♥s✐❞❛❞❡ ❜❛✐①❛✳

❖s ♠❛♣❛s ❞❡ ❞❡♥s✐❞❛❞❡ r❡❧❛t✐✈❛ ♠♦str❛r❛♠ ✉♠❛ ❝♦♥❝❡♥tr❛çã♦ ♠❛✐♦r ❞❡ s♦❧✈❡♥✲

t❡s ♥❛s ♠❡s♠❛s r❡❣✐õ❡s ♦❜s❡r✈❛❞❛s ♣❛r❛ ♦ ❈❖2 ♣✉r♦ ♥♦ ❝❛♣ít✉❧♦ ❛♥t❡r✐♦r✳ ❈♦♠ ♦

❡t❛♥♦❧ ❝♦♥❝❡♥tr❛♥❞♦✲s❡ ♥❛s r❡❣✐õ❡s ❞♦ s♦❧✉t♦ ♦♥❞❡ ❛ ❢♦r♠❛çã♦ ❞❡ ❧✐❣❛çõ❡s ❞❡ ❤✐✲

❞r♦❣ê♥✐♦ sã♦ ♣♦ssí✈❡✐s✱ ♦❝♦rr❡♥❞♦ ❛ s✉❜st✐t✉✐çã♦ ❞♦ ❈❖2 ♣❡❧♦ ❡t❛♥♦❧ ♥❡ss❛s r❡❣✐õ❡s✳

❍á ❢♦rt❡ ❡❢❡✐t♦ ❞❡ s♦❧✈❛t❛çã♦ ♣r❡❢❡r❡♥❝✐❛❧ ♣❡❧♦ ❡t❛♥♦❧✳

❆s ❞✐♠❡t✐❧①❛♥t✐♥❛s ❛♣r❡s❡♥t❛♠ ✉♠ ♥ú♠❡r♦ ♠é❞✐♦ ❞❡ ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦

♠❛✐♦r q✉❛♥❞♦ ❝♦♠♣❛r❛❞❛s ❝♦♠ ❛ ❝❛❢❡í♥❛✳

❆ ♣r❡s❡♥ç❛ ❞♦ ❝♦✲s♦❧✈❡♥t❡ ♥❛ ♠✐st✉r❛ ♣r♦✈♦❝❛ ✉♠❛ ❞✐♥â♠✐❝❛ r❡♦r✐❡♥t❛❝✐♦♥❛❧ ❡

tr❛♥s❧❛❝✐♦♥❛❧ ♠❛✐s ❧❡♥t❛ ♥♦s s♦❧✉t♦s✳ ❊♥tr❡ ♦s três s♦❧✉t♦s ❡st✉❞❛❞♦s ❛ ❝❛❢❡í♥❛ é ♦

s♦❧✉t♦ ❝♦♠ ❛s ❞✐♥â♠✐❝❛s ♠❛✐s ❧❡♥t❛s✳

❯♠❛ ❡❧❡✈❛çã♦ ♥❛ t❡♠♣❡r❛t✉r❛ ❞♦s s✐st❡♠❛s r❡❞✉③ ♦ ✈❛❧♦r ❞❡ ◆1 ❡ t❛♠❜é♠ ♦

✈❛❧♦r ♠é❞✐♦ ❞❛s ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦✳ ▼❛s ❛❝❡❧❡r❛ ♦ ❞❡❝❛✐♠❡♥t♦ ❞❛s ❢✉♥çõ❡s ❞❡

❝♦rr❡❧❛çã♦ r❡♦r✐❡♥t❛❝✐♦♥❛❧ ❡ ❛✉♠❡♥t❛ ♦s ✈❛❧♦r❡s ❞♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ ❞✐❢✉sã♦✳ ❊ss❛s

✈❛r✐❛çõ❡s sã♦ ♠❛✐s s❡♥sí✈❡✐s ♣❛r❛ ♦s s✐st❡♠❛s ❝♦♠ ❞❡♥s✐❞❛❞❡ ❜❛✐①❛✳
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Caṕıtulo 7

Fitofármacos em CO2

com e sem etanol como

co-solvente

7.1 Introdução

❊♠♣r❡❣❛r❡♠♦s ❛q✉✐ ❛ ♠❡t♦❞♦❧♦❣✐❛ ✉s❛❞❛ ♥♦s ❡st✉❞♦s ❞❛s ♠❡t✐❧①❛♥t✐♥❛s ♣❛r❛

✐♥✈❡st✐❣❛r ❛s ♣r✐♥❝✐♣❛✐s ❝❛r❛❝t❡ríst✐❝❛s ❞❛ s♦❧✈❛t❛çã♦ ❞❡ ❞♦✐s ❛❧❝❛❧ó✐❞❡s ✐♥❞ó❧✐❝♦s

✭❱♦❛❝❛♥❣✐♥❛ ❡ ❈♦r♦♥❛r✐❞✐♥❛✮ ❡♠ ❈❖2 ❙❈ ♣✉r♦ ❡ ❈❖2✰❡t❛♥♦❧ ❝♦♠♦ ❝♦✲s♦❧✈❡♥t❡✳

❊st✉❞♦s ❡①♣❡r✐♠❡♥t❛✐s r❡❝❡♥t❡s ❝♦♠♣❛r❛r❛♠ ❛ ❡①tr❛çã♦ s✉♣❡r❝rít✐❝❛ ❞❛ ✈♦❛❝❛♥✲

❣✐♥❛ ❝♦♠ ♦✉tr♦s ♣r♦❝❡ss♦s ❞❡ ❡①tr❛çã♦ ✭❡①tr❛çã♦ ❛ ❜❛✐①❛ ♣r❡ssã♦ ❡ ❙♦①❤❧❡t✮ ❡ ❝♦♥✲

❝❧✉ír❛♠ q✉❡ só ❛tr❛✈és ❞❛ ❡①tr❛çã♦ s✉♣❡r❝rít✐❝❛ é ♣♦ssí✈❡❧ ♦❜t❡r ✈♦❛❝❛♥❣✐♥❛ ❡♠

q✉❛♥t✐❞❛❞❡s ❡❝♦♥♦♠✐❝❛♠❡♥t❡ ✈✐á✈❡✐s ❬✽✱✶✶❪✳ ❖s ❛❧❝❛❧ó✐❞❡s ❡st✉❞❛❞♦s ♥❡st❡ ❝❛♣ít✉❧♦

❛♣r❡s❡♥t❛♠ ✉♠❛ ♠❛✐♦r q✉❛♥t✐❞❛❞❡ ❞❡ át♦♠♦s✱ t❛♠❛♥❤♦ ❡ ♠❛ss❛ ❡♠ ❝♦♠♣❛r❛çã♦

às ♠❡t✐❧①❛♥t✐♥❛s ❡st✉❞❛❞❛s ❛♥t❡r✐♦r♠❡♥t❡✳ ◆❛ ✜❣✉r❛ ✼✳✶ ♣♦❞❡♠♦s ✈✐s✉❛❧✐③❛r ❛s

❞✐❢❡r❡♥ç❛s ❡str✉t✉r❛✐s ❡♥tr❡ ❛ ✈♦❛❝❛♥❣✐♥❛ ❡ ❛ ❝❛❢❡í♥❛✳

Figura 7.1. ❊str✉t✉r❛s ♠♦❧❡❝✉❧❛r❡s ❞❛ ❝❛❢❡í♥❛ ❡ ✈♦❛❝❛♥❣✐♥❛✳ ❆ ❝❛❢❡í♥❛ é ❢♦r♠❛❞❛ ♣♦r

✷✹ át♦♠♦s ❝♦♠ ♠❛ss❛ ♠♦❧❛r ❞❡ ✶✾✹✱✷ ❣✴♠♦❧ ❡♥q✉❛♥t♦ ❛ ✈♦❛❝❛♥❣✐♥❛ ♣♦ss✉✐ ✺✺ át♦♠♦s

❡ ✸✻✽✱✷ ❣✴♠♦❧ ❞❡ ♠❛ss❛ ♠♦❧❛r✳
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❆s s✐♠✉❧❛çõ❡s ❢♦r❛♠ r❡❛❧✐③❛❞❛s ♣❛r❛ s✐st❡♠❛s ❢♦r♠❛❞♦s ♣♦r ✉♠ s♦❧✉t♦ ❡♠ ✉♠❛

❝❛✐①❛ ❞❡ s✐♠✉❧❛çã♦ ❝♦♠ ✸✵✵ ♠♦❧é❝✉❧❛s ❞❡ ❈❖2 ❡ ♦✉tr♦ ♣♦r ✉♠❛ ❝❛✐①❛ ❝♦♠ ✉♠

s♦❧✉t♦ ❡♠ ✸✵✵ ♠♦❧é❝✉❧❛s ❞❡ ❈❖2 ♠❛✐s ✶✺ ♠♦❧é❝✉❧❛s ❞❡ ❡t❛♥♦❧✱ ♥❛s ❞❡♥s✐❞❛❞❡s ❞❡

✵✱✷✺ ρc ❡ ✶✱✾✷ ρc q✉❡ ❝♦rr❡s♣♦♥❞❡♠✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ❛ ✵✱✶✶✼ ❣✴❝♠3 ❡ ✵✱✾✵✵ ❣✴❝♠3

❡ t❡♠♣❡r❛t✉r❛s ❞❡ ✸✵✽ ❡ ✸✶✽ ❑✳ ❆ ❞❡♥s✐❞❛❞❡ ❛❧t❛ ❡ ❛s t❡♠♣❡r❛t✉r❛s ❢♦r❛♠ ❞❡✜♥✐❞❛s

❡♠ ❢✉♥çã♦ ❞❡ ❝♦♥❞✐çõ❡s ❡①♣❡r✐♠❡♥t❛✐s ♥❛ ❡①tr❛çã♦ s✉♣❡r❝rít✐❝❛ ❬✶✶❪✳

❆s ♠♦❧é❝✉❧❛s ❢♦r❛♠ ✐♥✐❝✐❛❧♠❡♥t❡ t❡r♠❛❧✐③❛❞❛s ♥♦ ❡♥s❡♠❜❧❡ ❝❛♥ô♥✐❝♦ ✭◆❱❚✮ ❡

❛s tr❛❥❡tór✐❛s ♣❛r❛ ❛♥á❧✐s❡ ❢♦r❛♠ ❣❡r❛❞❛s ♥♦ ❡♥s❡♠❜❧❡ ♠✐❝r♦❝❛♥ô♥✐❝♦ ✭◆❱❊✮ ❝♦♠

♣❛ss♦ ❞❡ s✐♠✉❧❛çã♦ ❞❡ ✷ ❢s✳

Tabela 7.1. ❉✐♠❡♥sã♦ ❞♦s ❧❛❞♦s ❞❛s ❝❛✐①❛s ❝ú❜✐❝❛s ❞❡ s✐♠✉❧❛çã♦ ✭▲✮ ♣❛r❛ ♦s s✐st❡♠❛s

✈♦❛❝❛♥❣✐♥❛ ❡ ❝♦r♦♥❛r✐❞✐♥❛ ❡♠ ❈❖2 ♣✉r♦ ❡ ❡♠ ❈❖2✰❡t❛♥♦❧✳

❱♦❛❝❛♥❣✐♥❛

❈❖2 ♣✉r♦ ❈❖2✰❡t❛♥♦❧

ρ/ρc ▲ ✭➴✮ ▲ ✭➴✮

✵✱✷✺ ✺✼✱✼✻ ✺✽✱✼✷

✶✱✾✷ ✷✾✱✷✻ ✷✾✱✼✹

❈♦r♦♥❛r✐❞✐♥❛

❈❖2 ♣✉r♦ ❈❖2✰❡t❛♥♦❧

ρ/ρc ▲ ✭➴✮ ▲ ✭➴✮

✵✱✷✺ ✺✼✱✼✶ ✺✽✱✻✽

✶✱✾✷ ✷✾✱✷✹ ✷✾✱✼✷

❋♦r❛♠ ❛♣❧✐❝❛❞❛s ❝♦♥❞✐çõ❡s ♣❡r✐ó❞✐❝❛s ❞❡ ❝♦♥t♦r♥♦✱ ❛❧❣♦r✐t♠♦s ✏❱❡❧♦❝✐t ❱❡r❧❡t✑ ❡

✏❙❍❆❑❊✑✳ ❊♠♣r❡❣❛♠♦s ❛✐♥❞❛ ✉♠ r❛✐♦ ❞❡ ❝♦rt❡ ✐❣✉❛❧ ❛ ♠❡t❛❞❡ ❞♦ ❧❛❞♦ ❞❛ ❝❛✐①❛ ❞❡

s✐♠✉❧❛çã♦ ❡ ❛s ✐♥t❡r❛çõ❡s ❡❧❡tr♦stát✐❝❛s ❢♦r❛♠ ❝♦♠♣✉t❛❞❛s ✉s❛♥❞♦ P▼❊✲✏P❛rt✐❝❧❡

▼❡s❤ ❊✇❛❧❞✑✳

7.2 Propriedades de Estrutura

❆s ❢✉♥çõ❡s ❣ss✭s✮ ♣❛r❛ ❛ ❝♦r♦♥❛r✐❞✐♥❛ ❡ ♣❛r❛ ❛ ✈♦❛❝❛♥❣✐♥❛ ❢♦r❛♠ ❞❡t❡r♠✐♥❛❞❛s

♣❛r❛ ♦s s✐st❡♠❛s ❝♦♠ ❡ s❡♠ ❡t❛♥♦❧ ♥❛s ❞❡♥s✐❞❛❞❡s ❞❡ ✵✱✷✺ ρc ❡ ✶✱✾✷ ρc✳ P❛r❛ ♦s

s✐st❡♠❛s ❝♦♠ ❞❡♥s✐❞❛❞❡ ❜❛✐①❛✱ ♦❜s❡r✈❛♥❞♦ ❛s ❛♠♣❧✐t✉❞❡s ❞♦s ♣r✐♠❡✐r♦s ♣✐❝♦s ❞❛

❢✉♥çõ❡s ❣ss✭s✮ ♥❛ ✜❣✉r❛ ✼✳✷✱ ♣♦❞❡♠♦s ❝♦♥st❛t❛r q✉❡ ❛ ✐♥t❡r❛çã♦ ❞❛ ✈♦❛❝❛♥❣✐♥❛ ❝♦♠

♦ s♦❧✈❡♥t❡ é ♠❛✐s ✐♥t❡♥s❛ ❞♦ q✉❡ ❛ ❞❛ ❝♦r♦♥❛r✐❞✐♥❛ ❡ q✉❡ ❛ ♣r❡s❡♥ç❛ ❞♦ ❝♦✲s♦❧✈❡♥t❡

❡t❛♥♦❧ r❡❞✉③ ❡ss❛ ❞✐❢❡r❡♥ç❛ ❞❡ ❛♠♣❧✐t✉❞❡✳ ❆tr❛✈és ❞❛s ✜❣✉r❛s ✼✳✸ ❡ ✼✳✹ ♦❜s❡r✈❛♠♦s

q✉❡ ♦ ❡❢❡✐t♦ ❞♦ ❝♦✲s♦❧✈❡♥t❡ ❡t❛♥♦❧ ♥♦s s✐st❡♠❛s ❝♦♠ ❞❡♥s✐❞❛❞❡ ❛❧t❛ ✭✶✳✾✷ ρc✮ é ♠❡♥♦s

✐♥t❡♥s♦ ♣♦✐s q✉❛s❡ ♥ã♦ é ♣♦ssí✈❡❧ ❞❡ ♣❡r❝❡❜❡r ❛ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ❛s ❞✉❛s ❝✉r✈❛s✳
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Figura 7.2. ❋✉♥çã♦ ❣ss✭s✮ ♣❛r❛ ❛ ❝♦r♦♥❛r✐❞✐♥❛ ❡ ✈♦❛❝❛♥❣✐♥❛ ♥❛ ❞❡♥s✐❞❛❞❡ ❜❛✐①❛

