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ANOMALIAS DA AGUA
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ANOMALIAS DA AGUA

PHYSIOGRAPHERS lead us to believe that the earth
Is defended from a profound glaoa’uon cumulative
(from year to year, by the law that water Is heaviest at
a temperature of four degrees above centigrade zero.
it 1S desirable that this
measure should have its peculiar power set forth with
more precision than has been customary.

If the main cause lies here,

W. B. Croft

Nature, 1913

The Maximum Density of Water.

I rEarR Mr. W. B. Croft will get few to agree with
him in supposing that it would make little difference
in the conditions existing on the earth whether
water was at its maximum density at o° or at
4° above it (NaTurg, July 17). If water was
densest at o° there would be little surface ice, as
water does not change to ice at o° unless in the
presence of ice crystals or other solids. The ice-
cold water would therefore, after sinking, freeze when
it came in contact with the solid bottom, and we
would have much anchor ice and but little on the
surface. The small margin of only 4° does not seem
to be quite enough entirely to prevent anchor ice; still
we have reason to be thankful for these few degrees.

Joux. AITKEXN.
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ANOMALIAS DA AGUA

Water phase anomalies ¢

. Water has an unusually high melting point. [Explanation]

. Water has an unusually high boiling point. [Explanation]

. Water has an unusually high critical point. [Explanation]

. Solid water exists in a wider variety of stable (and metastable) crystal and amorphous structures than othe
materials. [Explanation]

. The thermal conductivity, shear modulus and transverse sound velocity of ice reduce with increasing press
[Explanation]

. The structure of liquid water changes at high pressure. [Explanation]

. Supercooled water has two phases and a second critical point at about -91 °C. [Explanation]

. Liquid water is easily supercooled but glassified with difficulty. [Explanation]

. Liquid water exists at very low temperatures and freezes on heating. [Explanation]

. Liquid water may be easily superheated. [Explanation]

. Hot water may freeze faster than cold water; the Mpemba effect. [Explanation]

. Warm water vibrates longer than cold water. [Explanation]

. Water molecules shrink as the temperature rises and expand as the pressure increases. [Explanation]

HWN =

w

Tl g Y
WNHOWOWNO

http://wwwl.Isbu.ac.uk/water/water_anomalies.html#bi
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Water phase anomalies

HWN =

w

Tl g Y
WNHOWOWNO

. Water has an unusually high melting point. [Explanation]

. Water has an unusually high boiling point. [Explanation]

. Water has an unusually high critical point. [Explanation]

. Solid water exists in a wider variety of stable (and metastable) cryst

. The thermal conductivity, shear modulus and transverse sound velo

d

materials. [Explanation]

[Explanation]

18.

CENOU B WNE

Water material anomalies

. No aqueous solution is ideal. [Explanation]

. D,0 and T,0 differ significantly from H,O in their physical properties. [Explanation]
. Liquid H,0 and D50 differ significantly in their phase behavior. [Explanation]

. Hy0 and D ;0 ices differ significantly in their quantum behavior. [Explanation]

The mean kinetic energy of water's hydrogen atoms increases at low temperature (disputed). [Explanation]

. Solutes have varying effects on properties such as density and viscosity. [Explanation]
. The solubilities of non-polar gases in water decrease with temperature to a minimum and then rise. [Explanation]
. The dielectric constant of water and ice are high. [Explanation]

— . : . The relative permittivity shows a temperature maximum. [Explanation]
. The structure of liquid water changes at high pressure. [Explanatior 1,

. Supercooled water has two phases and a second critical point at ab: 11.
. Liquid water is easily supercooled but glassified with difficulty. [Expl 12.
. Liquid water exists at very low temperatures and freezes on heating 13.
. Liquid water may be easily superheated. [Explanation]

. Hot water may freeze faster than cold water; the Mpemba effect. [E
. Warm water vibrates longer than cold water. [Explanation]

. Water molecules shrink as the temperature rises and expand as the

The relative permittivity shows a 'kink' in its behavior with the temperature at 60 °C. [Explanation]
The imaginary part of the dielectric constant shows a minimum near 20 K. [Explanation]

Proton and hydroxide ion mobilities are anomalously fast in an electric field. [Explanation]

The electrical conductivity of water rises to a maximum at about 230 °C. [Explanation]

