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Phase diagram of water
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Metastable phase: Supercooled-water and glassy-water
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0. Mishima, Nature 396 (1998) 329

0. Mishima, = E 71 D2 & i, 13 (2003) 165.

M.Chaplin,“Water structure and behavior”

HGW : hyperquenched glassy water (if rapidly cooled)
I. Kohl, et al., Phys. Chem. Chem. Phys. 7 (2005) 3210.
V. Velikov, et al., Science 294 (2001) 2335.
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Both amorphous solid water(ASW) and crystalline ice (CI) are observed.

P. Ehrenfreund et al. | Planetary and Space Science 51 (2003 ) 473494
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Background
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Vapor

l Dosing on solid at <~120K, by <2nm/s

ASW : amorphous solid water

C. A. Angell, Ann. Rev. Phys. Chem. 55 (2004) 559.
T. Loerting, et al. J. Phys.: Cond. Matt. 18 (2006) R919.

ex) LDA (10~130K, UHV)
Heat

Supercooled water

P. G. Debenedetti, Nature, 410 (2001) 259.
P. G. Debenedetti, J. Phys.: Cond. Matt. 15 (2003) R1669.

?

/ LDA : low density amorphous ice
(0.94 g cm™3)
O. Mishima, et al. Nature 396 (1998) 329.
HDG : high density glassy water
(1.1gcm3)
A. H. Narten, et al., J. Chem. Phys. 64 (1976) 1106.
M. E. Palumbo, J. Phys.: Conf. Ser. 6 (2005) 211.
HDA : high density amorphous ice
(1.17 gcm2 at 0.1 Mpa, many dangling
bonds)
VHDA: M) ai g o plsra St oPpIsls ice
(1.26 g cm2 at 0.1 Mpa, many dangling bonds)

Heat

v

Crystalline ice: I, 0.93 g cm3

(fH@A‘E)

Crystalline ice: I,

(nexagonat)

T. Loerting, et al. Phys. Chem. Chem. Phys. 3 (2001) 5355.

Enthalpy

Temperature

R. S. Smith, et al, “water in confining geometries”
(2003) Edited by V.Buch, Springer
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energy

Amorphous Solid Water

o - the material density

Crystalline nucleus 1 - the chemical potential

amorphous

crystalline

v: the surface tension between the phase

Classical nucleation theory
Change in free energy when a nucleus forms:

4
AG(r) = Eﬁrsp(ycryst — ,uamorph) + 47rr27/

e T

Bulk term Surface term
negative positive
Barrier at: 0AG(r) =0 ; Barrier height: AG(r*)

or
. . * 2]/
Nucleus size at maximum: " =-—
p(:ucryst _luamorph)

e.g. : Backus et al., J. Chem. Phys. 121, 1038 (2004)
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Amorphous Solid Water
o - the material density
crystalline nucleus 4 - the chemical potential
v: the surface tension between the phase
Classical nucleation theory
\ Change in free energy when a nucleus forms:
4
AG(r) = gﬂ-rsp(/ucryst _/uamorph) + 47Z-r27/C|/ASW
amorphous T T
Bulk term Surface term
P negative positive
o
c
@ Barrier at: aA((;(r) =0 ; Barrier height: AG(r*)
r
; i * 271/ asw
_ Nucleus size at maximum: ' =- (- )
Crystal I Ine /0 lucryst luamorph

e.g. : Backus et al., J. Chem. Phys. 121, 1038 (2004)
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Amorphous Solid Water

crystalline nucleus

amorphous

crystalline

o - the material density
u : the chemical potential
v: the surface tension between the phase

Classical nucleation theory
Change in free energy when a nucleus forms:
1(4
AG(r) - E(gﬂ-r?)p(:ucryst o luamorph) + 47Z-r2?/CI | ASW )

e T

Bulk term Surface term
negative positive

e.g. . Backus et al., J. Chem. Phys. 121, 1038 (2004)
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crystalline nucleus

amorphous

crystalline

Amorphous Solid Water

o - the material density
u : the chemical potential
v: the surface tension between the phase

Classical nucleation theory

Change in free energy when a nucleus forms:
1(4
AG(r) - E(gﬂ-r?)p(:ucryst o luamorph) + 47Z-r2?/CI | ASW )

e T

Bulk term Surface term
negative positive

e.g. : Backus et al., J. Chem. Phys. 121, 1038 (2004)
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crystalline nucleus

amorphous

crystalline

Amorphous Solid Water

o - the material density
u : the chemical potential
v: the surface tension between the phase

Classical nucleation theory

Change in free energy when a nucleus forms:
1(4
AG(r) = E(gﬂ'rsp(ﬂcryst o zuamorph) + 47Z-r27/CI | ASW j

/ +7Z'r2(7/0|/air _7A3W/air")+ f(r)
Bulk term
negative Line tension

Surface terms

Additional terms affect for positive/negative??

