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Thanks for your interest on the “sweet ice” problem. Perhaps I should
say “fragile ice” instead of “soft ice”. Please imagine frozen orange juice for
example.

Sugar molecules interact with water molecules through the hydrogen bond-
ing, whereas there is a Coulomb interaction between water molecules and ions.
Some sugars fit quite well to the hexagonal “holes” in the water network, and
hence it can be solubilized into the water enormously.

As far as the freezing is concerned, I think there is no big difference between
salt and sugar (or alcohol).

(i) There is a general behavior, i.e., the decrease of the melting temper-
ature. This is due to the gain in the mixing entropy of the solution. Below
this decreased melting point, pure ice coexists with denser solution at least in
equilibrium.

(ii) However there is also more complicated specific effect. It is likely that
solutes act as blockers against the ice crystal growth. There are only small
(but many) domains of pure ice crystal and denser solution fills in between.

Hence the system is fragile.

gbouogobodbobggboogbuoobooboobobuoooobuoobog
gboboboooogogn

In French and English this is called Sorbet or Sherbet as well (Sorbet is
water-base ice cream while sherbet is milk base). It is soft because it was
frozen under continuous movement and steer which prevent formation of large

ice crystals. I can assure you that if you put sugar and water in your freezer



you will get “hard” sweet ice like an popsicle. Of course it depends on the
temperature but at around —20C even sugary or salty water will rock freeze.

Maybe the crystal is an hydrated one. Many materials have such crystals.
But this doesn’t mean that they are soft. It does mean that they are fragile. I
know that cholesterol will cystallize in hydrated form. Many organic molecules
do.

I agree to your opinion. If indeed the temperature is not too low. But
this is exactly what one has with salt as well or with many solutes that are

expelled when they interfere with ice (crystal) formation.
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It’s just as you (Andelman) say. The expulsion of sugar from ice crysalites
prevents them from growing to large size, and keeps an unfrozen layer be-
tween them because of the melting-point depression. The little crystals then
slip across each other when you bite into them. Sugars are also used as “cryo-
protectants” in storing biological samples, to prevent shearing by crystaliza-

tion.
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Yes, it arises because of a morphological instability that is generic to the
phase diagram of the binary system and the conditions of solidification and
generally speaking we know that water solutions are highly unstable. The
instability is one slaved to the diffusion field and results in a cellular substruc-
ture of pure ice separating regions of high concentrated solution and hence in
bulk it is “soft”. Additionally, the impurities enhance the defect density as
well, and this is well studied in salt water. I wrote a Europhys. Lett. in 92
describing the instability itself and then a Geophys. Res. Lett. in 97 on how
convection influences the problem of relevance to the growth of ice in the polar

oceans.

10



02 0000000000000000000000000000000000000
000001000000

gbobuoggbugbobboobbuoodbboobbbooobbuooboboodon
gbogbobodbbobbuoobbouobbouobboobuoobobooboon
OO0 [10]0 [11)0 0000000000000 DO000O0ODOO000O00OOOOOoOODOO
O[1210000000000

6 UoLogoQd

000000000000 000 SO000o0O00ooosSooooOo (o)ooooo
gbobogdgbbooggooobobuogbobuoguooobboobbuoobboonoon
googobodbbooboobboobuoobbooobbuoooobooboon
Ooobooobooooboooooboooboobo sooboobooobooooobogo
gooo