4. The electrical conductivity of water rises considerably with frequency. [Explanation]
5. Acidity constants of weak acids show temperature minima. [Explanation]
6. X-ray diffraction shows an unusually detailed structure. [Explanation]
17. Under high pressure water molecules move further away from each other with increasing pressure; a density-

distance paradox. [Explanation]
Water adsorption may cause negative electrical resistance. [Explanation]

http://wwwl.Isbu.ac.uk/water/water_anomalies.html#bi
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Water material anomalies
Water phase anomalies ¢
. No aqueous solution is ideal. [Explanation]
. D,0 and T,0 differ significantly from H,O in their physical properties. [Explanation]
. Liquid H,0 and D50 differ significantly in their phase behavior. [Explanation]
. Hy0 and D ;0 ices differ significantly in their quantum behavior. [Explanation]
The mean kinetic energy of water's hydrogen atoms increases at low temperature (disputed). [Explanation]
materials. [Explanation] z %Iutesi hbalv:e varyf'ing effe::ts on propertit:s s:ch as densit':/tand visctosity.to[Epranation] e = ]
S . The solubilities of non-polar gases in water decrease with temperature to @ minimum and then rise. [Explanation
. The thermal conductivity, shear modulus and transverse sound velo . The dielectric constant of water and ice are high. [Explanation]
[Explanation] . i 9. The relative permittivity shows a temperature maximum. [Explanation]
. The structure of liquid water changes at high pressure. [Explanatior 10, The relative permittivity shows a 'kink' in its behavior with the temperature at 60 °C. [Explanation]
. Supercooled water has two phases and a second critical point at ab 11. The imaginary part of the dielectric constant shows a minimum near 20 K. [Explanation]
. Liquid water is easily supercooled but glassified with difficulty. [Expl 12. Proton and hydroxide ion mobilities are anomalously fast in an electric field. [Explanation]
. Liquid water exists at very low temperatures and freezes on heating 13. The electrical conductivity of water rises to a maximum at about 230 °C. [Explanation]
. Liquid water may be easily superheated. [Explanation] 4. The electrical conductivity of water rises considerably with frequency. [Explanation]

5. Acidity constants of weak acids show temperature minima. [Explanation]
- Hot water may freeze faster than cold water; the Mpemba effect. [E 6. X-ray diffraction shows an unusually detailed structure. [Explanation]

- Warm water vibrates longer than cold water. [Explanation] 17. Under high pressure water molecules move further away from each other with increasing pressure; a density-
. Water molecules shrink as the temperature rises and expand as the  distance paradox. [Explanation]

Water density anomalies 18. Water adsorption may cause negative electrical resistance. [Explanation]

. Water has an unusually high melting point. [Explanation]

. Water has an unusually high boiling point. [Explanation]

. Water has an unusually high critical point. [Explanation]

. Solid water exists in a wider variety of stable (and metastable) cryst

HWN =
PNV S WN

w

T g Y
WNHOWOWNO

. The density of ice increases on heating (up to 70 K). [Explanation]

. Water shrinks on melting. [Explanation]

. Pressure reduces ice's melting point. [Explanation]

. Liquid water has a high-density that increases on heating (up to 3.984 °C). [Explanation]

. The surface of water is denser than the bulk. [Explanation]

. Pressure reduces the temperature of maximum density. [Explanation]

. There is a minimum in the density of supercooled water. [Explanation]

. Water has a low coefficient of expansion (thermal expansivity). [Explanation]

. Water's thermal expansivity reduces increasingly (becoming negative) at low temperatures. [Expla
. Water's thermal expansivity increases with increased pressure. [Explanation]

. The number of nearest neighbors increases on melting. [Explanation]

. The number of nearest neighbors increases with temperature. [Explanation]

. Water has unusually low compressibility. [Explanation]

. The compressibility drops as temperature increases up to 46.5 °C. [Explanation]

. There is a maximum in the compressibility-temperature relationship. [Explanation]

. The speed of sound increases with temperature up to 74 °C. [Explanation]

. The speed of sound may show a minimum. [Explanation]

. 'Fast sound' is found at high frequencies and shows a discontinuity at higher pressure. [Explanatic
. NMR spin-lattice relaxation time is very small at low temperatures. [Explanation]

. The NMR shift increases to a maximum at low (suparcnnled) tamnaratiirac TEvnlanatiani

- The refractive index of water has a maximum value Wt tp://www | .Isbu.ac.uk/water/water_anomalies.htmli#bi