✭✵✱✷✺ ρc✮ ❝♦♠ ❚❂✸✵✽❑ ♥♦s s✐st❡♠❛s s♦❧✉t♦✴❈❖2 ♣✉r♦ ❡ s♦❧✉t♦✴❈❖2✰❡t❛♥♦❧

Figura 7.3. ❋✉♥çã♦ ❣ss✭s✮ ❞♦ s♦❧✉t♦ ❝♦r♦♥❛r✐❞✐♥❛ ♣❛r❛ ❚❂✸✵✽❑ ♥♦s s✐st❡♠❛s

s♦❧✉t♦✴❈❖2 ♣✉r♦ ❡ s♦❧✉t♦✴❈❖2✰❡t❛♥♦❧ ♣❛r❛ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ✵✱✷✺ ρc ❡ ✶✱✾✷ ρc

❈♦♠♦ ❡①♣♦st♦ ❛♥t❡r✐♦r♠❡♥t❡✱ ❛ ❢✉♥çã♦ ❣ss ✐♥❞❡♣❡♥❞❡ ❞❛ ❢♦r♠❛ ❞♦ s♦❧✉t♦✳ P❛r❛

♦s ❛❧❝❛❧ó✐❞❡s ✐♥❞ó❧✐❝♦s ♦❜t❡♠♦s ✉♠❛ ❞✐stâ♥❝✐❛ ♠é❞✐❛ ❞♦s s♦❧✈❡♥t❡s ❡♠ t♦r♥♦ ❞♦s

s♦❧✉t♦s ❞❡ ≈ ✸✱✸ ➴ ❝♦♠ ❛ ❧❛r❣✉r❛ ❞❛ ♣r✐♠❡✐r❛ ❝❛♠❛❞❛ ❞❡ s♦❧✈❛t❛çã♦ ♥ã♦ ❡s❢ér✐❝❛

❞❡✜♥✐❞❛ ♣❡❧♦ ♣r✐♠❡✐r♦ ♠í♥✐♠♦ ❡♠ ✺✱✵ ➴✳ ❊ss❡s ✈❛❧♦r❡s sã♦ ♦s ♠❡s♠♦s ♦❜s❡r✈❛❞♦s

♣❛r❛ ❛ ❝❛❢❡í♥❛ ♥♦ ❝❛♣ít✉❧♦ ✺✳
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❆s ❛♠♣❧✐t✉❞❡s ❞♦s ♣r✐♠❡✐r♦s ♣✐❝♦s ❞❛s ❢✉♥çõ❡s ❣ss✭s✮ tê♠ ❝♦rr❡❧❛çã♦ ❞✐r❡t❛

❝♦♠ ♦ ♥ú♠❡r♦ ❞❡ ❝♦♦r❞❡♥❛çã♦ ✭◆1✮✳ ❖s r❡s✉❧t❛❞♦s ❞❡ ◆1 ♣❛r❛ ♦s s✐st❡♠❛s ❝♦♠

s♦❧✈❡♥t❡ ♣✉r♦ ❡ ❝♦♠ ❝♦✲s♦❧✈❡♥t❡ ♣❛r❛ ❛s ❞✉❛s ❞❡♥s✐❞❛❞❡s ❡st✉❞❛❞❛s ❡♥❝♦♥tr❛♠✲s❡ ♥❛

t❛❜❡❧❛ ✼✳✷✳ ❊♥q✉❛♥t♦ ♣❛r❛ ❛s ♠❡t✐❧①❛♥t✐♥❛s ♦ ✈❛❧♦r ❞❡ ◆1 q✉❛s❡ ❞♦❜r♦✉ q✉❛♥❞♦ ❢♦✐

❛❝r❡s❝❡♥t❛❞♦ ❡t❛♥♦❧ ❛♦ s✐st❡♠❛ ❝♦♠ ❞❡♥s✐❞❛❞❡ ❜❛✐①❛ ✭t❛❜❡❧❛ ✻✳✷✮✱ ♥❛ ❝♦r♦♥❛r✐❞✐♥❛

❡ ♥❛ ✈♦❛❝❛♥❣✐♥❛ ❡st❡ ❛✉♠❡♥t♦✉ ✜❝♦✉ ❡♠ ❝❡r❝❛ ❞❡ ✷✵✪✳ ❏á ♣❛r❛ ❛ ❞❡♥s✐❞❛❞❡ ❛❧t❛✱

♦❜s❡r✈❛♠♦s ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ ❞✐❢❡r❡♥t❡ ♥♦s s✐st❡♠❛s ❝♦♠ ❡t❛♥♦❧✿ ♦s ❛❧❝❛❧ó✐❞❡s

✐♥❞ó❧✐❝♦s t✐✈❡r❛♠ ✉♠ ❛❝rés❝✐♠♦ ♠é❞✐♦ ❞❡ ✉♠❛ ♠♦❧é❝✉❧❛ ♥♦ ✈❛❧♦r ❞❡ ◆1 ❡♥q✉❛♥t♦

q✉❡ ♥❛s ①❛♥t✐♥❛s ❡ss❡ ❛✉♠❡♥t♦ ♠é❞✐♦ ♥ã♦ ♣❛ss♦✉ ❞❡ ♠❡✐❛ ♠♦❧é❝✉❧❛✳

Figura 7.4. ❋✉♥çã♦ ❣ss✭s✮ ❞♦ s♦❧✉t♦ ✈♦❛❝❛♥❣✐♥❛ ♣❛r❛ ❚❂✸✵✽❑ ♥♦s s✐st❡♠❛s s♦❧✉t♦✴❈❖2

♣✉r♦ ❡ s♦❧✉t♦✴❈❖2✰❡t❛♥♦❧ ♣❛r❛ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ✵✱✷✺ ρc ❡ ✶✱✾✷ ρc✳

❯♠ ❞❛❞♦ q✉❡ ❝❤❛♠♦✉ ❛ ❛t❡♥çã♦ ❢♦✐ ♦ ❛❝rés❝✐♠♦ ❞♦ ✈❛❧♦r ❞❡ ◆1 ❝♦♠ ♦ ❛✉♠❡♥t♦

❞❛ ❞❡♥s✐❞❛❞❡✳ P❛r❛ ❛ ❝❛❢❡í♥❛ ♥♦s s✐st❡♠❛s ❝♦♠ ❡t❛♥♦❧✱ ❡ss❡ ✈❛❧♦r ✜❝♦✉ ✷✱✺ ✈❡③❡s

♠❛✐♦r✱ ♣❛ss❛♥❞♦ ❞❡ ✽✱✽ ♣❛r❛ ✷✷✱✺ ♠♦❧é❝✉❧❛s✱ ❡♥q✉❛♥t♦ q✉❡ ♣❛r❛ ❛ ✈♦❛❝❛♥❣✐♥❛ ◆1

♣❛ss♦✉ ❞❡ ✶✵✱✸ ♣❛r❛ ✸✹✱✸ ✭q✉❛s❡ ✸✱✺ ✈❡③❡s✮✳ ◆❡st❡ ❝❛s♦✱ ♦ t❛♠❛♥❤♦ ❞❛s ♠♦❧é❝✉❧❛s

❞❡ ❝♦r♦♥❛r✐❞✐♥❛ ❡ ✈♦❛❝❛♥❣✐♥❛ ❡ ❝♦♥s❡qü❡♥t❡♠❡♥t❡ s✉❛s s✉♣❡r❢í❝✐❡s ♠❛✐♦r❡s ❢❛✈♦r❡✲

❝❡♠ ♦ ❡❢❡✐t♦ ❞❡ ❡♠♣❛❝♦t❛♠❡♥t♦ q✉❡ ♦❝♦rr❡ ♥❛s ❛❧t❛s ❞❡♥s✐❞❛❞❡s ♣❡r♠✐t✐♥❞♦ ✉♠❛

q✉❛♥t✐❞❛❞❡ ♠❛✐♦r ❞❡ s♦❧✈❡♥t❡s ❡♠ s✉❛ ♣r✐♠❡✐r❛ ❝❛♠❛❞❛ ❞❡ s♦❧✈❛t❛çã♦✳ ❖ ♥ú♠❡r♦

❞❡ ♠♦❧é❝✉❧❛s ❞❡ ❡t❛♥♦❧ ♥❛ ♣r✐♠❡✐r❛ ❝❛♠❛❞❛ ❞❡ s♦❧✈❛t❛çã♦ ✭◆1etanol
✮ ♣❡r♠❛♥❡❝❡✉
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Tabela 7.2. ◆ú♠❡r♦ ❞❡ ❝♦♦r❞❡♥❛çã♦ ✭◆1✮ ♣❛r❛ ♦s ✜t♦❢ár♠❛❝♦s ❝♦r♦♥❛r✐❞✐♥❛ ❡ ✈♦❛✲

❝❛♥❣✐♥❛ ♣❛r❛ ❚❂✸✵✽❑ ♥♦s s✐st❡♠❛s s♦❧✉t♦✴❈❖2 ❡ s♦❧✉t♦✴ ❈❖2✰❡t❛♥♦❧✳

❈♦r♦♥❛r✐❞✐♥❛ ❱♦❛❝❛♥❣✐♥❛

ρ/ρc ❙✐st❡♠❛ ◆1 ◆1

✵✱✷✺ ♣✉r♦ ✼✱✼ ✽✱✾

❝♦✲s♦❧✈✳ ✾✱✾ ✶✵✱✸

✶✱✾✷ ♣✉r♦ ✸✵✱✾ ✸✸✱✷

❝♦✲s♦❧✈✳ ✸✶✱✼ ✸✹✱✸

Tabela 7.3. ◆ú♠❡r♦ ❞❡ ❝♦♦r❞❡♥❛çã♦ ◆1 ♣❛r❛ ♦ s✐st❡♠❛ s♦❧✉t♦✴❈❖2✰❡t❛♥♦❧✱ s❡♣❛r❛♥❞♦

♦s s♦❧✈❡♥t❡s ❞♦s ❝♦✲s♦❧✈❡♥t❡s ❝♦♠ ❚❂✸✵✽❑✳ ◆❛s ❞✉❛s ❞❡♥s✐❞❛❞❡s ❡st✉❞❛❞❛s✳

❈♦r♦♥❛r✐❞✐♥❛ ❱♦❛❝❛♥❣✐♥❛

ρ/ρc ◆1CO2
◆1etanol

◆1CO2
◆1etanol

✵✱✷✺ ✼✱✻ ✷✱✸ ✽✱✵ ✷✱✸

✶✱✾✷ ✷✽✱✶ ✷✱✺ ✸✵✱✽ ✷✱✷

❝♦♥st❛♥t❡ ❡♠ t♦r♥♦ ❞❡ ✷✱✸ ♣❛r❛ ♦s ❞♦✐s s✐st❡♠❛s t❛♥t♦ ♥❛ ❞❡♥s✐❞❛❞❡ ❜❛✐①❛ q✉❛♥t♦

♥❛ ❛❧t❛ ✭t❛❜❡❧❛ ✼✳✸✮✳

Tabela 7.4. ❊❢❡✐t♦ ❞❛ t❡♠♣❡r❛t✉r❛ ♥♦ ♥ú♠❡r♦ ❞❡ ❝♦♦r❞❡♥❛çã♦ ◆1 ♣❛r❛ ❛ ✈♦❛❝❛♥❣✐♥❛

♥❛s ❞❡♥s✐❞❛❞❡s ❛❧t❛ ❡ ❜❛✐①❛✳

❱♦❛❝❛♥❣✐♥❛

ρ/ρc ❚❡♠♣ ✭❑✮ ◆1

✵✱✷✺ ✸✵✽ ✽✱✾

✸✶✽ ✽✱✺

✶✱✾✷ ✸✵✽ ✸✸✱✷

✸✶✽ ✸✸✱✷

❆ ❝r✐❛çã♦ ❞♦s ♠❛♣❛s ❞❡ ❞❡♥s✐❞❛❞❡s ♣❛r❛ ❛ ✈♦❛❝❛♥❣✐♥❛ ❡ ❛ ❝♦r♦♥❛r✐❞✐♥❛ ♥ã♦ ❢♦✐

♠✉✐t♦ s✐♠♣❧❡s✳ ❉❡✈✐❞♦ ❛ ❡str✉t✉r❛ ❝♦♠♣❧❡①❛ ❞❛ ♠♦❧é❝✉❧❛ ♥ã♦ ❢♦✐ ♣♦ssí✈❡❧ ❞❡✜♥✐r

✉♠ ú♥✐❝♦ s✐st❡♠❛ ❞❡ ❡✐①♦s ♣❛r❛ ❣❡r❛r ♦s ♣❧❛♥♦s q✉❡ ♣❡r♠✐t✐ss❡♠ ✈✐s✉❛❧✐③❛r ❝♦♠
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❞❡t❛❧❤❡s t♦❞❛s ❛s r❡❣✐õ❡s ❞❡ ✐♥t❡r❡ss❡✳ ❆ss✐♠✱ ❞❡✜♥✐♠♦s ❞♦✐s s✐st❡♠❛s ❞❡ ❡✐①♦s q✉❡

❡stã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛ ✜❣✉r❛ ✼✳✺✳

Figura 7.5. ❘❡♣r❡s❡♥t❛çã♦ ❞♦s ♣❧❛♥♦s ❡♠♣r❡❣❛❞♦s ♥❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦s ♠❛♣❛s ❞❡

❞❡♥s✐❞❛❞❡s r❡❧❛t✐✈❛s ❞♦s ✜t♦❢ár♠❛❝♦s✳ ◆❛ ✜❣✉r❛ ❞❛ ❡sq✉❡r❞❛ t❡♠♦s ♦s ♣❧❛♥♦s ♣❛r❛

t♦❞❛ ❛ ♠♦❧é❝✉❧❛ ❡ ♥❛ ❞✐r❡✐t❛ ♦s ♣❧❛♥♦s ❡♠ t♦r♥♦ ❞♦ ést❡r✳ ❖ ♣❧❛♥♦ ❳❨ é ♦ ♣❧❛♥♦ ❞♦

♣❛♣❡❧✱ ❛ ❧✐♥❤❛ ❤♦r✐③♦♥t❛❧ ❛♣r❡s❡♥t❛ ♦ ❝♦rt❡ ❞♦ ♣❧❛♥♦ ❳❩ ❡ ❛ ✈❡rt✐❝❛❧ ♦ ❞♦ ♣❧❛♥♦ ❨❩✳

❖ ♣r✐♠❡✐r♦ s✐st❡♠❛ ❢♦✐ ❝❤❛♠❛❞♦ ❞❡ ♣❧❛♥♦ ♥♦s ❛♥é✐s ♦♥❞❡ ❳❨ é ❞❡✜♥✐❞♦ ❝♦♠♦

♦ ♣❧❛♥♦ ❢♦r♠❛❞♦ ♣❡❧♦ ❛♥❡❧ ❛r♦♠át✐❝♦ ❡ ♦ ❛♥❡❧ ❞❡ ❝✐♥❝♦ át♦♠♦s ❞❛s ♠♦❧é❝✉❧❛s✳ ❖

♣❧❛♥♦ ❳❩ é ❢♦r♠❛❞♦ ♣❡❧♦ ❝♦rt❡ ♣❡r♣❡♥❞✐❝✉❧❛r ❛♦ ♣❧❛♥♦ ❳❨ ♥❛ ❞✐r❡çã♦ ❡♥tr❡ ♦s ❛♥é✐s

♣❡r♠✐t✐♥❞♦ ✈❡r ❛s ❡str✉t✉r❛s ❞♦s s♦❧✈❡♥t❡s s♦❜r❡ ❡ s♦❜ ❡ss❡s ❛♥é✐s ❡ ✉♠ ♦✉tr♦ ❝♦rt❡