NIV REDELLMLLHYSS

e.g. : Backus et al., J. Chem. Phys. 121, 1038 (2004)




HEE= EEILDAD=X L

BB IEIFECH S EDH (ZE ?/V/ILD ? FRE)?
(\/§X\/§)R300 Jkﬂ)ﬁﬂgff'@fff#tﬁﬁ

Modified Bernal-Fowler-Pauling rules [ZH€5:

(1) water is bound to the surface through oxygen lone pair orbital

(2) tetrahedral bonding configuration is maintained for water

(3) O has two H attached at 0.96 A with an H-O-H bond angle of 105°
(4) there is one hydrogen atom on each O-O axis

Side-view

D. L. Doering et al.,Surf. Sci. 123, 305 (1982).

™ Ru(0001

( ) Ru(0001) TOIERF /LR DIFF
D. L. Doering et al.,Surf. Sci. 123, 305 (1982).
P. A. Thiel et al., Surf. Sci. Rep. 7, 211 (1987).

M. A. Henderson, Surf. Sci. Rep. 46, 1 (2002).

THoH R [T “template effect” DAFAF

Top-view

Z. Dohnalek, et al, J. Chem. Phys. 110, 5489 (1999).
Z. Dohnélek, et al., J. Chem. Phys. 112, 5932 (2000).

D. L. Doering et al. Surf. Sci. 123, 305 1982). SR FINE DT H-EZZ 6475
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Crystalization initiates from Interface and/or bulk of ASW

B. Rowland et al., J. Chem. Phys. 102 (1995) 8328.
V. Buch et al., J. Phys. Chem. 100 (1996) 3732.
P. Lofgren et al., Surf. Sci. 367 (1996) L19.

Z. Dohnalek et al., J. Chem. Phys. 112 (2000) 5932.
P. Lofgren et al., Langmuir 19 (2003) 265.

Different case : _ 24 _ :

In the experiment of Backus er al.”” the surface phase transi-

Crystalization initiate tion is monitored indirectly via desorption rate of chloroform

and thus their experiment might not reproduce the behaviour

of the clean ice surface even though the chloroform is not

Denied by adsorbed during Lhu.ghasu Lranrsiliun but addrud to quenched

samples as a probe. The exclusion of desorption would have

Crystalization initiati led to a faster phase transition since surface defects that could

lead to crystallization with a covered surface would, with an
open surface, lead to most of those molecules desorbing.

BRE LY HF D BTS 7507,

E. H. G. Back

P. Ahlstrom, P. L
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(Isothermal temperature-programmed desorption, ITPD)
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“t” has been used to analyze
the crystallization Kkinetics!

ASW Crystalline R. S. Smith et al. Surf. Sci, 367 (1996) L13.
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[16]. ﬁ.“herefc-re, these‘phenomena should be attributed to
the morphological change of the liquidlike film rather
than the crystallization. The liquidlike behavior of water

EJ7+O0—DZE1E

R. Souda, Phys. Rev. Lett. 93 (2004) 235502.

phology of the water-ice surface.** The drastic change in the
desorption rate of water molecules at 160-165 K (Refs. 9
and 26) should be ascribed to the morphological change of
the liquidlike film rather than the crystallization.”” The crys-

EJARD—DEIL
R. Souda, J. Phys. Chem. 122 (2005) 134711.

amorphous domains. In reality, however, the reported
‘crystallization time” agrees with the onset time for dewett-
ing as observed in Fig. 3, so that these behaviors should be

BIFIKEDHEEIL

ascribed to the evolution of liquid phase rather than crys-

tallization. The presence of the dried area (holes) and water

R. Souda, Chem. Phys. Lett. 415 (2005) 146.



The morphological change of the ASW film should be
induced by the long-range translational diffusion of the water
molecules. This behavior 1s expected for the fluidized film. but
the molecular diffusion is prerequisite for crystallization as
well. The crystallization of water has been discussed extensively

in the studies of temperature-programmed and isothermal = D:)—G) gﬂ:
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bedded in the thick ASW films desorb explosively at around . !
160-165 K (Ref. 17) and explained this phenomenon by =E771-|:I~/—0)2"§1I:,
crystallization. In reality, however, the desorption rate of

molecules should be dependent on many other factors, such

as elass-liquid (or liquid-liquid) transition and the morphol-

ogy change of the film.
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Al s e
ASW Crystalline Crystalline Appearance of substrate
Morphological change

Desorption rate (arb. u.)