. The change in volume as liquid changes to gas is V.., .. gw. i ccem oy

LoOoONOOULTDA WN =

N NN = = = = S R e
N OWOLONOUTDAE WNF-O
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Water material anomalies

Water phase anomalies ¢
. No aqueous solution is ideal. [Explanation]
. D,0 and T,0 differ significantly from H,O in their physical properties. [Explanation]
. Liquid H,0 and D50 differ significantly in their phase behavior. [Explanation]
. Hy0 and D ;0 ices differ significantly in their quantum behavior. [Explanation]
The mean kinetic energy of water's hydrogen atoms increases at low temperature (disputed). [Explanation]
materials. [Explanation] ; %Iutesi hbalvte varyf'ing effe;:ts on propertief s:ch as densit':/tand visctosity.to[Explanation] e = ]

S e solubilities of non-polar gases in water decrease with temperature to a minimum and then rise. [Explanation
. The thermal conductivity, shear modulus and transverse sound velo . The dielectric constant of water and ice are high. [Explanation]

[Explanation] . i 9. The relative permittivity shows a temperature maximum. [Explanation]
. The structure of liquid water changes at high pressure. [Explanatior 10, The relative permittivity shows a 'kink' in its behavior with the temperature at 60 °C. [Explanation]
. Supercooled water has two phases and a second critical point at ab 11. The imaginary part of the dielectric constant shows a minimum near 20 K. [Explanation]
. Liquid water is easily supercooled but glassified with difficulty. [Expl 12. Proton and hydroxide ion mobilities are anomalously fast in an electric field. [Explanation]
. Liquid water exists at very low temperatures and freezes on heating 13. The electrical conductivity of water rises to a maximum at about 230 °C. [Explanation]
. Liquid water may be easily superheated. [Explanation] 14, :‘I\’h?1 _;Ilectricil c:)snd?ctivitky of dv;atﬁr ristes consigerably \{vith f{gqulency.' [E;(planation]
5. Acidity constants of weak acids show temperature minima. [Explanation

- Hot water may freeze faster than cold water; the Mpemba effect. [E 6. X-ray diffraction shows an unusually detailed structure. [Explanation]
. Warm water vibrates longer than cold water. [Explanation] 17. Under high pressure water molecules move further away from each other with increasing pressure; a density-
. Water molecules shrink as the temperature rises and expand as the  distance paradox. [Explanation]

Water density anomalies 18. Water adsorption may cause negative electrical resistance. [Explanation]

. Water has an unusually high melting point. [Explanation]

. Water has an unusually high boiling point. [Explanation]

. Water has an unusually high critical point. [Explanation]

. Solid water exists in a wider variety of stable (and metastable) cryst

HWN =

Ul
PONOU A WN

T g Y
WNHOWOWNO

. The density of ice increases on heating (up to 70 K). [Explanation]

. Water shrinks on melting. [Explanation]

. Pressure reduces ice's melting point. [Explanation]

. Liquid water has a high-density that increases on heating (up to 3.984 °C). [Explanation]
. The surface of water is denser than the bulk. [Explanation]

Pressure r 1iman bha bamamavnbiiea Af maavimaiima danmcibls TEGalamabiaa’

. Thereisan . "
R Water physical anomalies

. Water's thel
. Water's thel
. The numbe
. The numbe
. Water has t

LoOoONOOULTDA WN =

1. Water has unusually high viscosity. [Explanation]

2. Large viscosity and Prandtl number increase as the temperature is lowered. [Explanation]

3. Water's viscosity decreases with pressure below 33 °C. [Explanation]

. The compre 4. Large diffusion decrease as the temperature is lowered. [Explanation]

.Thereisan 5, At low temperatures, the self-diffusion of water increases as the density and pressure increase. [/

- The speed ¢ g The thermal diffusivity rises to a maximum at about 0.8 GPa. [Explanation]
7
8
9
0.