♣❡r♣❡♥❞✐❝✉❧❛r ❛♦ ❛♥t❡r✐♦r s♦❜r❡ ♦ ést❡r ❞❛ ♠♦❧é❝✉❧❛ ✭♣❧❛♥♦ ❨❩✮✳ ❖ s❡❣✉♥❞♦ s✐st❡♠❛

❞❡ ❡✐①♦s✱ ❝❤❛♠❛❞♦ ❞❡ ♣❧❛♥♦s ♥♦ ést❡r✱ ❢♦✐ ❡s❝♦❧❤✐❞♦ ♣❛r❛ ❞❡t❛❧❤❛r ❛ ❞✐str✐❜✉✐çã♦ ❞❡

s♦❧✈❡♥t❡s ♥❡st❡ ❣r✉♣❛♠❡♥t♦ ❞❛ ❡str✉t✉r❛ ♠♦❧❡❝✉❧❛r✳ ❖ s✐st❡♠❛ ❞❡ ❝♦♦r❞❡♥❛❞❛s ❢♦✐

❞❡✜♥✐❞♦ ❝♦♠ ♦ ❡✐①♦ ❨ ♣❛ss❛♥❞♦ ♣❡❧♦s ❞♦✐s ♦①✐❣ê♥✐♦s ❡ ❝♦♠ ❛ ♦r✐❣❡♠ ❞♦ s✐st❡♠❛

❝❡♥tr❛❞♦ ♥♦ ♣♦♥t♦ ♠é❞✐♦ ❡♥tr❡ ❡❧❡s✳

❆ ✜❣✉r❛ ✼✳✻ ❛♣r❡s❡♥t❛ ♦ ♠❛♣❛ ❞❡ ❞✐str✐❜✉✐çã♦ ❞❡ ❞❡♥s✐❞❛❞❡ r❡❧❛t✐✈❛ ♣❛r❛ ❛

❝♦r♦♥❛r✐❞✐♥❛ ❡ ❛ ✈♦❛❝❛♥❣✐♥❛ ❡♠ ❈❖2✰❡t❛♥♦❧ ♣❛r❛ ♦s ♣❧❛♥♦s ❞♦s ❛♥é✐s✳ ◆♦ ♣r✐♠❡✐r♦

♣❛✐♥❡❧ ✭♣❧❛♥♦ ❳❨✮ ♣♦❞❡♠♦s ✈❡r q✉❡ ♦❝♦rr❡ ❣r❛♥❞❡ ❝♦♥❝❡♥tr❛çã♦ ❞❡ s♦❧✈❡♥t❡ ♥♦

♥✐tr♦❣ê♥✐♦ ❞♦ ❛♥❡❧ ❞❡ ❝✐♥❝♦ át♦♠♦s✱ ♥♦ ♣❛✐♥❡❧ ❝❡♥tr❛❧ ✭♣❧❛♥♦ ❳❩✮ ❛ ❝♦♥❝❡♥tr❛çã♦

é s♦❜r❡ ❡ s♦❜ ♦s ❛♥é✐s✳ ◆♦ t❡r❝❡✐r♦ ♣❛✐♥❡❧ é ♣♦ssí✈❡❧ ♦❜s❡r✈❛r ❛s ❝♦♥❝❡♥tr❛çõ❡s ❞❡

s♦❧✈❡♥t❡ ❡♠ t♦r♥♦ ❞♦s ♦①✐❣ê♥✐♦s ❞♦ ést❡r s❡♥❞♦ ❛ r❡❣✐ã♦ ♣ró①✐♠❛ à ❝❛r❜♦♥✐❧❛ ✭❈❂❖✮

❛ ❞❡ ♠❛✐♦r ✐♥t❡♥s✐❞❛❞❡✳

❉♦ ♣♦♥t♦ ❞❡ ✈✐st❛ ❞❛ ❞✐str✐❜✉✐çã♦ ❞❡ s♦❧✈❡♥t❡s ❡♠ t♦r♥♦ ❞♦ s♦❧✉t♦ ❛ ú♥✐❝❛

❞✐❢❡r❡♥ç❛ ♣❡r❝❡❜✐❞❛ ❡♥tr❡ ❛s ❞✉❛s ♠♦❧é❝✉❧❛s ❡stá ♥♦ ♣❧❛♥♦ ❳❨✳ ❖❜s❡r✈❛✲s❡ ♥❛ ✈♦✲

❛❝❛♥❣✐♥❛ ✉♠❛ r❡❣✐ã♦ ❞❡ ❞❡♥s✐❞❛❞❡ ♠❛✐s ❛❧t❛ ❡♠ t♦r♥♦ ❞♦ ♦①✐❣ê♥✐♦ ❧✐❣❛❞♦ ❛♦ ❛♥❡❧

❛r♦♠át✐❝♦ ❞❛ ♠♦❧é❝✉❧❛✱ ❡str✉t✉r❛ ❡st❛ q✉❡ ♥ã♦ ❡stá ♣r❡s❡♥t❡ ♥❛ ♠♦❧é❝✉❧❛ ❝♦r♦♥❛r✐✲
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❞✐♥❛✳ ❊ss❛ ❡str✉t✉r❛ é ❛ r❡s♣♦♥sá✈❡❧ ♣❡❧❛ ❞✐❢❡r❡♥ç❛ ♥♦ ✈❛❧♦r ❞❡ ◆1 ✭✈❡r t❛❜❡❧❛ ✼✳✷✮✳

Figura 7.6. ▼❛♣❛ ❞❡ ❞❡♥s✐❞❛❞❡ ❞❛ ❝♦r♦♥❛r✐❞✐♥❛ ❡ ✈♦❛❝❛♥❣✐♥❛ ♣❛r❛ ρ ❂ ✵✱✷✺ ρc ❡

❚❂✸✵✽❑ ♥♦s s✐st❡♠❛s ❝♦♠ ❝♦✲s♦❧✈❡♥t❡✳ ❈♦♠♣❛r❛♥❞♦ ❛s ❞✐str✐❜✉✐çõ❡s ❞❡ ❞❡♥s✐❞❛✲

❞❡s ❡♥tr❡ ✈♦❛❝❛♥❣✐♥❛ ❡ ❝♦r♦♥❛r✐❞✐♥❛ ❡♠ t♦r♥♦ ❞♦s ♣❧❛♥♦s ❞♦s ❛♥é✐s✳ ❈❛❞❛ q✉❛❞r♦

❛♣r❡s❡♥t❛ ✉♠❛ ár❡❛ ❞❡ ✷✷×✷✷ ➴2✳

❖s ♠❛♣❛s ❢♦r❛♠ ❝♦♥❝❡❜✐❞♦s ♣❛r❛ ❛♣r❡s❡♥t❛r❡♠ ❞❡♥s✐❞❛❞❡s r❡❧❛t✐✈❛s ❛♦ ✏❜✉❧❦✑✱

❞❡ss❛ ❢♦r♠❛ ♥♦s ♠❛♣❛s ❞❡ ❞❡♥s✐❞❛❞❡ ❞❛ ✜❣✉r❛ ✼✳✼✱ ♦♥❞❡ t❡♠♦s ♦s s✐st❡♠❛s ❝♦♠ ❛❧t❛

❞❡♥s✐❞❛❞❡✱ ❛ ❤❡t❡r♦❣❡♥❡✐❞❛❞❡ ❞❛ ❞✐str✐❜✉✐çã♦ ✜❝❛ ♠❡♥♦s ❡✈✐❞❡♥t❡✳ ▼❡s♠♦ ❛ss✐♠ é

♣♦ssí✈❡❧ ✈✐s✉❛❧✐③❛r ✉♠ ❛✉♠❡♥t♦ ♥❛ ❞❡♥s✐❞❛❞❡ ❧♦❝❛❧ ♥❛s ♠❡s♠❛s r❡❣✐õ❡s ♦❜s❡r✈❛❞❛s

♥♦s ♠❛♣❛s ♣❛r❛ ❜❛✐①❛ ❞❡♥s✐❞❛❞❡ ✭❋✐❣✉r❛ ✼✳✻✮✳

❖ t❡r❝❡✐r♦ ♣❛✐♥❡❧ ❛♣r❡s❡♥t❛ ✉♠❛ ❝♦♠♣❛r❛çã♦ ❡♥tr❡ ❛s ❞❡♥s✐❞❛❞❡s r❡❧❛t✐✈❛s ❞♦s

❞♦✐s s♦❧✉t♦s ❡♠ t♦r♥♦ ❞♦ ést❡r ♣❛r❛ ❛ ❞❡♥s✐❞❛❞❡ ♠❛✐s ❜❛✐①❛ ❡st✉❞❛❞❛ ✭❋✐❣✉r❛ ✼✳✽✮✳

❆s ❞✐str✐❜✉✐çõ❡s ❞♦s s♦❧✈❡♥t❡s sã♦ ♠✉✐t♦ s❡♠❡❧❤❛♥t❡s ♣❛r❛ ♦s ❞♦✐s s♦❧✉t♦s✳ ❆s r❡✲

❣✐õ❡s ♣ró①✐♠❛s ❛♦s ♦①✐❣ê♥✐♦s ❛♣r❡s❡♥t❛♠ ✉♠❛ ♠❛✐♦r ❞❡♥s✐❞❛❞❡ r❡❧❛t✐✈❛✱ s❡♥❞♦ ❛

r❡❣✐ã♦ ❞♦ ♦①✐❣ê♥✐♦ ❞❛ ❝❛r❜♦♥✐❧❛ ✭❈❂❖✮ t❡♠ ✉♠❛ ♠❛✐♦r ✐♥t❡♥s✐❞❛❞❡✱ ❝♦♠♦ ❢♦✐ ♦❜s❡r✲

✈❛❞♦ ♥❛s ♠❡t✐❧①❛♥t✐♥❛s✱ ❝♦♥✜r♠❛♥❞♦ q✉❡ ❡st❛ ❡str✉t✉r❛ é ✐♠♣♦rt❛♥t❡ ♥♦ ♣r♦❝❡ss♦

❞❡ s♦❧✈❛t❛çã♦✳ P❛r❛ s✐♠♣❧✐✜❝❛r ❛ ✈✐s✉❛❧✐③❛çã♦✱ ♥♦ ♣❧❛♥♦ ❨❩ r❡♣r❡s❡♥t❛❞♦s ❛♣❡♥❛s

♦s át♦♠♦s ❞♦ s♦❧✉t♦ q✉❡ ♣❡rt❡♥❝❡♠ ❛♦ ♣❧❛♥♦✳
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Figura 7.7. ▼❛♣❛ ❞❡ ❞❡♥s✐❞❛❞❡ ❞❛ ❝♦r♦♥❛r✐❞✐♥❛ ❡ ✈♦❛❝❛♥❣✐♥❛ ♣❛r❛ ρ ❂ ✶✱✾✷ ρc ❡

❚❂✸✵✽❑ ♥♦s s✐st❡♠❛s ❝♦♠ ❝♦✲s♦❧✈❡♥t❡✳ ❈♦♠♣❛r❛♥❞♦ ❛s ❞✐str✐❜✉✐çõ❡s ❞❡ ❞❡♥s✐❞❛❞❡s

❡♥tr❡ ✈♦❛❝❛♥❣✐♥❛ ❡ ❝♦r♦♥❛r✐❞✐♥❛ ❡♠ t♦r♥♦ ❞♦s ♣❧❛♥♦s ❞♦s ❛♥é✐s✳

Figura 7.8. ▼❛♣❛ ❞❡ ❞❡♥s✐❞❛❞❡ ❞❛ ❝♦r♦♥❛r✐❞✐♥❛ ❡ ✈♦❛❝❛♥❣✐♥❛ ♣❛r❛ ρ ❂ ✵✱✷✺ρc ❡

❚❂✸✵✽❑ ♥♦s s✐st❡♠❛s ❝♦♠ ❝♦✲s♦❧✈❡♥t❡✳ ❈♦♠♣❛r❛♥❞♦ ❛s ❞✐str✐❜✉✐çõ❡s ❞❡ ❞❡♥s✐❞❛❞❡s

❡♥tr❡ ✈♦❛❝❛♥❣✐♥❛ ❡ ❝♦r♦♥❛r✐❞✐♥❛ ❡♠ t♦r♥♦ ❞♦ ést❡r✳

P❛r❛ ❞❡t❛❧❤❛r ❛ ♣❛rt✐❝✐♣❛çã♦ ❞♦ s♦❧✈❡♥t❡ ❡ ❞♦ ❝♦✲s♦❧✈❡♥t❡ ♥❛ ❢♦r♠❛çã♦ ❞❛ ❝❛✲

♠❛❞❛ ❞❡ s♦❧✈❛t❛çã♦ ❝r✐❛♠♦s ♠❛♣❛s ❞❡ ❞❡♥s✐❞❛❞❡ s❡♣❛r❛❞♦s ♣❛r❛ ♦ s♦❧✈❡♥t❡ ❡ ❝♦✲
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Figura 7.9. ▼❛♣❛ ❞❡ ❞❡♥s✐❞❛❞❡ ❞❛ ✈♦❛❝❛♥❣✐♥❛ ♣❛r❛ ρ ❂ ✵✱✷✺ρc ❡ ✸✵✽❑ ♥♦ s✐st❡♠❛

❝♦2✴❡t❛♥♦❧✳ ❈♦♠♣❛r❛♥❞♦ ❛s ❝♦♥tr✐❜✉✐çõ❡s ❞♦ ❈❖2 ❡ ❞♦ ❡t❛♥♦❧ ♥❛s ❞✐str✐❜✉✐çõ❡s ❞❡

❞❡♥s✐❞❛❞❡s ❡♠ t♦r♥♦ ❞♦s ❛♥é✐s✳ ❈❛❞❛ q✉❛❞r♦ ❛♣r❡s❡♥t❛ ✉♠❛ ár❡❛ ❞❡ ✷✷❳✷✷ ➴2✳ ❆

♣r✐♠❡✐r❛ ❧✐♥❤❛ ❞♦ ♣❛✐♥❡❧ ❛♣r❡s❡♥t❛ ♦s ♠❛♣❛s ♦❜t✐❞♦s ❝♦♥s✐❞❡r❛♥❞♦ t♦❞♦ ♦ s♦❧✈❡♥t❡✱

s❡♠ ❢❛③❡r ❞✐st✐♥çã♦ q✉❛♥t♦ ❛♦ t✐♣♦ ❞❡ ♠♦❧é❝✉❧❛✱ ♥❛ ❧✐♥❤❛ ❝❡♥tr❛❧ ❡stã♦ ♦s ♠❛♣❛s

❝♦♥s✐❞❡r❛♥❞♦ só ♦s ❈❖2 ❡ ♥❛ ú❧t✐♠❛ ❧✐♥❤❛ t❡♠♦s ❛s ❞✐str✐❜✉✐çõ❡s r❡❧❛t✐✈❛s ❛♦ ❡t❛♥♦❧

❝✉❥❛ ❡s❝❛❧❛ ❞❡ ❝♦r❡s t❡♠ ✈❛❧♦r❡s ❞✐❢❡r❡♥t❡s ❞❛s ❡s❝❛❧❛s ❛♥t❡r✐♦r❡s✳

s♦❧✈❡♥t❡✳ ❆ss✐♠ ♥❛ ✜❣✉r❛ ✼✳✾ ❛ ♣r✐♠❡✐r❛ ❧✐♥❤❛ ❛♣r❡s❡♥t❛ ♦s ♠❛♣❛s ♣❛r❛ ♦s s✐st❡♠❛s