obhoboooboooboooboobuooroboooo

guobboodgbbuooobbuoogbbooobboooboogoon
gooo

0000000000000 0000O0000O0000 1800000 o0oUoooDoOooo

11



ooobobobooobobooboobrboobooobobobobooobobonoog
000000000000 0O0000(0oooo0o0)0D00ooooooooooo
gogbobobooooobbuoobbuooboobobbogobooobboobobo
gbobogbobodbuoobobuoobuoobbuoobbbooboobbobooboon
gboboboooobbboooboboogobobuooboboogoobooo
gbuogodboogbuogoboogbbuogbbooboobogoobogbog
gboboguogoboogbbogbbbobbuoobboobobboobooobooon
gboobobuobodbbuoobbuoboooobboooboboooboobbo
O000000000000000000010)0000000000000O0Oo00ooOO
gboboggboogboodgobb2gbbooobbobogobobbuoobboon
0000 000000000 00000O0O000O0000O0OoooooooD (oo
gogobbobbbbbbbobbbbbobbootbouougooooooooooooon
0)000000000000000000000000000 [(BJooooooooo
000000OC0O0O0O0O0O0O000O0o0oOoooOoUoooOOoOoOOODO[4YoooooDoo
goboboogoboboooobobooooooo
gbooobuoobdbooobooobuobboobboobbuodabbooboo
Oglobooboboboobooboobooboobon

gboboboogobbobuoogobbboooooobooon

obooboooboobobooobobuoobobbobooboboyYybbooboooboo
gobogobodbbgobogbboobuoobobooooobuooobooboon
gbogbobuogboboobbuoobbodgbbobooooboobbooboon
gbobbuoogbbbuoooobbb
ooobdoboIloobobooboboobobobooobobobobobobobooo
gbobogobodobobuogbobobbuoobbuoobooobbbuooobooboon
obooooobooIoboobooboobobon

gbobbogoboouoobboodgbboooboooooobuogaon
gbobboodbbuodgbbobobuooboooobobbooboobon
gboodbboobuobbooobuoobobooboobbooobobon
gbobouogobboooobbo

gbobbuggboogoboboouobboooboooooboonon
gogogbbobbbbbdddddodouooooooooooon
gbogbbobobuodgbuogbbuoobuoobbbbbuoobuoobboo
gbobbbooooobbbbuogouoooobbbbuooooobobogn
goggbbobbbobobobobobbbbobbbboduuduooooooon
O0000000000000000000000000(000)0o0o0oOd

12



gbogobouogbobboobooboobuooboobooboobbon
0000000000000 000000000D0000 ([20-21)0)000
gboogbboobodbodgboobobbbuoobbuooboobbon
gbuogoubbudbodgbooboboobobobboobooboobbon
00000020210 000000000000O0O0O0O0OOOOOOO0O
gbooogooboboooooboo

gbobboodgbobbobooobbboogbbbooon
000000000000 00 (100000000000 00000O000OoooO
000000 (mushy layer)D0 000000 “mushy’00000000O0OOOOODOOO
gooboobobobbbbbbbbbboboboouobbduuuooooooooooon
godbboobboobobuoobboobooobuoobbbboobboboboon
0000 (0000)00000000000000000ooooooooooooOoO
gobobboboogggboboubobodoooboobbooooooobooooan
gbouogbboboobouugbobobbbuogbuoobbobboobbooboon
gbobbuoooobbbooobbboogbobbbuoogbo

T Dooooooooon

gbouogobodbuboboogbbogboogbuobuogboogboooboaa
gboogbobuboboobooobobuoobbodbbodgboooboooboon
gbouogbobogboboobbobb20cctbbogb3bboboobuoobougn
gbobboogobboboogooo

gbogbobgboogbobobogbobuobobuobuoooobobuooboooa
gogoobbobbobobobbbbbbbobobooodouoduuooooooooooon
gboodbbodgbbuogbbuoobbobbodobbuoooboobooobbabg
gboogbobuogbbuboogbobbuoobbuoboobbbbooboooboon
gbobogboobbodgbbobogbooboobboobbuoobbooboobon
gbogdbbogooobuoguobbuodbobobobooobuoobbooobooon
gbooobgo

gbbogdbbobobbuoobbooobuogboboobuoobbooooboo
googobuogbbboobobuogbobogbobbooboobobuoooooboon
gbobogobuogobuobobbuogbboobbuooboobuogoboboooobooon
gboodboobbbbuogboodboboboouobbuoobobboooboon
gbboogguogbboogbooboobbuoobbooobobobuoobbuoobobo
gbobogudbbogboboogbuogoboobboooobogbbooboon
OOobo0oooKODOOOooboooooooooboobobooobooobooboobooo