P. Lofgren et al., Langmuir 19 (2003) 265.
P.Ahlstrom et al., Phys.Chem.Chem.Phys. 6 (2004) 1890.
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Bulk state (surely crystallize??) G. Kimmel et al., Phys. Rev. Lett. 95 (2005) 166102.
Morphology ?7? (also by G. Zimbitas et al., J. Chem. Phys. 123 (2005) 174701.)



B HEY

Ru(0001) D7 EILI7RIK(ASW) D5 EILATEE
BASMTBHZE (LD, ECTh B, and ED LS ?)

Combination of ITPD, HAS and IRAS
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0‘3{‘{//
SEK
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ITPD N VY DIRRE
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Nozzle
\ Skimmer : IRAS
| .
HAS ITPD Aperture | He ﬂ"_‘”
GPIB RS-232C l »%  Mirror
PC I S =
Q-mass I Mirrors @ —
(HAL201) ! MCT detector
Q-mass 1 .
(MSO- P BaF view port
Aperture  |Aperture y\
‘ | ¥ Ruoory TC (C-type)
Pre-amplifier BaF view port}{ [\

Discriminator

Pulse counter

Mirror TC (K-type)

Mirror
LT .
/'\ ..... weee] Mirror

: ZnSe polarizer

IR source

Digital multimeter

PC

GPIB

T. Kondo, et al. Eur. Phys. J D 38 (2006) 129.

Pre-amplifier H

N

(A)

1 Source chamber : <3x107 Torr
2 Chopper chamber . <2x10-8 Torr
3 Scattering chamber  : < 1x10 19 Torr

4 Second chopper chamber: < 1x10 -19 Torr

5 Detector chamber : < 9x10 ‘1 Torr



Clean Ru(0001) surface

2 le

Ar ion bombardment (0.5keV, 20min.)

Annealing (1000K a few min.)
O, treatment (RT)

Flashing (up to 1560K)

I%’HEG)EEW&\

Low Energy Electron Diffraction
He atom scattering

Intensity (xlO6 )[arb.units]

0

Ru(0001)
T,= 800K
En.=60meV
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Scattering angle [deg.]



Adsorption of CO on Ru(0001)

CO Exposure [L]
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Preparation of D,O/Ru(0001)
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. Kondo, et al., Surf. Sci. 600 (2006) 3570




ChETIZEBEIN TES= Ru(0001) IZBI1T5HKD FIRBE T EE
(\3x+/3 )R30°

T 1o Many possibilities
’ ' H-side ?

dissociated ?
Space for H

Fig. 2. A DFT-optimized 1/2-dissociated, periodic water adlayer (top view) on a S-layer Ru(000 1) slab, with computed O-O separations given in A.
Large, medium and small spheres represent Ru, O and D atoms. The 4v/3 x 31/3 unit cell (dashed parallelogram) accommodates 24 water molecules
in a low symmetry, fully H-bonded network.

P. J. Feibelman, Chem. Phys. Lett. 389 (2004) 92.



CNETICRESNTET= Ru(0001) IZH+BIK D FI & L HE

Most stable structure is “dissociated phase” but essentially water is intact on Ru

Exceptionally high dissociation probability by the electron or x-ray
( N. S. Faradzhey, et al., Surf. Sci. 415 (2005) 165. and references therein)

For satisfying the experimentally observed work function and SFG

o tJ ("_ Transition

Desorption State

0.5:‘\ . s | and H-down mixing structure
>

Dissociated @ Proposed by DFT

300 S. Meng, Chem. Phys. Lett. 402 (2005) 384.

Energy (eV)

-0.53x2 -0.53x2
D-up D-down

0.77x2

_ Short chain
Short chain (flat and upright sequence) _
/oo / Chain structure models

n*ﬂ%‘i‘m :ﬁf are proposed !
‘ b i ot e g LEED, IRAS, DFT, work function
S. Haq, et al. Phys. Rev. B 73 (2006) 115414,

Our HAS, IRAS and TPD supports this view

T. Kondo, et al., Surf. Sci. 600 (2006) 3570
M. Thiam, T. Kondo, et al., J. Phys. Chem B 109 (2005) 16024.




Preparation of
D,O/CO/Ru(0001)
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Assignment was
based on

H. Ibach and D. L. Mills, “Electron energy loss
spectroscopy and surface vibrations”, (Academic
Press, New York, 1982).



OCO:~O'65 M I_ .