❝♦♠ s♦❧✈❡♥t❡ ✰ ❝♦✲s♦❧✈❡♥t❡✳ ◆❛ s❡❣✉♥❞❛ ❧✐♥❤❛ ❡stã♦ ♦s ♠❛♣❛s ❝♦♥s✐❞❡r❛♥❞♦ ❛♣❡♥❛s

❛ ♣r❡s❡♥ç❛ ❞♦ ❈❖2 ❡ ♥❛ t❡r❝❡✐r❛ ❧✐♥❤❛ ❞❡ ✜❣✉r❛s t❡♠♦s ♦s três ♠❛♣❛s ♦♥❞❡ sã♦

❝♦♥s✐❞❡r❛❞♦s ❛♣❡♥❛s ♦ ❝♦✲s♦❧✈❡♥t❡ ❡t❛♥♦❧✳ ❆ ❞✐❢❡r❡♥ç❛ ❞❡ ❡s❝❛❧❛ ♣❛r❛ ♦s ♠❛♣❛s

❝♦♥s✐❞❡r❛♥❞♦ só ♦ ❡t❛♥♦❧ é ❞❡✈✐❞♦ ❛ ♣❡q✉❡♥❛ q✉❛♥t✐❞❛❞❡ ❞❡ ❝♦✲s♦❧✈❡♥t❡ ♥❛ ❝❛✐①❛ ❞❡

s✐♠✉❧❛çã♦✳ ❖❜s❡r✈❛♥❞♦ ❛ ♣r✐♠❡✐r❛ ❝♦❧✉♥❛ ❡ t❡r❝❡✐r❛ ❧✐♥❤❛ ♣♦❞❡♠♦s ✈❡r ✉♠❛ ❛❧t❛

❝♦♥❝❡♥tr❛çã♦ ❞❡ ❝♦✲s♦❧✈❡♥t❡ ♣ró①✐♠♦ ❛♦ ♥✐tr♦❣ê♥✐♦ ❞♦ ❛♥❡❧ ❞❡ ❝✐♥❝♦ át♦♠♦s ❡ ♥❛

s❡❣✉♥❞❛ ❧✐♥❤❛ ✉♠❛ r❡❞✉çã♦ ❞❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ s♦❧✈❡♥t❡ ♥❡st❛ ♠❡s♠❛ r❡❣✐ã♦✱ ✐st♦

é✱ ♦❝♦rr❡ ✉♠❛ s✉❜st✐t✉✐çã♦ ❞♦ ❈❖2 ♣❡❧♦ ❝♦✲s♦❧✈❡♥t❡ ❡t❛♥♦❧✳ ❊ss❛ s✉❜st✐t✉✐çã♦ é
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t❛♠❜é♠ ❜❡♠ ❡✈✐❞❡♥t❡ ♥❛ r❡❣✐ã♦ ❡♠ t♦r♥♦ ❞❛ ❝❛r❜♦♥✐❧❛ ❞❛ ♠♦❧é❝✉❧❛ ❝♦♠♦ ♣♦❞❡♠♦s

♦❜s❡r✈❛r ♥❛ t❡r❝❡✐r❛ ❝♦❧✉♥❛ ❞❡ ♠❛♣❛s✳ ❏á ♥♦s ❛♥é✐s ✭s❡❣✉♥❞❛ ❝♦❧✉♥❛✮ é ♦ ❈❖2 q✉❡

♣❛r❡❝❡ ♣r❡✈❛❧❡❝❡r ❡♠ r❡❧❛çã♦ ❛♦ ❡t❛♥♦❧✳ ❋✐❝❛ ❡✈✐❞❡♥t❡ q✉❡ ♥❛s ❡str✉t✉r❛s ♦♥❞❡ sã♦

♣♦ssí✈❡✐s ❛s ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ ♦❝♦rr❡♠ ❛ s✉❜st✐t✉✐çã♦ ❞♦ ❈❖2 ♣❡❧♦ ❡t❛♥♦❧✳

❆ ❡t❛♣❛ ✜♥❛❧ ❞❛ ❛♥á❧✐s❡ ❞❛ ❡str✉t✉r❛ ❞❡ s♦❧✈❛t❛çã♦ ❢♦✐ ❛ ❝r✐❛çã♦ ❞♦ ❤✐st♦❣r❛♠❛

❞❡ ❞✐str✐❜✉✐çã♦ ❞❡ ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ s✐♠✉❧tâ♥❡❛s ❡♥tr❡ ♦ s♦❧✉t♦ ❡ ♦s s♦❧✈❡♥t❡s✳

❖s ❤✐st♦❣r❛♠❛s ❢♦r❛♠ ❝r✐❛❞♦s ♣❛r❛ ❛ ✈♦❛❝❛♥❣✐♥❛ ❡ ❛ ❝♦r♦♥❛r✐❞✐♥❛ ✉s❛♥❞♦ ♦ ❝r✐✲

tér✐♦ ❣❡♦♠étr✐❝♦ ♥❛s ❞✉❛s ❞❡♥s✐❞❛❞❡s ❡st✉❞❛❞❛s ♥❡st❡ ❝❛♣ít✉❧♦ ❡ sã♦ ❛♣r❡s❡♥t❛❞♦s

♥❛ ✜❣✉r❛ ✼✳✶✵✳ ◆❛ ❞❡♥s✐❞❛❞❡ ❜❛✐①❛ ✭✵✱✷✺ ρc✮ ♦s ❞♦✐s s♦❧✉t♦s ❛♣r❡s❡♥t❛♠ ✉♠❛ ❞✐s✲

tr✐❜✉✐çã♦ ❜❡♠ s❡♠❡❧❤❛♥t❡ ♦♥❞❡ ♣r❡❞♦♠✐♥❛♠ ❛s ❝♦♥✜❣✉r❛çõ❡s ❝♦♠ ❞✉❛s ❧✐❣❛çõ❡s✳

P❛r❛ ❛ ❞❡♥s✐❞❛❞❡ ❛❧t❛ ♦❜s❡r✈❛✲s❡ ✉♠❛ r❡❞✉çã♦ ♥♦ ♥ú♠❡r♦ ❞❡ ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦

❡ ❝♦♥s❡qü❡♥t❡ ❛✉♠❡♥t♦ ❞♦ ♥ú♠❡r♦ ❞❡ ❝♦♥✜❣✉r❛çõ❡s ♦♥❞❡ ❛s ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦

♥ã♦ ♦❝♦rr❡♠✳ ❊ss❛ r❡❞✉çã♦ é ♠❛✐s ❛❝❡♥t✉❛❞❛ ♣❛r❛ ❛ ❝♦r♦♥❛r✐❞✐♥❛ ♦♥❞❡ ❡st❡ ✈❛❧♦r

♣❛ss♦✉ ❞❡ ✷✺✪ ♣❛r❛ ✺✾✪ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞❛ ❞❡♥s✐❞❛❞❡✳ ◆❛ ♠é❞✐❛ ♦ s✐st❡♠❛ ❝♦♠

✈♦❛❝❛♥❣✐♥❛ ❛♣r❡s❡♥t❛ ✉♠ ♥ú♠❡r♦ ♠❛✐♦r ❞❡ ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ ❡♠ ❝♦♠♣❛r❛çã♦

❝♦♠ ❛ ❝♦r♦♥❛r✐❞✐♥❛ ✭t❛❜❡❧❛ ✼✳✺✮✳

Tabela 7.5. ◆ú♠❡r♦ ♠é❞✐♦ ❞❡ ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ ❡♥tr❡ ♦s s♦❧✉t♦s ✭✈♦❛❝❛♥❣✐♥❛ ❡

❝♦r♦♥❛r✐❞✐♥❛✮ ❡ ♦s ❝♦✲s♦❧✈❡♥t❡s ♣❛r❛ ❚❂✸✵✽❑

◆ú♠❡r♦ ♠é❞✐♦ ❞❡ ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦

ρ/ρc ❱♦❛❝❛♥❣✐♥❛ ❈♦r♦♥❛r✐❞✐♥❛

✵✱✷✺ ✶✱✸ ✶✱✷

✶✱✾✷ ✵✱✽ ✵✱✻

7.3 Propriedades Dinâmicas

❆s ❢✉♥çõ❡s ❞❡ ❝♦rr❡❧❛çã♦ r❡♦r✐❡♥t❛❝✐♦♥❛❧ ❞♦ ❞✐♣♦❧♦ ✉♥✐tár✐♦ ♣❛r❛ ♦s s✐st❡♠❛s ❝♦♠

❈❖2 ♣✉r♦ ❡ ❈❖2✰❡t❛♥♦❧ ♣❛r❛ ❛ ❝♦r♦♥❛r✐❞✐♥❛ ❡ ❛ ✈♦❛❝❛♥❣✐♥❛ ❢♦r❛♠ ❞❡t❡r♠✐♥❛❞♦s

♣❡❧❛ ❡q✉❛çã♦ ✷✳✷✺✳

◆❛s ✜❣✉r❛s ✼✳✶✶ ❡ ✼✳✶✷ ♦❜s❡r✈❛♠♦s q✉❡ ♥♦s s✐st❡♠❛s ❝♦♠ ❝♦✲s♦❧✈❡♥t❡ ✭❧✐♥❤❛s

tr❛❝❡❥❛❞❛s✮ ❛ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ ❞❡❝❛✐ ♠❛✐s ❧❡♥t❛♠❡♥t❡ ✐♥❞✐❝❛♥❞♦ ✉♠❛ r❡♦r✐❡♥✲

t❛çã♦ ♠❛✐s ❧❡♥t❛✳ ❊st❡ ❝♦♠♣♦rt❛♠❡♥t♦ é ♦❜s❡r✈❛❞♦ ♥♦s ❞♦✐s s♦❧✉t♦s ❡ ♣❛r❛ ❛s
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Figura 7.10. ❉✐str✐❜✉✐çã♦ ❞♦ ♥ú♠❡r♦ ❞❡ ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ s✐♠✉❧tâ♥❡❛s ❡♥tr❡ ♦s

✜t♦❢ár♠❛❝♦s ❡ ♦ ❝♦✲s♦❧✈❡♥t❡ ❡t❛♥♦❧✳ ❖ ❣rá✜❝♦ ❞❛ ❡sq✉❡r❞❛ ❛♣r❡s❡♥t❛ ♦s ✈❛❧♦r❡s ❡♥✲

❝♦♥tr❛❞♦s ♣❛r❛ ❛ ❝♦r♦♥❛r✐❞✐♥❛ ❡ ♦ ❞❛ ❞✐r❡✐t❛ ♦s ✈❛❧♦r❡s ♣❛r❛ ❛ ✈♦❛❝❛♥❣✐♥❛✳ ❆♠❜❛s ❛s

❞✐str✐❜✉✐çõ❡s ❢♦r❛♠ ❞❡t❡r♠✐♥❛❞♦s ♥❛ t❡♠♣❡r❛t✉r❛ ❞❡ ✸✵✽❑ ♣❛r❛ ❛s ❞✉❛s ❞❡♥s✐❞❛❞❡s

❡st✉❞❛❞❛s✳ ❆s ❧✐♥❤❛s sã♦ ❛♣❡♥❛s ❣✉✐❛s ♣❛r❛ ♦s ♦❧❤♦s✳

❞✉❛s ❞❡♥s✐❞❛❞❡s ❡st✉❞❛❞❛s✳ ■st♦ é ❞❡✈✐❞♦ ❛ ❢♦rt❡ ✐♥t❡r❛çã♦ ✈✐❛ ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦✲

❣ê♥✐♦ ♦❜s❡r✈❛❞❛ ❡♥tr❡ ♦ ❝♦✲s♦❧✈❡♥t❡ ❡ ♦ s♦❧✉t♦ q✉❡ ❛♠♣❧✐❛ ♦ ❡❢❡✐t♦ ❞❡ ❛✉♠❡♥t♦ ❞❡

❞❡♥s✐❞❛❞❡ ❧♦❝❛❧ ❡♠ t♦r♥♦ ❞♦ s♦❧✉t♦✱ tí♣✐❝♦ ❞❡ ✢✉✐❞♦s s✉♣❡r❝rít✐❝♦s✱ ❞✐✜❝✉❧t❛♥❞♦ ❛

❞❡s❧♦❝❛♠❡♥t♦ ❞♦ s♦❧✉t♦ ♥♦ ♠❡✐♦✳

Figura 7.11. ❊❢❡✐t♦ ❞♦ ❝♦✲s♦❧✈❡♥t❡ s♦❜r❡ ❛ ❋✉♥çã♦ ❞❡ ❈♦rr❡❧❛çã♦ ❞❡ r❡♦r✐❡♥t❛çã♦ ❞♦

❞✐♣♦❧♦ ✉♥✐tár✐♦ ♣❛r❛ ❛ ❝♦r♦♥❛r✐❞✐♥❛ à ✸✵✽❑ ♣❛r❛ ❞❡♥s✐❞❛❞❡ ❛❧t❛ ❡ ❜❛✐①❛



90 Caṕıtulo 7. Fitofármacos em CO2 com e sem etanol como co-solvente

Figura 7.12. ❊❢❡✐t♦ ❞♦ ❝♦✲s♦❧✈❡♥t❡ s♦❜r❡ ❛ ❋✉♥çã♦ ❞❡ ❈♦rr❡❧❛çã♦ ❞❡ r❡♦r✐❡♥t❛çã♦ ❞♦

❞✐♣♦❧♦ ✉♥✐tár✐♦ ♣❛r❛ ❛ ✈♦❛❝❛♥❣✐♥❛ à ✸✵✽❑ ♣❛r❛ ❞❡♥s✐❞❛❞❡ ❛❧t❛ ❡ ❜❛✐①❛

❖s ❡❢❡✐t♦s ❞❛ t❡♠♣❡r❛t✉r❛ sã♦ ✈✐s✉❛❧✐③❛❞♦s ♥❛ ✜❣✉r❛ ✼✳✶✸ q✉❡ ❛♣r❡s❡♥t❛ ♦s

r❡s✉❧t❛❞♦s ❞❛ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ r❡♦r✐❡♥t❛❝✐♦♥❛❧ ♣❛r❛ ♦ s✐st❡♠❛ ✈♦❛❝❛♥❣✐♥❛✴❈❖2

♣✉r♦ ♥❛s t❡♠♣❡r❛t✉r❛s ❞❡ ✸✵✽❑ ✭❧✐♥❤❛ ❝❤❡✐❛✮ ❡ ✸✶✽❑ ✭❧✐♥❤❛ tr❛❝❡❥❛❞❛✮✳ ❈♦♠ ♦

❛✉♠❡♥t♦ ❞❛ t❡♠♣❡r❛t✉r❛ ❛ ♠♦❧é❝✉❧❛ ♣❡r❞❡ ❝♦rr❡❧❛çã♦ ♠❛✐s r❛♣✐❞❛♠❡♥t❡ ✐♥❞✐❝❛♥❞♦

q✉❡ ❛ s✉❛ ❞✐♥â♠✐❝❛ r❡♦r✐❡♥t❛❝✐♦♥❛❧ t♦r♥❛✲s❡ ♠❛✐s rá♣✐❞❛✳

Figura 7.13. ❋✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ ❞❛ ✈♦❛❝❛♥❣✐♥❛ ❡♠ ❈❖2 ♣✉r♦ ♥❛s t❡♠♣❡r❛t✉r❛s ❞❡

✸✵✽❑ ❡ ✸✶✽❑✳
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Figura 7.14. ❋✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ ❞♦ ❞✐♣♦❧♦ ❞❛ ❝♦r♦♥❛r✐❞✐♥❛ ❡ ❞❛ ✈♦❛❝❛♥❣✐♥❛ ❡♠ ❈❖2