L e S S
NOUThA WN - O

e speed 5 Water has unusually high surface tension. [Explanation]

. 'Fast sound'

. NMR spin-lz 8. Some salts give a surface tension-concentration minimum; the Jones -Ray effect. [Explanation]
. The NMR st

. The refracti 1

. The change

N = =
o w

. Some salts prevent the cor'~-~~==~ =f ===l ke bblon TFmlmemtie - !
The molar ionic volumes o http://www l.Isbu.ac. uk/water/water anomalies.html#bi
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N =



ANOMALIAS DA AGUA

Water phase anomalies ¢

HWN =

materials. [Explanation]

w

[Explanation]

. Liquid water may be easily superheated.
. Hot water may freeze faster than cold w
. Warm water vibrates longer than cold w
. Water molecules shrink as the temperat

Water density anomalies

T g Y
WNHOWOWNO

. The density of ice increases on heati
. Water shrinks on melting. [Explanati
. Pressure reduces ice's melting point.
. Liquid water has a high-density that
. The surface of water is denser than

. Pressure rect:~nn Hhn bamamaenbien Al

. Water has ¢
. Water's thel
. Water's thel
. The numbe
. The numbe
. Water has t
. The compre
. Thereisan

LoOoONOOULTDA WN =

L e S S
NOUThA WN - O

. The speed (
. 'Fast sound'
. NMR spin-lz
. The NMR st
. The refracti 1
. The change

NNN = =
N = O Wwom

. Water has an unusually high melting point. [Explanation]

. Water has an unusually high boiling point. [Explanation]

. Water has an unusually high critical point. [Explanation]

. Solid water exists in a wider variety of stable (and metastable) cryst

. The thermal conductivity, shear modulus and transverse sound velo

1. Water has unusually high viscosity. [Explanation]
2. Large viscosity and Prandtl number increase as the temperature is lowered. [Explanation]
3. Water's viscosity decreases with pressure below 33 °C. [Explanation]
4. Large diffusion decrease as the temperature is lowered. [Explanation]
5. At low temperatures, the self-diffusion of water increases as the density and pressure increase. [/
- The speed ¢ g The thermal diffusivity rises to a maximum at about 0.8 GPa. [Explanation]
7
8
9
0

Water material anomalies

. No aqueous solution is ideal. [Explanation]

. D,0 and T,0 differ significantly from H,O in their physical properties. [Explanation]

. Liquid H,0 and D50 differ significantly in their phase behavior. [Explanation]

. Hy0 and D ;0 ices differ significantly in their quantum behavior. [Explanation]

The mean kinetic energy of water's hydrogen atoms increases at low temperature (disputed). [Explanation]

. Solutes have varying effects on properties such as density and viscosity. [Explanation]

The solubilities of non-polar gases in water decrease with temperature to a minimum and then rise. [Explanation]
. The dielectric constant of water and ice are high. [Explanation]

. The relative permittivity shows a temperature maximum. [Explanation]

OCOENOU & WN -

. The structure of liquid water changes at high pressure. [Explanatior 10, The relative permittivity shows a 'kink' in its behavior with the temperature at 60 °C. [Explanation]
. Supercooled water has two phases and a second critical point at ab 11. The imaginary part of the dielectric constant shows a minimum near 20 K. [Explanation]

. Liquid water is easily supercooled but glassified with difficulty. [Expl 12. Proton and hydroxide ion mobilities are anomalously fast in an electric field. [Explanation]

. Liquid water exists at very low temperatures and freezes on heating }} The electrical conductivity of water rises to a maximum at about 230 °C. [Explanation]

Tha Alackvicanl candiistivibg AfF viabac vican cancidacallo bl fenmiinmm, FEUAlamatina

Water thermodynamic anomalies
1sity-
1. The heat of fusion of water with temperature exhibits a maximum at -17 °C. [Explanation]
2. Water has over twice the specific heat capacity of ice or steam. [Explanation]
3. The specific heat capacity (Cp and Cy) is unusually high. [Explanation]

4. The specific heat capacity Cp has a minimum at 36 °C. [Explanation]

5. The specific heat capacity (Cp) has @ maximum at about -45 °C. [Explanation]

6. The specific heat capacity (Cp) has a minimum with respect to pressure. [Explanation]
7. The heat capacitv (G) has a maximum. [Explanation]

-Thereisan WWater physical anomalies

nlanation]

. Water has unusually high surface tension. [Explanation]
. Some salts give a surface tension-concentration minimum; the Jones-Ray effect. [Explanation]

. Some salts prevent the cor'~-~~==~ =f ===l ke bblon TFmlmemtie - ! . .
. The molar ionic volumes o http://www l.Isbu.ac.uk/water/water_anomalies.html#bi



ANOMALIAS DA AGUA

Water phase anomalies

HWN =

w

. Water has an unusually high melting point. [Explanation]

. Water has an unusually high boiling point. [Explanation]

. Water has an unusually high critical point. [Explanation]

. Solid water exists in a wider variety of stable (and metastable) cryst
materials. [Explanation]