(5v3x5+/3) R30-CO/Ru(0001)

Preparation

Exposing the Ru(0001) surface
to ~20 L CO at ~120 K
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Accords with the literature:
H. Pfnar, et al.,Surf. Sci. 93, 431 (1980)

Helium diffraction
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N L L L
[1100] direction

~90 K

] IIIIIII-I

[HEN
o
w
N D
| IIIIII|
f ] IIIIIII

I I I
2 4 6
AK [A™Y

Accords with the literature:
J. Braun, et al., J. Chem. Phys. 106, 8262 (1997).
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D,0/ (5v3 x5+3)R30-CO/Ru(0001)
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Crystallization of ASW(D,0O) on Ru(0001)

T. Kondo, et al., J. Chem. Phys. 126 (2007) 181103, 1-5.



Analysis of IRAS spectra

OD stretch mode

Wavenumber [cm'l]

Wavenumber [cm'l]

Experimental result -
a : Crystalline ice
2800 Ly .
= r/\ b : Amorphous solid water
2700 =3
Sl
2600 'I' - - -
>
% : & Absorption intensity
- : = 5
2400 3 § b /\ \ I (U) = ao—Cryst ICryst (U) + bGASW IASW (U)
2300 \ Opsw = 0'67O-Cryst
2200 0 500 1000 1500 2000 2500 3000 3500 3000 2800 2600 2400 2200 2000 c.f. E. Backus, et al., Phys. Rev. Lett. 92 (2004) 236101.
Time [s] Wavenumber [cm™]
Fitting result Converted fraction Total weighted absorbance
2800 : 0.67a
. Fraction= - — 0.67a+b
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025 (0.67a+D0);,itia
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020 g 8 10 — I 1 I | 1 1 I 1 I 1 I 1 | 100
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Crystallization of ASW on Ru(0001)

152.5 K

4
1V

AN LR FHEREEL
HAS -

(REORE) |

FimiiatrEaT Al
ITPD <

Ru(0001)
58 ML

[arb. units] He intensity [counts/s]
. oH
gg%w.thp/{( Dui}p

1 1 1
=, w4

[snun qre] oz

[96] uonoel) paysAuo)

(BRBEKDFDH) | ¢
. = G00
( %'_' 80
g : 60
. s 2 40
&5‘]’5‘%5’“&“%% g S, 20
IRAS < = ;
(vop:/ VLD DK 2
fE £
\g 2200 M ' ; v
§ 1000 2000 3000 4400 5000 § 500 1 1000 1500 2000
: Time[s] : Fime [s]
< > B
Crystallization Crystallization

et RIZHE TS THELZHO>TIAOV—FILZRIE !

90UBCI0SY



BRiE - EmETILZAVWEBRIEA D =X LORH

Classical nucleation and growth model of isothermal solid-state phase transformation kinetics

/x: converted fraction [%]
_ 0 t: time [s]
4 (t) =100 {1_ exp(—(kt) )} [%] < k: crystallization rate constant

_N : parameter (mechanism of the crystallization)

M. J. Avrami, J. Chem. Phys. 7, 1103 (1939); 8, 212 (1940): 9, 177 (1941).

[T
o
o

n=1.4 :Heterogeneous growth

experiment: V|
Avrami equation

Converted fraction [%]

n = ~4.0 :Random nucleation 60 n=5 —- _
40 N=4: -cececese ]

and homogeneous growth 3. ]

Water in Confining Geometries, edited by V. Buch and J. 20 nN=3. ===- —

P. Devlin (Springer-Verlag, Berlin, 2003) N=2: =:= -

o

Our result is well fitted by 0 1000 2000 3000 4000

n=~35:5 V¥ LRHE. ROWEFRE 0



fREl : BRETILZ

IV RIE A W = X LDEHT

N)LYD

ATDZ V7 LR, RINFARRTHS

BIEAFERETIILZAWSCENTREIZLGS

EZETHIE
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§ 100 _— , : ?{
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= - ® 1605K -
© 60 A 156 K -
= - v 153K T
g n ¥ 1525K
‘é’ 20 L e 152K ]
o = — Model -
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E. H. G. Backus et al., J. Chem. Phys. 121, 1038 (2004).