❝♦♠ ❚❂✸✵✽❑ ❡ ❞❡♥s✐❞❛❞❡ ❞❡ ✵✱✷✺ ρc✳ ❉❡st❛q✉❡ ♣❛r❛ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ ❢✉♥çã♦ ❡♠

t❡♠♣♦ ❝✉rt♦✳

❆s ❢✉♥çõ❡s ❞❡ ❝♦rr❡❧❛çã♦ r❡♦r✐❡♥t❛❝✐♦♥❛❧ ❞♦ ❞✐♣♦❧♦ ✉♥✐tár✐♦ ♣❛r❛ ❛ ❝♦r♦♥❛r✐✲

❞✐♥❛ ❡ ✈♦❛❝❛♥❣✐♥❛ ❛♣r❡s❡♥t❛♠ ✉♠ ❝♦♠♣♦♥❡♥t❡ ♦s❝✐❧❛tór✐♦ ❞❡ t❡♠♣♦ ❝✉rt♦ q✉❡ é

❝♦♥s❡qüê♥❝✐❛ ❞♦ ♠♦✈✐♠❡♥t♦ ❞❡ t♦rçã♦ ❞♦ ést❡r ♣r❡s❡♥t❡ ♥❛s ♠♦❧é❝✉❧❛s ❥á q✉❡ ♦

r❡st❛♥t❡ ❞❛ ❡str✉t✉r❛ ♠♦❧❡❝✉❧❛r é ♠❛♥t✐❞❛ rí❣✐❞❛✳ ❆ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ ❝❛♣t❛

❡ss❛s ❛❧t❡r❛çõ❡s ♥♦ ❞✐♣♦❧♦ ✉♥✐tár✐♦✳ ◆❛ ✜❣✉r❛ ✼✳✶✹ ❞❛♠♦s ✉♠ ❞❡st❛q✉❡ ♥❡st❡ ♠♦✲

✈✐♠❡♥t♦ ♦s❝✐❧❛tór✐♦ ❛♣r❡s❡♥t❛♥❞♦ ❛ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ ♣❛r❛ t❡♠♣♦s ❝✉rt♦s✳ ❆s

❝✉r✈❛s sã♦ t♦❞❛s ♣❛r❛ ❛ ❜❛✐①❛ ❞❡♥s✐❞❛❞❡ ♣❛r❛ ♦s s✐st❡♠❛s ❝♦♠ ❡ s❡♠ ❝♦✲s♦❧✈❡♥t❡✳

❆ ✈♦❛❝❛♥❣✐♥❛ ❛♣r❡s❡♥t❛ ✉♠❛ ♦s❝✐❧❛çã♦ ♠❛✐♦r ♥❛ ♦r✐❡♥t❛çã♦ ❞♦ s❡✉ ❞✐♣♦❧♦ ✉♥✐tár✐♦

❡♠ ❝♦♠♣❛r❛çã♦ ❝♦♠ ♦ ❝♦r♦♥❛r✐❞✐♥❛✳ ❈❧❛r❛♠❡♥t❡ ♣❡r❝❡❜❡✲s❡ q✉❡ ♥❛ ♣r❡s❡♥ç❛ ❞♦

❡t❛♥♦❧ ❡st❡ ♠♦✈✐♠❡♥t♦ é ♠❛✐s ❛t❡♥✉❛❞♦✱ ♦✉ s❡❥❛✱ ♠❛✐s ✐♠♣❡❞✐❞♦ ❞♦ q✉❡ ♣❛r❛ ♦s

s✐st❡♠❛s s❡♠ ❡t❛♥♦❧✳

❖s ❝♦❡✜❝✐❡♥t❡s ❞❡ ❞✐❢✉sã♦ ✭❉✮ ❝❛❧❝✉❧❛❞♦s ♣❛r❛ ❛ ❝♦r♦♥❛r✐❞✐♥❛ ❡ ✈♦❛❝❛♥❣✐♥❛ ♥♦s

s✐st❡♠❛s s♦❧✉t♦✴❈❖2 ❡ s♦❧✉t♦✴❈❖2✰❝♦✲s♦❧✈❡♥t❡ ❡ ❚❂✸✵✽❑ ❡♥❝♦♥tr❛♠✲s❡ r❡❧❛❝✐♦♥❛✲

❞♦s ♥❛ t❛❜❡❧❛ ✼✳✻✳ ❆ ❝♦r♦♥❛r✐❞✐♥❛ ❛♣r❡s❡♥t❛ ✈❛❧♦r❡s ♠❛✐♦r❡s ♣❛r❛ ❉ ♥♦s s✐st❡♠❛s

❝♦♠ ❜❛✐①❛ ❞❡♥s✐❞❛❞❡✳ ❆ ♣r❡s❡♥ç❛ ❞♦ ❡t❛♥♦❧ ❞✐♠✐♥✉✐ ♦s ✈❛❧♦r❡s ❞♦s ❝♦❡✜❝✐❡♥t❡s ❡♠

❞❡❝♦rrê♥❝✐❛ ❞❛s ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ q✉❡ ♦ ❡t❛♥♦❧ ❢♦r♠❛ ❝♦♠ ♦s s♦❧✉t♦s ❞✐✜❝✉❧✲

t❛♥❞♦ ❛ ❞✐❢✉sã♦ ❞♦ s♦❧✉t♦✳ P❛r❛ ❛ ❞❡♥s✐❞❛❞❡ ❛❧t❛ ♦s ❞♦✐s s♦❧✉t♦s ❛♣r❡s❡♥t❛♠ ✉♠

♠❡s♠♦ ✈❛❧♦r ❞❡ ❉✳
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Tabela 7.6. ❈♦❡✜❝✐❡♥t❡s ❞❡ ❉✐❢✉sã♦ ✭❉✮ ♣❛r❛ ❝♦r♦♥❛r✐❞✐♥❛ ❡ ✈♦❛❝❛♥❣✐♥❛ ❡♠ ❈❖2

♣✉r♦ ❡ ❈❖2✰❡t❛♥♦❧ ♣❛r❛ ❚❂✸✵✽❑✳ ◆❛s ❞❡♥s✐❞❛❞❡s r❡❧❛t✐✈❛s ❞❡ ✵✱✷✺ ❡ ✶✱✾✷ρc ✭ρc =

0, 468 g/cm3✮✳

❈♦❡✜❝✐❡♥t❡s ❞❡ ❉✐❢✉sã♦ ✭❉✮ ✭✶✵−4 ❝♠2✴s✮

ρ/ρc ❙✐st❡♠❛ ❈♦r♦♥❛r✐❞✐♥❛ ❱♦❛❝❛♥❣✐♥❛

✵✱✷✺ ♣✉r♦ ✸✱✼±✵✱✷✺ ✸✱✵±✵✱✶✺

❝♦✲s♦❧✈✳ ✸✱✷±✵✱✷✷ ✷✱✹±✵✱✶✵

✶✱✾✷ ♣✉r♦ ✵✱✹±✵✱✵✶ ✵✱✹±✵✱✵✶

❝♦✲s♦❧✈✳ ✵✱✸±✵✱✵✶ ✵✱✸±✵✱✵✶

◆ã♦ ❢♦✐ ♣♦ssí✈❡❧ ♣❡r❝❡❜❡r ♦ ❡❢❡✐t♦ ❞♦ ❛✉♠❡♥t♦ ❞❛ t❡♠♣❡r❛t✉r❛ s♦❜r❡ ♦s ✈❛❧♦r❡s

❞♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❞✐❢✉sã♦✳ ❆ t❛❜❡❧❛ ✼✳✼ ❛♣r❡s❡♥t❛ ✈❛❧♦r❡s ♣r❛t✐❝❛♠❡♥t❡ ❡q✉✐✈❛❧❡♥✲

t❡s ♣❛r❛ ♦s s✐st❡♠❛s ♥❛s ❞✉❛s t❡♠♣❡r❛t✉r❛s✳ ❙❡r✐❛ ❡s♣❡r❛❞♦ ✈❛❧♦r❡s ♠❛✐♦r❡s ♣❛r❛

t❡♠♣❡r❛t✉r❛s ♠❛✐s ❛❧t❛s✱ ❝♦♠♦ ♦❝♦rr❡✉ ♣❛r❛ ♦s s✐st❡♠❛s ❞♦s ❝❛♣ít✉❧♦s ❛♥t❡r✐♦r❡s✳

Pr♦✈❛✈❡❧♠❡♥t❡ ❞❡✈✐❞♦ ❛ ♣♦✉❝❛ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ❛s t❡♠♣❡r❛t✉r❛s✳

Tabela 7.7. ❊❢❡✐t♦ ❞❛ t❡♠♣❡r❛t✉r❛ s♦❜r❡ ♦ ❈♦❡✜❝✐❡♥t❡s ❞❡ ❉✐❢✉sã♦ ✭❉✮ ❞♦ s♦❧✉t♦

✈♦❛❝❛♥❣✐♥❛ ❡♠ ❈❖2✰❡t❛♥♦❧ ♣❛r❛ ❚❂✸✵✽❑ ❡ ❚❂✸✶✽❑✳ ◆❛s ❞❡♥s✐❞❛❞❡s r❡❧❛t✐✈❛s ❞❡

✵✱✷✺ ❡ ✶✱✾✷ρc ✭ρc = 0, 468 g/cm3✮✳

❈♦❡✜❝✐❡♥t❡s ❞❡ ❉✐❢✉sã♦ ✭❉✮ ✭✶✵−4 ❝♠2✴s✮

ρ/ρc ❚❡♠♣ ✭❑✮ ❱♦❛❝❛♥❣✐♥❛

✵✱✷✺ ✸✵✽ ✸✱✵±✵✱✶✺

✸✶✽ ✸✱✵±✵✱✶✶

✶✱✾✷ ✸✵✽ ✵✱✹±✵✱✵✶

✸✶✽ ✵✱✹±✵✱✵✶

7.4 Conclusões

❆♣r❡s❡♥t❛♠♦s ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♥❛s s✐♠✉❧❛çõ❡s ♣♦r ❞✐♥â♠✐❝❛ ♠♦❧❡❝✉❧❛r

♣❛r❛ ❛ ✈♦❛❝❛♥❣✐♥❛ ❡ ❛ ❝♦r♦♥❛r✐❞✐♥❛ ❡♠ ❈❖2 s✉♣❡r❝rít✐❝♦ ❡ ❈❖2✰❡t❛♥♦❧ ♥❛s t❡♠✲

♣❡r❛t✉r❛s ❞❡ ✸✵✽ ❡ ✸✶✽❑ ❡ ❞❡♥s✐❞❛❞❡s ❞❡ ✵✱✷✺ ρc ❡ ✶✱✾✷ ρc✳ ❊♠ t♦❞♦s ♦s s✐st❡♠❛s
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❡st✉❞❛❞♦s ❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡ ❡str✉t✉r❛ ✐♥❞✐❝❛r❛♠ q✉❡ ❛ ✈♦❛❝❛♥❣✐♥❛ ❛♣r❡s❡♥t❛ ✉♠❛

♠❛✐♦r ❛✜♥✐❞❛❞❡ ❝♦♠ ♦ s♦❧✈❡♥t❡ ♥❛ ❝♦♠♣❛r❛çã♦ ❝♦♠ ❛ ❝♦r♦♥❛r✐❞✐♥❛✳ ❖s ♠❛♣❛s ❞❡

❞❡♥s✐❞❛❞❡ r❡❧❛t✐✈❛ ♥♦s ♣❡r♠✐t❡ ♦❜s❡r✈❛r q✉❡ ❛s r❡❣✐õ❡s ❡♠ t♦r♥♦ ❞♦s s♦❧✉t♦s sã♦

❝♦♠♣♦st❛s ♣♦r ✉♠❛ ❞✐str✐❜✉✐çã♦ ❤❡t❡r♦❣ê♥❡❛ ❞❡ s♦❧✈❡♥t❡s ♦♥❞❡ ❛s ♠❛✐♦r❡s ❝♦♥❝❡♥✲

tr❛çõ❡s ♦❝♦rr❡♠ ❛❝✐♠❛ ❡ ❛❜❛✐①♦ ❞♦s ❛♥é✐s ❡ ❡♠ t♦r♥♦ ❞♦ ést❡r✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♥♦

♦①✐❣ê♥✐♦ ❞❛s ❝❛r❜♦♥✐❧❛s✳ ❊st❛s ❝♦♥❝❡♥tr❛çõ❡s r❡❧❛t✐✈❛s sã♦ r❡❞✉③✐❞❛s q✉❛♥❞♦ ❛✉✲

♠❡♥t❛♠♦s ❛ ❞❡♥s✐❞❛❞❡ ❞♦ ✏❜✉❧❦✑✳ ❋♦✐ ♣♦ssí✈❡❧ ♦❜s❡r✈❛r t❛♠❜é♠ ✉♠❛ s✉❜st✐t✉✐çã♦

❞♦ s♦❧✈❡♥t❡ ♣❡❧♦ ❝♦✲s♦❧✈❡♥t❡ ♥❛s ❡str✉t✉r❛s ♣♦ssí✈❡✐s ❞❡ ❢♦r♠❛r ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦✲

❣ê♥✐♦ ✭◆✲❍ ❞♦ ❛♥❡❧ ❞❡ ❝✐♥❝♦ át♦♠♦s ❡ ♥♦ ♦①✐❣ê♥✐♦ ❞❛ ❝❛r❜♦♥✐❧❛✮✳ ◆❛ ❞❡♥s✐❞❛❞❡

❛❧t❛ ♦ ❡❢❡✐t♦ ❞♦ ❡♠♣❛❝♦t❛♠❡♥t♦ ❞♦s s♦❧✈❡♥t❡s ❡♠ t♦r♥♦ ❞♦ s♦❧✉t♦ r❡❞✉③ ❛ ❢♦r♠❛çã♦

❞❡ss❛s ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦✳

❆♥❛❧✐s❛♠♦s t❛♠❜é♠ ♦s ❡❢❡✐t♦s ❞♦ ❝♦✲s♦❧✈❡♥t❡✱ ❞❡♥s✐❞❛❞❡ ❡ t❡♠♣❡r❛t✉r❛ ♥❛s ♣r♦✲

♣r✐❡❞❛❞❡s ❞✐♥â♠✐❝❛s ❞❡ss❡s ✜t♦❢ár♠❛❝♦s✳ ❉❡ ✉♠❛ ♠❛♥❡✐r❛ ❣❡r❛❧ ❛s ❢✉♥çõ❡s ❞❡ ❝♦r✲

r❡❧❛çã♦ ♣❛r❛ ❛s ❜❛✐①❛s ❞❡♥s✐❞❛❞❡s ❛♣r❡s❡♥t❛♠ ✉♠❛ ❞✐♥â♠✐❝❛ r❡♦r✐❡♥t❛❝✐♦♥❛❧ ♠❛✐s

rá♣✐❞❛ ❞❡✈✐❞♦ à ♠❛✐♦r ❧✐❜❡r❞❛❞❡ ❞❡ ♠♦✈✐♠❡♥t♦ q✉❡ ♦s s♦❧✉t♦s ♣♦ss✉❡♠ ♥❡st❡ ♠❡✐♦✳

◆❛ ❛❧t❛ ❞❡♥s✐❞❛❞❡ ♦ ♠♦✈✐♠❡♥t♦ ❞♦ s♦❧✉t♦ é ✐♠♣❡❞✐❞♦ ♣❡❧❛ ♣r❡s❡♥ç❛ ❞❡ ✉♠ ♥ú♠❡r♦

❜❡♠ ♠❛✐♦r ❞❡ s♦❧✈❡♥t❡s r❡s✉❧t❛♥❞♦ ❡♠ ✉♠❛ ❞✐♥â♠✐❝❛ ♠❛✐s ❧❡♥t❛✳ ◗✉❛♥❞♦ ❛❝r❡s❝❡♥✲

t❛♠♦s ♦ ❝♦✲s♦❧✈❡♥t❡ ❡t❛♥♦❧ ♥❛s ♠✐st✉r❛s ❛s ✐♥t❡r❛çõ❡s s♦❧✉t♦✲s♦❧✈❡♥t❡s ✜❝❛r❛♠ ♠❛✐s