. The thermal conductivity, shear modulus and transverse sound velo

[Explanation]

=
WNHOW®ONO

Water density anomalies c‘

LoOoONOOULTDA WN =

N NN = = = = R
N OWOLONOUTDAE WNF-O

. The structure of liquid water changes at high pressure. [Explanatior 1,
. Supercooled water has two phases and a second critical point at ab: 11.
. Liquid water is easily supercooled but glassified with difficulty. [Expl 12.
. Liquid water exists at very low temperatures and freezes on heating 13.
. Liquid water may be easily superheated. '

. Hot water may freeze faster than cold w Water thermodynamm anomahes
. Warm water vibrates longer than o TRV —— - - =
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. The density of ice increases
. Water shrinks on melting. [EX
. Pressure reduces ice's melting:
. Liquid water has a high-dens@§
. The surface of water is densd .
. Pressure r

. Thereisan
. Water has ¢
. Water's the|
. Water's the|
. The numbe
. The numbe
. Water has t
. The compre
. Thereisan
. The speed (
. The speed (
. 'Fast sound'
. NMR spin-lz
. The NMR st
. The refracti
. The change

d Water material anomalies
. No aqueous solution is ideal. [Explanation]

. D,0 and T,0 differ significantly from H,O in their physical properties. [Explanation]

. Liquid H,0 and D50 differ significantly in their phase behavior. [Explanation]

. Hy0 and D ;0 ices differ significantly in their quantum behavior. [Explanation]

The mean kinetic energy of water's hydrogen atoms increases at low temperature (disputed). [Explanation]

. Solutes have varying effects on properties such as density and viscosity. [Explanation]

The solubilities of non-polar gases in water decrease with temperature to a minimum and then rise. [Explanation]
. The dielectric constant of water and ice are high. [Explanation]

. The relative permittivity shows a temperature maximum. [Explanation]

The relative permittivity shows a 'kink' in its behavior with the temperature at 60 °C. [Explanation]

The imaginary part of the dielectric constant shows a minimum near 20 K. [Explanation]

Proton and hydroxide ion mobilities are anomalously fast in an electric field. [Explanation]

The electrical conductivity of water rises to a maximum at about 230 °C. [Explanation]

ThAa Alackvicanl candiistbivibg AfF Ginbac vican cancidacabllo o

OCOENOU & WN -

dbh fenmiinnmms TCGAlamatinagl

el 1sity-
¥ °C. [Explanation]

o Bl A B A

Water physmal anomalles

1. Water has unusually high viscosity. [Explanation] slanation]
2. Large viscosity and Prandtl number increase as the temperature is lowered. [Explanation] -
3. Water's viscosity decreases with pressure below 33 °C. [Explanation]

4. Large diffusion decrease as the temperature is lowered. [Explanation]

5. At low temperatures, the self-diffusion of water increases as the density and pressure increase. [/

6. The thermal diffusivity rises to a maximum at about 0.8 GPa. [Explanation]

7. Water has unusually high surface tension. [Explanation]

8. Some salts give a surface tension-concentration minimum; the Jones -Ray effect. [Explanation]

9. Some salts prevent the cor'~-~~==~ ~f ===l b bblos TFmlommtie - !

0.

10. The molar ionic volumes o http://www l.Isbu.ac. uk/water/water anomalies.html#bi
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ESTRUTURA DA (MOLECULA DE) AGUA

Mecanica Quantica

U(ry,ra...,ry) = E¥(ry,re...,rn).

N 2v72
[Z (_h vz ¥ 'U(l'i)) + Z U(I'i,l‘j)
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Mecanica Quantica

h’v?
( U(ry,ry...,ry) = E¥(r;,ra...,ry).
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Mecanica Quantica
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Mecanica Quantica
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ESTRUTURA DA AGUA LIGACAO DE HIDROGENIO

"It is the hydrogen bond that determines the magnitude and
nature of the mutual interaction of water molecules and that is
consequently responsible for the striking thermodynamic and
spectroscopic properties of this uniquely important substance”
Linus Pauling - * The Nature of Chemical Bond”
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e e L e S e

Science

www.sciencemag.org

Science 1 July 2005:

Vol. 309 no. 5731 pp. 78-102

DOI: 10.1126/science.309.5731.78b

« NEWS

So Much More to Know ...

What is the structure of water?