For the model, “bulk nucleation” is applied
Nucleation grain diameter is selected as 3 ML

P. Ahlstrém, et al., Phys. Chem. Chem. Phys. 6, 1890 (2004).

= H L 7= Growth-rate & nucleation-rate

temperature [K]

desorption rate [ML/s]

growth rate [ML/s] bulk nucleation rate [ML?*s]

0 1000 2000 3000 4000 5000 6000

Time [s]

IV LB, FAREAD=XLTHSCENHERSNT-

152.2
152.4
153.0
155.0
156.0

160.6

1.28 x10? 4.3x107? 6.50x107
1.41x10? 4.6x10? 1.20%10°%
1.33x10% 48x102 2.00%10%¢
2.90%10% 0.10 1.85 %107
3.31x107 0.11 2.70x107
2.37x10% 0.25 4.00%10%




Activation energy of the ASW (~50 ML) crystallization on Ru(0001)

Arrhenius equation

WEFETT T T 7T T T T T T T T 7138
= - —E
Z - Crystallization time of ASW (~50 ML) . k = Aexp (_j
o 4+ | deposited on Ru(0001) RT
e 10§ 3 E 1
= - - In(k) = ——=+In(A)
S - - RT
2 3
s 10F E
o - . k : rate coefficient of the reaction
[ T B | T:temperature
> S 3
O - 3 A : pre-exponential factor (frequency factor)
101 :I— I ; E : activation energy of the reaction
58 59 60 6.1 62 63 64 65 6.6 R : gas constant (or Boltzmann constant)
1000/T [1/K]
Ecrystallize:65o * 25 meV

T. Kondo, et al., J. Chem. Phys. 126 (2007) 181103, 1-5.
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Amorphous solid water
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first-water-layer

Ru(0001) —

Crystalline ice grain
Time for the ASW
crystallization:

“7In ITPD

_ Morphological change
“Random nucleation”

“effectively homogeneous growth” M
/

“appearance of the first-water-layer”

=650 &+ 25 meV  \ W

T. Kondo, et al., J. Chem. Phys. 126 (2007) 181103, 1-5.
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T. Kondo, et al., Chem. Phys. Lett. 448 (2007) 121-126.



Converted fraction [%]

Grain size [ML]
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D,O / Ru(0001)
160.5 K
156 K
153 K
1525 K
152k (@)
— BB-model

1 I 1 I 1 I 1 I 1

® X 4> O

R, ~ O.S[JN M a- ;((t))dt}%

.
(1) : the fraction of the conversion

i from ASW to CI at the time t

0
0 1000 2000 3000 4000 5000 6000
Time [s : :
] [], —— < J N (T) : the crystalline nucleation rate
61 - . -
£ D,0/RU(0001) derived from model analysis
| e . : :
T  : the isothermal annealing
10 et (b)=
F 3 temperature
L S S R Bt e B -
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Aneealing temperature [K]

T. Kondo, et al., Chem. Phys. Lett. 448 (2007) 121-126.
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T. Kondo, et al., Chem. Phys. Lett. 448 (2007) 121-126.



Crystallization of ASW(D,0O) on CO/Ru(0001)

T. Kondo, et al., J. Chem. Phys. 127 (2007) 094703, 1-14.
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Activation energy of the ASW (~50 ML) crystallization on Ru(0001)

Arrhenius equation

[N
o
| | IIIIILI.|_

Crystallization time [s]
o

_|_ | IIIIIII| | IIIIIII|

® 50 ML Ru(0001)

A 50 ML CO/Ru(0001)
B 50 ML O/Ru(0001)
Vv 50 ML (2x1)-O/Ru(0001)
—&— EXxposure to the vacuum

-l ] IIIIIII| ] IIIIIII| | 11 IIII| ] IIIIIIII_

58 5.9

6.0 6.1 6.2 6.3 6.4 65 6.6
1000/T [L/K]

k = Aexp (ij
RT

In(k) :-%Tiﬂn(A)

k : rate coefficient of the reaction

T : temperature

A : pre-exponential factor (frequency factor)
E : activation energy of the reaction

R : gas constant (or Boltzmann constant)

Ecrystallize: 650 = 25 meV
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T. Kondo, et al., Surf. Sci. 600 (2006) 3570-3574.
T. Kondo, et al., Chem. Phys. Lett. 448 (2007) 121-126. Ecrystalllze_ 650 += 25 meV

T. Kondo, et al., J. Chem. Phys. 126 (2007) 181103, 1-5.
T. Kondo, et al., J. Chem. Phys. 127 (2007) 094703, 1-14.