✐♥t❡♥s❛s ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♣❡❧❛ ❢♦r♠❛çã♦ ❞❡ ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ ❞✐✜❝✉❧t❛♥❞♦ ❛ ❞✐✲

❢✉sã♦ ❞♦ s♦❧✉t♦ ❛tr❛✈és ❞♦ s♦❧✈❡♥t❡ ❡ t♦r♥❛♥❞♦ ❛s ❞✐♥â♠✐❝❛s ♠❛✐s ❧❡♥t❛s✳ ❊♥q✉❛♥t♦

♦ ❛✉♠❡♥t♦ ❞❛ t❡♠♣❡r❛t✉r❛ t❡♠ r❡❧❛çã♦ ❞✐r❡t❛ ❝♦♠ ❛ ❞✐♥â♠✐❝❛ ❞❡ r❡♦r✐❡♥t❛çã♦ ❞♦s

s✐st❡♠❛s✳
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Caṕıtulo 8

Comentários Finais e

Trabalhos Futuros

◆❡st❡ tr❛❜❛❧❤♦ ❡♠♣r❡❣❛♠♦s ❞❡ ❢♦r♠❛ ✐♥t❡♥s❛ ❛ s✐♠✉❧❛çã♦ ♣♦r ❉✐♥â♠✐❝❛ ▼♦❧❡✲

❝✉❧❛r ❡♠ s♦❧✉çõ❡s ❝♦♠ ❞✐❧✉✐çã♦ ✐♥✜♥✐t❛ ❞❡ ❛❧❝❛❧ó✐❞❡s ❡♠ ❈❖2 ❡ ❈❖2✰❡t❛♥♦❧ ♥✉♠❛

❢❛✐①❛ ❞❡ t❡♠♣❡r❛t✉r❛ ❞❡ ✸✵✽❑ ❛té ✸✹✸❑ ❡ ❞❡♥s✐❞❛❞❡s ❞♦ ✏❜✉❧❦✑ ❞❡ ✵✱✷✺ ❛té ✷✱✵✵ ρc✳

❚❡st❛♠♦s ❛ ✈✐❛❜✐❧✐❞❛❞❡ ❞♦ ♠♦❞❡❧♦ ❊P▼✷✱ ❡s❝♦❧❤✐❞♦ ♣❛r❛ ❞❡s❝r❡✈❡r ♦ ❈❖2 s✉✲

♣❡r❝rít✐❝♦✱ ❝♦♠♣❛r❛♥❞♦ ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♣♦r s✐♠✉❧❛çã♦ ❝♦♠ ♦s r❡s✉❧t❛❞♦s ❡①✲

♣❡r✐♠❡♥t❛✐s ❞❛ ❧✐t❡r❛t✉r❛✳

❋♦✐ ♥❡❝❡ssár✐♦ ❞❡t❡r♠✐♥❛r ♦s ♣❛râ♠❡tr♦s ♣❛r❛ ♦s s♦❧✉t♦s ♣♦✐s ❡❧❡s ♥ã♦ sã♦ ❡♥❝♦♥✲

tr❛❞♦s ♥❛ ❧✐t❡r❛t✉r❛✳ ❆s ❝❛r❣❛s ♣❛r❝✐❛✐s ❢♦r❛♠ ❞❡t❡r♠✐♥❛❞❛s ♣♦r ❝á❧❝✉❧♦s q✉â♥t✐❝♦s

❛❜ ✐♥✐t✐♦ ❝♦♠ ♦s ♣❛râ♠❡tr♦s ❞❡ ▲❡♥♥❛r❞✲❏♦♥❡s ♦❜t✐❞♦s ❞♦ ❝❛♠♣♦ ❞❡ ❢♦rç❛ ❖P▲❙

❆❧❧✲❆t♦♠✳ ❉❡✜♥✐♠♦s ❛✐♥❞❛ ✉♠ ♣♦t❡♥❝✐❛❧ ❞❡ t♦rçã♦ ♣❛r❛ ♦ s♦❧✉t♦ ✈♦❛❝❛♥❣✐♥❛ ❡

♦✉tr♦ ♣❛r❛ ❛ ❝♦r♦♥❛r✐❞✐♥❛ r❡♣r❡s❡♥t❛♥❞♦ ❛ ❜❛rr❡✐r❛ ❞❡ ♣♦t❡♥❝✐❛❧ ♥♦ ♠♦✈✐♠❡♥t♦ ❞♦

❣r✉♣♦ ést❡r ❞❡ss❛s ❞✉❛s ♠♦❧é❝✉❧❛s✳

❈❛❧❝✉❧❛♠♦s ❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡ ❡str✉t✉r❛ ✭❋✉♥çã♦ ❣ss✭s✮✱ ◆✶✱ ♠❛♣❛s ❞❡ ❞❡♥s✐❞❛✲

❞❡s r❡❧❛t✐✈❛s ❡ ❞✐str✐❜✉✐çã♦ ❛♥❣✉❧❛r ❡♥tr❡ ♦s s♦❧✈❡♥t❡s ❡ ❛s ❝❛r❜♦♥✐❧❛s✮ ❡ ❞✐♥â♠✐❝❛s

✭❋✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ r❡♦r✐❡♥t❛❝✐♦♥❛❧ ❡ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❞✐❢✉sã♦✮ ♣❛r❛ ❛s ♠❡t✐❧①❛♥t✐✲

♥❛s ❝❛❢❡í♥❛✱ t❡♦✜❧✐♥❛ ❡ t❡♦❜r♦♠✐♥❛ ❡♠ ❈❖2 s✉♣❡r❝rít✐❝♦✳ ❈♦♠♣❛r❛♠♦s ♦s r❡s✉❧t❛❞♦s

♦❜t✐❞♦s ♣❛r❛ ❛ ❞✐❢✉sã♦ ❞❛ ❝❛❢❡í♥❛ ❡♠ ❈❖2 s✉♣❡r❝rít✐❝♦ ❝♦♠ ✈❛❧♦r❡s ❡①♣❡r✐♠❡♥t❛✐s

❞✐s♣♦♥í✈❡✐s ♥❛ ❧✐t❡r❛t✉r❛✳

❊st✉❞❛♠♦s ♥♦✈❛♠❡♥t❡ ❛s ♠❡t✐❧①❛♥t✐♥❛s ❛❣♦r❛ ♣❛r❛ s✐st❡♠❛s ❝♦♥t❡♥❞♦ ❡t❛♥♦❧

❝♦♠♦ ❝♦✲s♦❧✈❡♥t❡✳ ❉❡t❡r♠✐♥❛♠♦s ❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡ ❡str✉t✉r❛ ❞✐❢❡r❡♥❝✐❛♥❞♦ ❛

♣❛rt✐❝✐♣❛çã♦ ❞♦ s♦❧✈❡♥t❡ ❡ ❞♦ ❝♦✲s♦❧✈❡♥t❡✳ ■♥❝❧✉í♠♦s ♦ ❡st✉❞♦ s♦❜r❡ ❛s ❧✐❣❛çõ❡s
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❞❡ ❤✐❞r♦❣ê♥✐♦ ❢♦r♠❛❞❛s ❡♥tr❡ ♦ s♦❧✉t♦ ❡ ♦s s♦❧✈❡♥t❡s ❡ ❞❡t❡r♠✐♥❛♠♦s t❛♠❜é♠ ❛s

♣r♦♣r✐❡❞❛❞❡s ❞✐♥â♠✐❝❛s ♣❛r❛ ❡st❡s s✐st❡♠❛s✳

❆♣❧✐❝❛♠♦s ❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡s❡♥✈♦❧✈✐❞❛ ♥♦s s✐st❡♠❛s ❝♦♠ ♠❡t✐❧①❛♥t✐♥❛s ♣❛r❛

❡st✉❞❛r ❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡ s♦❧✈❛t❛çã♦ ❡♠ ♦✉tr♦s ❞♦✐s ✜t♦❢ár♠❛❝♦s ✭✈♦❛❝❛♥❣✐♥❛ ❡

❝♦r♦♥❛r✐❞✐♥❛✮ ♦❜t✐❞♦s ♣♦r ❡①tr❛çã♦ s✉♣❡r❝rít✐❝❛ ❞❡ ♣❧❛♥t❛s ♥❛t✐✈❛s ❞♦ ❇r❛s✐❧✳

❆ ❢✉♥çã♦ ❣ss✭s✮ ♥♦s ♣❡r♠✐t✐✉ ♦❜t❡r ❛s ❞✐str✐❜✉✐çõ❡s ❞❡ s♦❧✈❡♥t❡s ❡♠ t♦r♥♦ ❞♦s

s♦❧✉t♦s ✐♥❞❡♣❡♥❞❡♥t❡♠❡♥t❡ ❞❛ ❢♦r♠❛ ❞❡st❡s s♦❧✉t♦s ❡ ❛tr❛✈és ❞❡ss❛ ❢✉♥çã♦ ❝❛❧❝✉✲

❧❛r♠♦s ♦ ♥ú♠❡r♦ ❞❡ ❝♦♦r❞❡♥❛çã♦ ❞❡ ♣r✐♠❡✐r❛ ❝❛♠❛❞❛ ❞❡ s♦❧✈❛t❛çã♦✳ ❱✐s✉❛❧✐③❛♠♦s

♦ ❢❡♥ô♠❡♥♦ ❞❡ ❛✉♠❡♥t♦ ❞❡ ❞❡♥s✐❞❛❞❡ ❧♦❝❛❧ ♦❜s❡r✈❛❞♦ ❡♠ s✐st❡♠❛s ❝♦♠ ✢✉✐❞♦s s✉✲

♣❡r❝rít✐❝♦s✳ ❆ ❛❞✐çã♦ ❞❡ ❝♦✲s♦❧✈❡♥t❡ ❛♦ ❈❖2 s✉♣❡r❝rít✐❝♦ ✐♥t❡♥s✐✜❝❛ ❛s ✐♥t❡r❛çõ❡s

❡♥tr❡ s♦❧✈❡♥t❡s ❡ s♦❧✉t♦s ❝♦♠♦ ♣♦❞❡ s❡r ✈❡r✐✜❝❛❞❛ ♣❡❧♦ ❛✉♠❡♥t♦ ❞♦ ♣r✐♠❡✐r♦ ♣✐❝♦ ❞❛

❢✉♥çã♦ ❣ss✭s✮ ❡ ❝♦♥s❡qü❡♥t❡ ❛✉♠❡♥t♦ ❞♦ ♥ú♠❡r♦ ❞❡ s♦❧✈❡♥t❡s ♣r❡s❡♥t❡s ♥❛ ♣r✐♠❡✐r❛

❝❛♠❛❞❛ ❞❡ s♦❧✈❛t❛çã♦ ♥ã♦ ❡s❢ér✐❝❛✳ P❛r❛ ♦s ✜t♦❢ár♠❛❝♦s ❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡ ❡str✉✲

t✉r❛ ✐♥❞✐❝❛r❛♠ q✉❡ ❛ ✈♦❛❝❛♥❣✐♥❛ ❛♣r❡s❡♥t❛ ✉♠❛ ♠❛✐♦r ❛✜♥✐❞❛❞❡ ❝♦♠ ♦ s♦❧✈❡♥t❡ ♥❛

❝♦♠♣❛r❛çã♦ ❝♦♠ ❛ ❝♦r♦♥❛r✐❞✐♥❛✳

❆tr❛✈és ❞♦s ♠❛♣❛s ❞❡ ❝♦r❡s ❞❛s ❞❡♥s✐❞❛❞❡s r❡❧❛t✐✈❛s ♦❜s❡r✈❛♠♦s q✉❡ ❛s ❝❛♠❛❞❛s

❞❡ s♦❧✈❛t❛çã♦ ♥ã♦ sã♦ ❤♦♠♦❣ê♥❡❛s ❡①✐st✐♥❞♦ ❛❧❣✉♠❛s r❡❣✐õ❡s ♣r❡❢❡r❡♥❝✐❛✐s ♦❝✉♣❛❞❛s

♣❡❧♦s s♦❧✈❡♥t❡s✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ❡♠ t♦r♥♦ ❞❛s ❝❛r❜♦♥✐❧❛s✱ ♣r❡s❡♥t❡s ❡♠ t♦❞♦s ♦s

❛❧❝❛❧ó✐❞❡s ❡st✉❞❛❞♦s✳ ❖❜s❡r✈❛♠♦s q✉❡ ❡♥tr❡ ❛s ❝❛r❜♦♥✐❧❛s ❞♦s s♦❧✉t♦s ❡ ♦s s♦❧✈❡♥t❡s

❈❖2 ♦❝♦rr❡♠ ✐♥t❡r❛çõ❡s ❞♦ t✐♣♦ ✏❚✑✱ ❝❛r❛❝t❡ríst✐❝❛ ❞❡ ✐♥t❡r❛çõ❡s ❞♦ t✐♣♦ ❞✐♣♦❧♦✲

q✉❛❞r✉♣♦❧♦✳ ❖ ❝♦✲s♦❧✈❡♥t❡ ❡t❛♥♦❧ ❝♦♥❝❡♥tr❛✲s❡ ♥❛s r❡❣✐õ❡s ❡♠ t♦r♥♦ ❞♦ s♦❧✉t♦

♦♥❞❡ ❛ ❢♦r♠❛çã♦ ❞❡ ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ é ♣♦ssí✈❡❧✱ ♦❝♦rr❡♥❞♦ ✉♠❛ s♦❧✈❛t❛çã♦

♣r❡❢❡r❡♥❝✐❛❧ ♣❡❧♦ ❡t❛♥♦❧ ♥❡ss❛s r❡❣✐õ❡s✳

P❡❧♦s r❡s✉❧t❛❞♦s ❞❛s s✐♠✉❧❛çõ❡s é ❡♥❡r❣❡t✐❝❛♠❡♥t❡ ♠❛✐s ❢❛✈♦rá✈❡❧ ❛♦s s♦❧✈❡♥t❡s

♣❡rt❡♥❝❡r❡♠ ❛ ♣r✐♠❡✐r❛ ❝❛♠❛❞❛ ❞❡ s♦❧✈❛t❛çã♦ ❞❛s ❞✐♠❡t✐❧①❛♥t✐♥❛s t❡♦❜r♦♠✐♥❛ ❡

t❡♦✜❧✐♥❛ ❞♦ q✉❡ ❞❛ ❝❛❢❡í♥❛✳ ❊ss❛s ❞✐♠❡t✐❧①❛♥t✐♥❛s ♣♦ss✉❡♠ ❛✐♥❞❛ ✉♠❛ ❞✐♥â♠✐❝❛

r❡♦r✐❡♥t❛❝✐♦♥❛❧ ♠❛✐s rá♣✐❞❛s ❞♦ q✉❡ ❛ ❝❛❢❡í♥❛ ♣❛r❛ ✉♠ ♠❡s♠♦ ❡st❛❞♦ t❡r♠♦❞✐♥â✲

♠✐❝♦✳ ❆♣❡s❛r ❞❡ss❛s ♠❡❞✐❞❛s ♦❜s❡r✈❛✲s❡ ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡ q✉❡ ❛ s♦❧✉❜✐❧✐❞❛❞❡ ❞❛