Researchers continue to tussle over
how many bonds each H>O molecule makes

with its nearest neighbors.
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Researchers continue to tussle over
how many bonds each H>O molecule makes

with its nearest neighbors.
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E. Brini et al, Chem.Rev. 2017/, I'1 7, 12385— 12414



SIMULACOES COMPUTACIONAIS




SIMULACOES COMPUTACIONAIS




SIMULACOES COMPUTACIONAIS




SIMULACOES COMPUTACIONAIS




SIMULACOES COMPUTACIONAIS




SIMULACOES COMPUTACIONAIS

Soper (2013)
= Skinner (2014) |

PBE
— vdW-cx
— optB88

- — SCAN




ESTRUTURA DA AGUA LIGACAO DE HIDROGENIO

e s S e e A Eraeassss & e — e TR & R AR Eraieassss &
3.5 .
I 35— — Soper (2013) |
3¢ A - | = Skinner (2014) ~
- 3- - - PBE
25 /A L/, 1 — vdW-cx i
I Wy o5 // | — optB88 1
NI s | --scaN
s " ]
o ‘4 | . .

1.5

1;'

0.5

0

A] Estrutura tetraédrica



ESTRUTURA DA AGUA LIGACAO DE HIDROGENIO

fasa Eraieassss &
35 T I T I I
I R E— Soper (2013) |
3¢ A - 1 — Skinner (2014) |
i ’ 3 ~ - PBE 1
25 /A L/, 1 — vdW-cx i
i iy - 5L // | — optB88
5 i =0/ | --scaN
o]
]
(@)

1.5

1

05l
0 3 4 5 | 6 , o
A Estrutura tetraédrica
- é . P
,," #J JJ ’,
5 J‘ R ‘Q“)
Q‘.1 '?;-5‘ )*‘JJ Q.‘ ‘ l’u
9 > yo
?‘g‘ J *'&3 ‘ * Mt /** ,f-)
- ) 3 J. v ) 9
QJ :{J“Q’ - d ‘;:J ?f



ESTRUTURA DA AGUA: GELO

;ﬁ.} ?&
LU R S <
wd  w
S . 4
2 SIS S |

Gelo |h



ESTRUTURA DA AGUA: GELO

Gelo |h

R TR e e NI

o NI sy PRI Ay

Gelo € menos denso
que a agua liquida



ESTRUTURA DA AGUA-GELO

A
3
]
-
a v

Jindfich Soukup, William Pfalzgraff
Schola ludus 2010, Nové Hrady




ESTRUTURA DA AGUA-GELO

A
3
]
-
a v

Jindfich Soukup, William Pfalzgraff
Schola ludus 2010, Nové Hrady




GELO (S)

ry

ESTRUTURA DA AGUA

s

s ORIy

— 100

—1 300
v
=1 200

iceX 2.51g/cm?

SF g F ™

ice VIII 1.46 g/cm?

amjeradway

iceVl 1.31 g/cm?

1.17 g/cm?

ice ll

100

10

1.0

0.1

Pressure (GPa)

0.93 g/cm®

icel,

0.92 g/cm?

icel,



NSNS Ay

NI PPN Ay

TN A S A N S A

i adias e

COR DA AGUA

L G




‘MODOS NORMAIS DE VIBRAGAO |

http://www | .Isbu.ac.uk/water/water_vibrational_spectrum.html



‘MODOS NORMAIS DE VIBRAGAO |

http://www | .Isbu.ac.uk/water/water_vibrational_spectrum.html



‘MODOS NORMAIS DE VIBRAGAO |

O O O
2N N 7/ \
H H H H H H

Gl P
estiramento estiramento deformacao
simetrico assimetrico angular

~3657 cm’! ~3700 cm”! ~ 1600 cm!



ESPECTRO VIBRACIONAL

[t S S S SRS TR A i S S SR S A B S e SRR A A o R SR A A S A e SRS A s S T A I e S N S A R A A e e e
A
|°-'.
§ Jo v lce at 190 K
Q |" ‘.'
] [
— § [
2
Liquid at 25°C ',
Vapor at 25°C / .
y ,«J o N a,u,_, .
4000 swu 3&00 s«mu 3200 3000 ZA00

Wavenumber, cm’’

http://www | .Isbu.ac.uk/water/water_vibrational_spectrum.html



ESPECTRO VIBRACIONAL

A

5 Y lce at 190 K

[y

L

l—

Z

=g

;__Eiquid at 25°C ',
Vapor at 25°C ¢ :
\«ﬁ\ 'r‘ ' “\A &» L’" ---'-"---:,:;'-_--,
‘—'#