13



gboobooooobooo

gboogogougbboobd 2001080 400bugogbodboobbooo
sUubbdboboobuodbuoobuo0oNgHKDOODOOoboooboooooboooboo
gbbogbobuogbobouoooboobobboobooobuooboobbooboon
goooboobobogogobbbbbbobudooooboooboobboooooon
000000000000000000000 (bo)boooooooooooooo
gboogobodbuogobuodgboobbuooooboobuooboobooboon
gboobodgbdgbbuoobbodgbuooboboobbooboobbuooboboon
gbobogbooboobbuogboobbuoobbouobboobuoobobooboon
gboogobubogbooogbobbbuogbooboobuooooboobbooboon
gooobgad

gbobogobobbuogbbuodobbuoobobobboobboobobbooboo
gooobbobbbbbbbbbbbbbdddooioooooooooooobo
gbobogodgoboogboggbobogbooboboobbuoobbuoobboonoo
gboogobuodbobgoobobuodgboobooboobooobuoobbooboon
goo

obooooboog8b 4b00booboobooboobooboboboobonob
gbogbobodbbobbuoobbouobbobobboobuoobobooboon
gobbobbobboboddgoooobbobbobooooooobbbbooooon
gboboggoobbobbuogbuogbobuoobobobooooobobbuoobboon
gboboooobodboobooboobooboboobooobog

gbouogobodgbbugbodbuobobboobbuogboogobbuoadgbog
000000000000 00000000000 (00000 ooooooooooo
000000000000000O0)0000oooooo 1000ooooooooo
gbbogogosgbbuogdbbuoodgbobbooobbuoogbboobboooon
gbobobuoodgobood

gbobobuggbbboobbouoobobobooobbooogonn
gboboboooobbooooobbbdo

gouogoboobodbogobuogobboobuoobobobbooboobobon
gbbboooobbbooobbbboooob
gbobobouoogobbouoggbobboooobbboooobbboo

gbboodgbuogbbuboobooobuoobbuooobobooooab
gobobbboboobobbbbbbbbouoduduuouoooooooon
goo

14



gbgboobgboguboouboooboboobooobouogboaba
googobgbuodgbbougbbogbooobbobbboobobbon
gboogbboobugbbouobuobouobooboobbogbooon
gbbooogobbdoogan

gogdddgdddgooooooooobboobbbobboobon
gboogbboobodbogbogbbboobuoououoboooobon
goooo

gugbboodgbbuooobbooobboobbuooobboogon
gbuogbboobbdodgbuogobboobuodgbuoobbboobabon
goo

gbogbooboobbuogboobbuoobbobbuoobobuoobobooboon
gbobbuooobbbuoooobbn

gobobbouogoobobboomn

0000000000000 000000000oooDooDoOoDO 21%00000

gbobogobogobugbboboouoobuogbboobobobbooboa
gobogobuogbboobbobuogbobogbboboboobbooboobooon
gogobbbobobbobbbbbbbobobootouououuuooooooooooon
gbooggbogbbuobuoobbuoougobbodoobbooobobooboboon
gbobogbdoobbgoboogobuogbbobobogbbbboobbooboon
gboboggodobbodbbogbbuobooobboobooobboodooobnoboo
0000000000000 (000000 0)0oooo0ooooooooOoOooooQd
gbogbobuogbooobboobuooboboobobuooboboobbooboon
gooobgad

gbobogobogobboguooboobobobuoobbobogugboboooboa
000000000000 (@O)000000000000000oooooooooog
gboogbuogbbubuogbbuoobobbuoobbodobbooboooboon
gogbogobogbobbuoobobuoobobboooboboboobbooboon
gobobboogggobobooooobobobbouoooboboobbooooooobooo
gbobobogogoboood

gboogbogboobobodgbooboooboboobuoobobo
gboboboudg gobbobobdogooboboooooobobboooon
gooo

gboogobuogbbodgbogoooboobbuoobbbooboobbooboon
gbobboogobobbooobboboogobobuooobobboooon