❝❛❢❡í♥❛ é ♣❡❧♦ ♠❡♥♦s ❞✉❛s ♦r❞❡♥s ❞❡ ❣r❛♥❞❡③❛ s✉♣❡r✐♦r às ❞✐♠❡t✐❧①❛♥t✐♥❛s✳ ❊ss❡s

r❡s✉❧t❛❞♦s ♥ã♦ ❡stã♦ ❡♠ ❝♦♥tr❛❞✐çã♦ ❝♦♠ ♦s r❡s✉❧t❛❞♦s ❞❛s s♦❧✉❜✐❧✐❞❛❞❡s ❡①♣❡r✐♠❡♥✲

t❛✐s ♣♦✐s ❡♠ ♥♦ss❛s s✐♠✉❧❛çõ❡s ♦s s✐st❡♠❛s ❡r❛♠ ❢♦r♠❛❞♦s ♣♦r ✉♠ ú♥✐❝♦ s♦❧✈❡♥t❡✳

❘❡❢♦rç❛♥❞♦ ❛ ✐❞é✐❛ ❞❛ ✐♠♣♦rtâ♥❝✐❛ ❞❛s ✐♥t❡r❛çõ❡s s♦❧✉t♦✲s♦❧✉t♦✳
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❉❡ ✉♠❛ ♠❛♥❡✐r❛ ❣❡r❛❧ ❛s ❢✉♥çõ❡s ❞❡ ❝♦rr❡❧❛çã♦ r❡♦r✐❡♥t❛❝✐♦♥❛❧ ♣❛r❛ ❛s ❜❛✐①❛s

❞❡♥s✐❞❛❞❡s ❛♣r❡s❡♥t❛♠ ✉♠❛ ❞✐♥â♠✐❝❛ ♠❛✐s rá♣✐❞❛ ❞❡✈✐❞♦ à ♠❛✐♦r ❧✐❜❡r❞❛❞❡ ❞❡

♠♦✈✐♠❡♥t♦ ❞♦s s♦❧✉t♦s ♥❡ss❛s ❝♦♥❞✐çõ❡s✳ ❏á ♥❛ ❛❧t❛ ❞❡♥s✐❞❛❞❡ ♦ ♠♦✈✐♠❡♥t♦ ❞♦

s♦❧✉t♦ é ✐♠♣❡❞✐❞♦ ♣❡❧❛ ♣r❡s❡♥ç❛ ❞❡ ✉♠ ♥ú♠❡r♦ ♠❛✐♦r ❞❡ s♦❧✈❡♥t❡s r❡s✉❧t❛♥❞♦ ❡♠

✉♠❛ ❞✐♥â♠✐❝❛ ♠❛✐s ❧❡♥t❛✳ ❖ ❛❝rés❝✐♠♦ ❞❡ ❝♦✲s♦❧✈❡♥t❡ ♥❛s ♠✐st✉r❛s r❡❞✉③ ❛s ❞✐✲

♥â♠✐❝❛s r❡♦r✐❡♥t❛❝✐♦♥❛✐s ❡ ❞✐❢✉s✐✈❛s ♣♦✐s ❛s ✐♥t❡r❛çõ❡s s♦❧✉t♦✲s♦❧✈❡♥t❡ t♦r♥❛♠✲s❡

♠❛✐s ✐♥t❡♥s❛s ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♣❡❧❛ ❢♦r♠❛çã♦ ❞❡ ❧✐❣❛çõ❡s ❞❡ ❤✐❞r♦❣ê♥✐♦ ❞✐✜❝✉❧t❛♥❞♦

❛ ❞✐❢✉sã♦ ❞♦ s♦❧✉t♦ ❛tr❛✈és ❞♦ s♦❧✈❡♥t❡✳ ❖s ❝♦❡✜❝✐❡♥t❡s ❞❡ ❞✐❢✉sã♦ ♣❛r❛ ♦ s✐st❡♠❛

❝❛❢❡í♥❛✴❈❖2 ❝❛❧❝✉❧❛❞♦s ♣♦r s✐♠✉❧❛çã♦ ❝♦♥❝♦r❞❛r❛♠ ♠✉✐t♦ ❜❡♠ ❝♦♠ ♦s ✈❛❧♦r❡s ❡①✲

♣❡r✐♠❡♥t❛✐s✳

P❛r❛ ♦ ❢✉t✉r♦ ♦ ♦❜❥❡t✐✈♦ é ❡st✉❞❛r s✉❜stâ♥❝✐❛s ❞❡ ✐♥t❡r❡ss❡ ❝♦♠❡r❝✐❛❧ ❝♦♠♦

♦✉tr♦s ✜t♦❢ár♠❛❝♦s ❡ ó❧❡♦s ❡ss❡♥❝✐❛✐s ♦❜t✐❞♦s ❛ ♣❛rt✐r ❞❡ ❡①tr❛çã♦ s✉♣❡r❝rít✐❝❛✳

❖✉tr♦ ♦❜❥❡t✐✈♦ é ❞❡t❡r♠✐♥❛r ❛ ❡♥❡r❣✐❛ ❧✐✈r❡ ❞❡ s♦❧✈❛t❛çã♦ q✉❡ é ✉♠❛ ♠❡❞✐❞❛

✐♠♣♦rt❛♥t❡ ❞❛ ❛✜♥✐❞❛❞❡ s♦❧✉t♦✲s♦❧✈❡♥t❡ q✉❡ ♣♦❞❡ s❡r ❞❡t❡r♠✐♥❛❞❛ ❡①♣❡r✐♠❡♥t❛❧✲

♠❡♥t❡✳ ➱ ❞❡✜♥✐❞❛ ❝♦♠♦ ❛ ❡♥❡r❣✐❛ ❧✐✈r❡ ❛ss♦❝✐❛❞❛ ❝♦♠ ❛ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ✉♠❛

♠♦❧é❝✉❧❛ ❞❡ s♦❧✉t♦ ❆ ❞❡ ✉♠❛ ♣♦s✐çã♦ ✜①❛ ❡♠ ✉♠ ❣ás ✐❞❡❛❧ ♣❛r❛ ✉♠❛ ♣♦s✐çã♦ ✜①❛

♥❛ s♦❧✉çã♦ ❇ ♠❛♥t❡♥❞♦ ✜①❛s ❛s t❡♠♣❡r❛t✉r❛ ❡ ♣r❡ssã♦✳

❯♠ ♠ét♦❞♦ ✉s✉❛❧ ♣❛r❛ ♦ ❝á❧❝✉❧♦ ❞❡ss❛ ❡♥❡r❣✐❛ ❧✐✈r❡✱ ❝♦♠ ♦ ❛✉①í❧✐♦ ❞❡ s✐♠✉❧❛çã♦

❝♦♠♣✉t❛❝✐♦♥❛❧✱ é ♦ ▼ét♦❞♦ ❞❛ ■♥s❡rçã♦✳ ◆❛ ♣rát✐❝❛ é ♠✉✐t♦ ♠❛✐s s✐♠♣❧❡s ✏r❡t✐r❛r✑

✉♠❛ ♠♦❧é❝✉❧❛ ❞❡ ✉♠❛ s♦❧✉çã♦ ❞♦ q✉❡ ✏✐♥s❡r✐r✑ ❛ ♠♦❧é❝✉❧❛ ♥❛ s♦❧✉çã♦ ❞✉r❛♥t❡ ✉♠❛

s✐♠✉❧❛çã♦✳ ❖ t❡r♠♦ ✏r❡t✐r❛r✑ ❡♠ s✐♠✉❧❛çã♦ é ♦ ❡q✉✐✈❛❧❡♥t❡ ❞❡ ❛♥✐q✉✐❧❛r ❛ ♠♦❧é❝✉❧❛

❞❡♥tr♦ ❞❛ s♦❧✉çã♦ ♦ q✉❡ é ❝♦♥s❡❣✉✐❞♦ r❡❞✉③✐♥❞♦✲s❡ ❣r❛❞❛t✐✈❛♠❡♥t❡ ♦s ✈❛❧♦r❡s ❞♦s

♣♦t❡♥❝✐❛✐s ❞❡ ✐♥t❡r❛çõ❡s ✐♥t❡r♠♦❧❡❝✉❧❛r❡s ❞❡ ❧❡♥♥❛r❞✲❥♦♥❡s ❡ ❡❧❡tr♦stát✐❝♦s ✭❞❡s❝r✐t♦s

♥♦ ❝❛♣ít✉❧♦ ✷✮ ❛té ③❡r♦✱ ✐st♦ é✱ ❛té ♦s s♦❧✈❡♥t❡s ♥ã♦ ✐♥t❡r❛❣✐r❡♠ ♠❛✐s ❝♦♠ ♦ s♦❧✉t♦✳

❊st❛ r❡❞✉çã♦ ❣r❛❞❛t✐✈❛ é ❝♦♥s❡❣✉✐❞❛ ♠✉❧t✐♣❧✐❝❛♥❞♦ ♦s ♣❛râ♠❡tr♦s ❞♦ s♦❧✉t♦ ♣♦r

✉♠ ❢❛t♦r λ q✉❡ ✈❛✐ ❞❡ ✶ ❛té ✵✳ ❆ ✈❛r✐❛çã♦ ❞❛ ❡♥❡r❣✐❛ ❝❛❧❝✉❧❛❞❛ ♥❡st❡ ♣r♦❝❡ss♦

❝♦rr❡s♣♦♥❞❡ ❛♦ ✈❛❧♦r ❞❛ ❡♥❡r❣✐❛ ❧✐✈r❡ ❞❡ s♦❧✈❛t❛çã♦ ❝♦♠ ♦ s✐♥❛❧ tr♦❝❛❞♦✳

❉✉r❛♥t❡ ♦ ❞♦✉t♦r❛❞♦ ♣r♦❝✉r❛♠♦s ❛♣❧✐❝❛r ❡st❡ ♠ét♦❞♦ ❛♦s s✐st❡♠❛s ❡st✉❞❛❞♦s✳

❊♥❢r❡♥t❛♠♦s ✈ár✐♦s ♣r♦❜❧❡♠❛s ❞✉r❛♥t❡ ♦s ❝á❧❝✉❧♦s ❡ ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♥ã♦ ❢♦✲

r❛♠ ❝♦♥✜á✈❡✐s ❞❡✈✐❞❛ à ✈ár✐♦s ❢❛t♦r❡s✱ ❡♥tr❡ ❡❧❡s✱ ♦s ♣r✐♥❝✐♣❛✐s ❢♦r❛♠ ♦ t❛♠❛♥❤♦

❞❛s ♠♦❧é❝✉❧❛s ❞♦s s♦❧✉t♦s ❡ ♦s ♥í✈❡✐s ❞❡ ❡♥❡r❣✐❛ ❡ t❡♠♣❡r❛t✉r❛ ❞❡ ✉♠ ✢✉✐❞♦ s✉✲

♣❡r❝rít✐❝♦✳ ❖ ♠ét♦❞♦ ❞❡s❝r✐t♦ ❢✉♥❝✐♦♥❛ ♠✉✐t♦ ❜❡♠ ♣❛r❛ ♠♦❧é❝✉❧❛s ♣❡q✉❡♥❛s ❡♠

❢✉♥çã♦ ❞❛s ♣❡rt✉r❜❛çõ❡s ♥❛ ❡str✉t✉r❛ ❞♦ s♦❧✈❡♥t❡ ❞❡❝♦rr❡♥t❡ ❞❛ r❡❞✉çã♦ ❞❡ ✐♥t❡♥s✐✲
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❞❛❞❡ ❞♦s ♣♦t❡♥❝✐❛✐s✳ ◆♦s ✢✉✐❞♦s s✉♣❡r❝rít✐❝♦s ❛s ❡♥❡r❣✐❛s ❡ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡ s✉❛s

✈❡❧♦❝✐❞❛❞❡s sã♦ ❛❧t❛s ❡ ❞✉r❛♥t❡ ❛s r❡❞✉çõ❡s ♥♦s ♣♦t❡♥❝✐❛✐s ❢♦✐ ♦❜s❡r✈❛❞♦ q✉❡ ❛❧❣✉♥s

s♦❧✈❡♥t❡s ❝❤❡❣❛✈❛♠ ❛ ❝r✉③❛r ♣♦r ❞❡♥tr♦ ❞♦s ❛♥é✐s ❞♦s s♦❧✉t♦s✱ ❡❧❡✈❛♥❞♦ ♠✉✐t♦ ❛

❡♥❡r❣✐❛ ❞❡ ✐♥t❡r❛çã♦ ❡ ♣r❡❥✉❞✐❝❛♥❞♦ ♦s ❝á❧❝✉❧♦s✳

▼✉✐t♦ r❡❝❡♥t❡♠❡♥t❡ ▼❛r❦ ▼❛r♦♥❝❡❧❧✐ ❡ ❩❡♥✐♥ ❙✉ ♣✉❜❧✐❝❛r❛♠ ✉♠ tr❛❜❛❧❤♦ ♦♥❞❡

❝❛❧❝✉❧❛r❛♠ ❛ ❡♥❡r❣✐❛ ❧✐✈r❡ ❞❡ s♦❧✈❛t❛çã♦✱ ♣❛r❛ ✉♠❛ sér✐❡ ❞❡ s♦❧✉t♦s ❡♠ ❞✐❢❡r❡♥t❡s

s♦❧✈❡♥t❡s✱ ❝♦♠ ✉♠❛ ❣r❛♥❞❡ ♣r❡❝✐sã♦ ❛tr❛✈és ❞❡ ✉♠❛ ✈❛r✐❛çã♦ ❞♦ ♠ét♦❞♦ ❞❡ ✐♥s❡rçã♦✳

❊st❡ ♥♦✈♦ ♠ét♦❞♦ é ❡s♣❡❝í✜❝♦ ♣❛r❛ ✢✉✐❞♦s s✉♣❡r❝rít✐❝♦s ❡ ♠✐♥✐♠✐③❛ ♦s ♣r♦❜❧❡♠❛s

r❡❢❡r❡♥t❡s ❛♦s t❛♠❛♥❤♦s ❞♦s s♦❧✉t♦s ❡ ❡♥❡r❣✐❛s ❡♥✈♦❧✈✐❞❛s ❬✼✺❪✳ ❖ ♠ét♦❞♦ ❝♦♥s✐st❡

❜❛s✐❝❛♠❡♥t❡ ❡♠ r❡❛❧✐③❛r ✉♠❛ s✐♠✉❧❛çã♦ ♥♦ ❡♥s❛♠❜❧❡ ◆P❚ ❝♦♠ ♦ s♦❧✈❡♥t❡ ♣✉r♦

♥❛s ❝♦♥❞✐çõ❡s t❡r♠♦❞✐♥â♠✐❝❛s ❞❡ ✐♥t❡r❡ss❡✳ ◆❛s ❝♦♥✜❣✉r❛çõ❡s ❣❡r❛❞❛s ❧♦❝❛❧✐③❛r

❝❛✈✐❞❛❞❡s ♦♥❞❡ ♦ s♦❧✉t♦ ♣♦ss❛ s❡r ✐♥s❡r✐❞♦ s❡♠ s♦❜r❡♣♦s✐çã♦ ❝♦♠ ♦ s♦❧✈❡♥t❡✳ Pr♦✲

❝❡❞❡r ♦ ❝á❧❝✉❧♦ ❞❛ ❡♥❡r❣✐❛ ❞❡ ✐♥t❡r❛çã♦ ❡♥tr❡ ♦ s♦❧✉t♦ ❡ ♦s s♦❧✈❡♥t❡s ♣❛r❛ ❞✐✈❡rs❛s

♦r✐❡♥t❛çõ❡s ❞♦ s♦❧✉t♦ ♥❛ ❝❛✈✐❞❛❞❡ ❡ ❣❡r❛r ❛s ♠é❞✐❛s ❞❡ss❛ ❡♥❡r❣✐❛ ❞❡ ✐♥t❡r❛çã♦ q✉❡

s❡rã♦ ✉s❛❞❛s ♥♦ ❝á❧❝✉❧♦ ❞❛ ❡♥❡r❣✐❛ ❧✐✈r❡✳ ◆♦ss❛ ✐♥t❡♥çã♦ é ❛♣❧✐❝❛r ❡st❛ ♠❡t♦❞♦❧♦❣✐❛