4000 3»80!.' 3600 3«10{.' 3200 SO0 2800

Wavenumber, cm’’

g\
P

http://www | .Isbu.ac.uk/water/water_vibrational_spectrum.html




COR DA AGUA

Comparison of absorption of H20 and D20

10
2
e 1
@
©
s
2 01
o

0.01

500 1000 1500
Wavelength (nm)

http://www.webexhibits.org/causesofcolor/5B.html



INTERFACES SOLIDO AGUA




INTERFACES SOLIDO-AGUA

N S R S O A S A D I A S A ST 2 A S A A i R S AP AR i R ST P A AN I IS O Ay I SN A AT S & A

0.15

=
=

SFG Intensity (a.u.)
e

e o
'8 =

2800 3000 3200 3400 3600 3800
IR Frequency (cm'')

J.C.C.S,, etal, JACS 140, 17141 (2018)



INTERFACES SOLIDO AGUA




INTERFACES SOLIDO-AGUA

R I S N A S A S PSS & S N I o ias o SO S AN TS S S AN MY VIS

s



INTERFACES SOLIDO-AGUA

e S =y < " > s sy

Solar Energy

H,O
Photocatalyst

+

. )
o
O\ o
r-b
H,O

2

s



INTERFACES SOLIDO-AGUA

R I S N A S A S PSS & S N I i o SO S AN TS S S AN MY PP A NN P S PRI Ay o R A A

Solar Energy

H,O
Photocatalyst

g
° \;Oz

T T

ELECTROLYTE |

ANODE CATHODE



INTERFACES SOLIDO-AGUA

e S =y

" . s SR sy adoc o

H,0 Solar Energy

Photocatalyst

4 O A AR A Ay Ay W &
B B B B
» » » » . » » » .
TN HYY
LR LR . R R B

.

-
»
»
»
»
»
»
-
»
-

»
»

-
»

»

- -
-

» »
» »

L —
L) |
Anode Electrolyte Cathode

J.Wang et dl,
J. Phys. Chem. C, 116, 14382 (2012) J. Phys. Chem. C, 116,4903 (2012)

M. K. Petersen et dal,



METAL-AGUA

Sl e s e et o e S SO S AN SIS S SN = o L ORIy adoc oo s sl <

METAL-AGUA (MONOCAMADA)

* Diferentes estruturas de dgua

Cu Pt

|45 K 140 K

O. Bjdrneholm et al, Chem. Rev., 116, 7698 (2016)



METAL-AGUA

N A S N P A S R S I T 2 R S A S i AN M P < AN ING A Ay PP ING Apy

METAL-AGUA (I H,O)

* Descrigao quantica

=312 5
_-003
=
0 e}
ol Classical : =
1 M | Theree Point change model —— Quaﬂtﬂm
F o1 %
s=3A12A 5
E_0.008 ’
E semiclassical |
0.010 Full ¢harge distri¥wstion
0 & § s
[

A. Poissier et al,
Phys. Chem. Chem. Phys., 13,3375 (2011)



SOLIDO-AGUA

e s e L PRI Ay PUIR Ay R R TS SRR

-

N/
X

X

0

q
L

R S——————————1

LSP et al, Chem. Science, 142, 034706 (2017)







Mecanica quantica

N
[Z( h2VQ + v(r; ) —|—ZU I'@,I']

U =FEV

2 1<J




Computacao alto desempenho




S

— P
'~ C
» 9]
o] ‘< o
v = £
g~ s
- n
<0 Z N O
- 4+ l®)
o 2
s ©
g = 9
3 :

<
A 2
AN Dl
= bkI& =
Nl @)
o

e

#
% B® P 4 i
P& P v I
- 4 . By ov&w. uv






ica

t

anica quan

N

Mec




=
) m .."..I..'.I.........'.
> ! =
o = L
R = e
g 2 2
N
v
AUa ZK o
o - =
o] \\I)/ ]
) o @)
e o) o
) (@
<0 T ©
) 5
e AN
= P& c
< o
)






ica

t

anica quan

N

Mec

=
VN
)
i
=
-
N
AN
+
\\l)/
=
>
+
AN
b g
S A

Computacao alto desempenho

Adv. Sustainable Syst. 4, 2000070 (2020)



Obrigada!