❞❡ ❝á❧❝✉❧♦ ♥♦s s✐st❡♠❛s ❥á ❡st✉❞❛❞♦s ❡ ♥♦s ❢✉t✉r♦s ❡st✉❞♦s ❝♦♠ ♥♦✈❛s s✉❜stâ♥❝✐❛s✳



Referências Bibliográficas
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❈❖2✳ ❏♦✉r♥❛❧ ♦❢ P❤②s✐❝❛❧ ❈❤❡♠✐str② ❇✱ ✶✵✻✿✼✾✼✸✕✼✾✽✵✱ ✷✵✵✷✳

❬✹✻❪ ❩✳ ❩❤❛♥❣ ❛♥❞ ❩✳ ❉✉❛♥✳ ❆♥ ♦♣t✐♠✐③❡❞ ♠♦❧❡❝✉❧❛r ♣♦t❡♥t✐❛❧ ❢♦r ❝❛r❜♦♥ ❞✐♦①✐❞❡✳

❚❤❡ ❏♦✉r♥❛❧ ♦❢ ❈❤❡♠✐❝❛❧ P❤②s✐❝s✱ ✶✷✷✿✷✶✹✺✵✼✕✷✶✹✺✷✷✱ ✷✵✵✺✳
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❬✹✼❪ ❲✳ ▲✳ ❏♦r❣❡♥s❡♥✳ ❖♣t✐♠✐③❡❞ ✐♥t❡r♠♦❧❡❝✉❧❛r ♣♦t❡♥t✐❛❧ ❢✉♥❝t✐♦♥s ❢♦r ❧✐q✉✐❞ ❛❧✲

❝♦❤♦❧s✳ ❏♦✉r♥❛❧ ♦❢ P❤②s✐❝❛❧ ❈❤❡♠✐str②✱ ✾✵✿✶✷✼✻✕✶✷✽✹✱ ✶✾✽✻✳

❬✹✽❪ ▼✳ ❊✳ ❱❛♥ ▲❡❡✉✇❡♥✳ Pr❡❞✐❝t✐♦♥ ♦❢ t❤❡ ✈❛♣♦✉r✲❧✐q✉✐❞ ❝♦❡①✐st❡♥❝❡ ❝✉r✈❡ ♦❢

❛❧❦♦♥♦❧s ❜② ♠♦❧❡❝✉❧❛s s✐♠✉❧❛t✐♦♥✳ ▼♦❧❡❝✉❧❛r P❤②s✐❝s✱ ✽✼✿✽✼✕✶✵✶✱ ✶✾✾✻✳

❬✹✾❪ ▲✳ ❙❛✐③✱ ❏✳ ❆✳ P❛❞ró ❛♥❞ ❊✳●✉àr❞✐❛✳ ❙tr✉❝t✉r❡ ❛♥❞ ❞②♥❛♠✐❝s ♦❢ ❧✐q✉✐❞ ❡t❤❛♥♦❧✳

❏♦✉r♥❛❧ ♦❢ P❤②s✐❝❛❧ ❈❤❡♠✐str② ❇✱ ✶✵✶✿✼✽✕✽✻✱ ✶✾✾✼✳

❬✺✵❪ ❏✳ ❆✳ P❛❞ró✱ ▲✳ ❙❛✐③ ❛♥❞ ❊✳ ●✉àr❞✐❛✳ ❍②❞r♦❣❡♥ ❜♦♥❞✐♥❣ ✐♥ ❧✐q✉✐❞ ❛❧❝♦❤♦❧s✿

❆ ❝♦♠♣✉t❡r s✐♠✉❧❛t✐♦♥ st✉❞②✳ ❏♦✉r♥❛❧ ♦❢ ▼♦❧❡❝✉❧❛r ❙tr✉❝t✉r❡✱ ✹✶✻✿✷✹✸✕✷✹✽✱

✶✾✾✼✳

❬✺✶❪ ❏✳ ❆✳ P❛❞ró✱ ▲✳ ❙❛✐③ ❛♥❞ ❊✳ ●✉àr❞✐❛✳ ❉✐❡❧❡❝tr✐❝ ♣r♦♣❡rt✐❡s ♦❢ ❧✐q✉✐❞ ❡t❤❛♥♦❧✳ ❆

❝♦♠♣✉t❡r s✐♠✉❧❛t✐♦♥ st✉❞②✳ ❚❤❡ ❏♦✉r♥❛❧ ♦❢ ❈❤❡♠✐❝❛❧ P❤②s✐❝s✱ ✶✶✸✿✷✽✶✹✕✷✽✷✷✱

✷✵✵✵✳

❬✺✷❪ ❏✳ ❱♦r❤♦❧③✱ ❱✳ ■✳ ❍❛r✐s♠✐❛❞✐s✱ ❇✳ ❘✉♠♣❢✱ ❆✳ ❩✳ P❛♥❛❣✐♦t♦♣♦✉❧♦s ❛♥❞ ●✳ ▼❛✉✲

r❡r✳ ❱❛♣♦r✰❧✐q✉✐❞ ❡q✉✐❧✐❜r✐✉♠ ♦❢ ✇❛t❡r✱ ❝❛r❜♦♥ ❞✐♦①✐❞❡✱ ❛♥❞ t❤❡ ❜✐♥❛r② s②st❡♠✱

✇❛t❡r✰❝❛r❜♦♥ ❞✐♦①✐❞❡✱ ❢r♦♠ ♠♦❧❡❝✉❧❛r s✐♠✉❧❛t✐♦♥✳ ❋❧✉✐❞ P❤❛s❡ ❊q✉✐❧✐❜r✐❛✱

✶✼✵✿✷✵✸✕✷✸✹✱ ✷✵✵✵✳

❬✺✸❪ ❏✳ ■✳ ❑♦❧❛❢❛✱ ■✳ ◆❡③❜❡❞❛ ❛♥❞ ▼✳ ▲ís❛❧✳ ❊✛❡❝t ♦❢ s❤♦rt✲ ❛♥❞ ❧♦♥❣✲r❛♥❣❡ ❢♦r❝❡s ♦♥

t❤❡ ♣r♦♣❡rt✐❡s ♦❢ ✢✉✐❞s✳ ✐✐✐✳ ❞✐♣♦❧❛r ❛♥❞ q✉❛❞r✉♣♦❧❛r ✢✉✐❞s✳ ▼♦❧❡❝✉❧❛r P❤②s✐❝s✱

✾✾✿✶✼✺✶✕✶✼✻✹✱ ✷✵✵✶✳

❬✺✹❪ ❇✳ ▼✳ ▲❛❞❛♥②✐ ❛♥❞ ▼✳ ▼❛r♦♥❝❡❧❧✐✳ ▼❡❝❤❛♥✐s♠s ♦❢ s♦❧✈❛t✐♦♥ ❞②♥❛♠✐❝s ♦❢ ♣♦❧②❛✲

t♦♠✐❝ s♦❧✉t❡s ✐♥ ♣♦❧❛r ❛♥❞ ♥♦♥❞✐♣♦❧❛r s♦❧✈❡♥ts✿ ❆ s✐♠✉❧❛t✐♦♥ st✉❞②✳ ❚❤❡ ❏♦✉r✲

♥❛❧ ♦❢ ❈❤❡♠✐❝❛❧ P❤②s✐❝s✱ ✶✵✾✿✸✷✵✹✕✸✷✷✶✱ ✶✾✾✽✳

❬✺✺❪ ❇✳ P❡r♥❣ ❛♥❞ ❇✳ ▼✳ ▲❛❞❛♥②✐✳ ▲♦♥❣✐t✉❞✐♥❛❧ ❞✐❡❧❡tr✐❝ ♣r♦♣❡rt✐❡s ♦❢ ♠♦❧❡❝✉❧❛r

❧✐q✉✐❞s✿ ▼♦❧❡❝✉❧❛r ❞②♥❛♠✐❝s s✐♠✉❧❛t✐♦♥ st✉❞✐❡s ♦❢ ❈❍3❈◆✱ ❈6❍6 ❛♥❞ ❈❖2✳

❚❤❡ ❏♦✉r♥❛❧ ♦❢ ❈❤❡♠✐❝❛❧ P❤②s✐❝s✱ ✶✶✵✿✻✸✽✾✕✻✹✵✺✱ ✶✾✾✾✳

❬✺✻❪ ❙✳ ❘✳ P✳ ❘♦❝❤❛✱ ❑✳ P✳ ❏♦❤♥st♦♥✱ ❘✳ ❊✳ ❲❡st❛❝♦tt ❛♥❞ P✳ ❏✳ ❘♦ss❦②✳ ▼♦❧❡✲

❝✉❧❛r str✉❝t✉r❡ ♦❢ t❤❡ ✇❛t❡r✲s✉♣❡r❝r✐t✐❝❛❧ ❈❖2 ✐♥t❡r❢❛❝❡✳ ❏♦✉r♥❛❧ ♦❢ P❤②s✐❝❛❧

❈❤❡♠✐str② ❇✱ ✶✵✺✿✶✷✵✾✷✕✶✷✶✵✹✱ ✷✵✵✶✳
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❬✺✼❪ ❙✳ ❘✳ P✳ ❘♦❝❤❛✱ ❑✳ P✳ ❏♦❤♥st♦♥ ❛♥❞ P✳ ❏✳ ❘♦ss❦②✳ ❙✉r❢❛❝t❛♥t✲♠♦❞✐✜❡❞

❈❖2✲✇❛t❡r ✐♥t❡r❢❛❝❡✿ ❆ ♠♦❧❡❝✉❧❛r ✈✐❡✇✳ ❏♦✉r♥❛❧ ♦❢ P❤②s✐❝❛❧ ❈❤❡♠✐str② ❇✱

✶✵✻✿✶✸✷✺✵✕✶✸✷✻✶✱ ✷✵✵✷✳

❬✺✽❪ ❏✳ ❍✳ ❚✉r♥❡r✳ ▼♦♥t❡ ❈❛r❧♦ s✐♠✉❧❛t✐♦♥ ♦❢ ❢♦r♠✐❝ ❛❝✐❞ ❞✐♠❡r✐③❛t✐♦♥ ✐♥ ❛ ❝❛r❜♦♥

❞✐♦①✐❞❡ s♦❧✈❡♥t✳ ❏♦✉r♥❛❧ ♦❢ P❤②s✐❝❛❧ ❈❤❡♠✐str② ❇✱ ✶✵✽✿✶✶✼✶✻✕✶✶✼✷✶✱ ✷✵✵✹✳

❬✺✾❪ P✳ ❊t❡ss❡✱ ❏✳ ❆✳ ❩❡❣❛ ❛♥❞ ❘✳ ❑♦❜❛②❛s❤✐✳ ❍✐❣❤ ♣r❡ss✉r❡ ♥✉❝❧❡❛r ♠❛❣♥❡t✐❝

r❡s♦♥❛♥❝❡ ♠❡❛s✉r❡♠❡♥t ♦❢ s♣✐♥✲❧❛tt✐❝❡ r❡❧❛①❛t✐♦♥ ❛♥❞ s❡❧❢✲❞✐✛✉s✐♦♥ ✐♥ ❝❛r❜♦♥

❞✐♦①✐❞❡✳ ❚❤❡ ❏♦✉r♥❛❧ ♦❢ ❈❤❡♠✐❝❛❧ P❤②s✐❝s✱ ✾✼✿✷✵✷✷✕✷✵✷✾✱ ✶✾✾✷✳

❬✻✵❪ ❙✳ ❈✳ ❚✉❝❦❡r✳ ❙♦❧✈❡♥t ❞❡♥s✐t② ✐♥❤♦♠♦❣❡♥❡✐t✐❡s ✐♥ s✉♣❡r❝r✐t✐❝❛❧ ✢✉✐❞s✳ ❈❤❡♠✐❝❛❧

❘❡✈✐❡✇s✱ ✾✾✿✸✾✶✕✹✶✽✱ ✶✾✾✾✳

❬✻✶❪ ●✳ ●♦♦❞②❡❛r✱ ▼✳ ❲✳ ▼❛❞❞♦①✱ ❛♥❞ ❙✳ ❈✳ ❚✉❝❦❡r✳ ❉♦♠❛✐♥✲❜❛s❡❞ ❝❤❛r❛❝t❡✲

r✐③❛t✐♦♥ ♦❢ ❞❡♥s✐t② ✐♥❤♦♠♦❣❡♥❡✐t✐❡s ✐♥ ❝♦♠♣r❡s ✢✉✐❞s✳ ❏♦✉r♥❛❧ ♦❢ P❤②s✐❝❛❧

❈❤❡♠✐str② ❇✱ ✶✵✹✿✻✷✹✵✕✻✷✹✼✱ ✷✵✵✵✳

❬✻✷❪ ●✳ ●♦♦❞②❡❛r✱ ▼✳ ❲✳ ▼❛❞❞♦①✱ ❛♥❞ ❙✳ ❈✳ ❚✉❝❦❡r✳ ❖r✐❣✐♥s ♦❢ ❛t♦♠✲❝❡♥t❡r❡❞

❧♦❝❛❧ ❞❡♥s✐t② ❡♥❤❛♥❝❡♠❡♥ts ✐♥ ❝♦♠♣r❡ss✐❜❧❡ s✉♣❡r❝r✐t✐❝❛❧ ✢✉✐❞s✳ ❏♦✉r♥❛❧ ♦❢

P❤②s✐❝❛❧ ❈❤❡♠✐str② ❇✱ ✶✵✹✿✻✷✹✽✕✻✷✺✼✱ ✷✵✵✵✳

❬✻✸❪ ▲✳ ❆✳ ❋✳ ❈♦❡❧❤♦✱ ❏✳ ❱✳ ❖❧✐✈❡✐r❛ ❛♥❞ ❋✳ ❲✳ ❚❛✈❛r❡s✳ ❉❡♥s❡ ✢✉✐❞ s❡❧❢✲❞✐✛✉s✐♦♥

❝♦❡✣❝✐❡♥t ❝❛❧❝✉❧❛t✐♦♥s ✉s✐♥❣ ♣❡rt✉r❜❛t✐♦♥ t❤❡♦r② ❛♥❞ ♠♦❧❡❝✉❧❛r ❞②♥❛♠✐❝s✳

❇r❛③✐❧✐❛♥ ❏♦✉r♥❛❧ ♦❢ ❈❤❡♠✐❝❛❧ ❊♥❣✐♥❡❡r✐♥❣✱ ✶✻✿✸✶✾✕✸✷✾✱ ✶✾✾✾✳

❬✻✹❪ ▼✳ ❉✳ ❆✳ ❙❛❧❞❛ñ❛✱ ❘✳ ❙✳ ▼♦❤❛♠❡❞✱ ▼✳ ●✳ ❇❛❡r✱ P✳ ▼❛③③❛❢❡r❛ ❛♥❞ ●✳ ❇r✉♥♥❡r✳

❊①tr❛❝t✐♦♥ ♦❢ ♣✉r✐♥❡ ❛❧❦❛❧♦✐❞s ❢r♦♠ ♠❛té ✭■❧❡① ♣❛r❛❣✉❛②❡♥s✐s✮ ✉s✐♥❣ s✉♣❡r❝r✐✲

t✐❝❛❧ ❈❖2✳ ❏♦✉r♥❛❧ ♦❢ ❆❣r✐❝✉❧t✉r❛❧ ❛♥❞ ❋♦♦❞ ❈❤❡♠✐str②✱ ✹✼✿✸✽✵✹✕✸✽✵✽✱ ✶✾✾✾✳

❬✻✺❪ ▼✳ ❉✳ ❆✳ ❙❛❧❞❛ñ❛✱ ❘✳ ❙✳ ▼♦❤❛♠❡❞ ❛♥❞ P✳ ▼❛③③❛❢❡r❛✳ ❊①tr❛❝❝✐♦♥ ❞❡ ❛❧❝❛❧♦✐❞❡s
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