15



O3 000000000000000DbaDb00000000000 50 pmmObOOO
0000000 100mO000c0000000000O [16)00000O

0000000000000 (1000000000000 00000ooooooo
gboboggbuboogoooogobobobbuoobbooogbooobbooboan
gbobgbodgboouodgbogbogubooboobboobobobooboboban
gbuogbobobobodbooobuoboobbboobobobbooboobbon
gobobbooggobobooooobbbooooobboooooboboboooon
gboogobodbogobodgboobbuogboobbuobbooobooboon
gbbboodgobbooon

8 Uognb

0000000000000 0000000O00000oooO fjoooooooo
gbobogodbbogboobobuoguoboobuooooboooboobbooboon
gbbogguobogoboogobogbuoboobobbogbbuoobboooon
gbogbobodbuoobboobdooobuooboobbodgboobobooboon
gboobobuogbbuodobbobdubuodobbuodbbooobbuoobboboon
gobobbouoggbobooooobboooooboboboooooboboboooon
goooboobbobbbbbobobobboboooooouuouuouooooooog

16



gboboggbooobuoggbbogbbogbobobobbobuooobooooon
godboboogbbogbooobuogoboobobuoogobuoobbooboon
oogboboobooorbooobooobobobobobooboboboboobgg
000000000000000000000000000000 I7joooooooo
gbobboooobbbogoboboogobobbuooboboboogoobooo
gbouogogbugbogbbodbuooobuooboobobodbboobuoonoog
googobubogbogbogbuogoboooobooooboobbooboon
gbodgbogbbboobbuoobbuodbbuodbbooboooooboboon
gboobobuogbbudbbodbuoooobbuooboobobuoobboobon
gobbbbobbbddgoooooboooooooooooobboooooon
gbobbuoooobobuogooboboooobbbooobboboooon
gbuogudgboodgbuogoboobbuboobbuouoooboobbodgboo
gboobobodbbobooboobbuoobbobboboobuoobobooboon
gogboboogbbogboooobboobboobuoogooboobboobooon
gobogobobogugbooobuogoboobbooboooobbooboon
gbbboodgobbboooobbbobbbooobbboooon

gbobboogobbbuooobobbboodgoboo

gbouogoboobodbogobbuodgbbooboobobobbooboobobon
gbboogboogboobbobooooboobbbboobobbooboboon
gbobobuogodgobobod

Ooon

1] 00000000 0DO0O000000000000O0O000200300M0(00O0
O00000,2003). 0000000000000

http://www.ntv.co.jp/ito-ke/

2] 00D00O0O0O,0000 0ODOOOOOOO(@OO0O, 2000).
B W.J.OOOOO,0000,0000000,00000000(000000, 1985).
4 OODOO0O0O,00000 OODOOOOOO(@OO, 1998).

5| 0000O0,0000000 0000000000000 (@MO0O0O0O0O0O00oO,
1977).

6) J0D0OO0O0O0O,0000000000000000(0OO00O0, 1987).

17



[7] http://www.comp.metro-u.ac.jp/ komura/nikki.html

[8] M. Elbaum and M. Schick, Phys. Rev. Lett. 66, 1713 (1991).

[9] http://psc.apl.washington.edu/staff/wettlaufer/wettlaufer.html
[10] J. S. Wettlaufer, Europhys. Lett. 19, 337 (1992).

[11] J. S. Wettlaufer, M. G. Worster, and H. E. Huppert, Geophys. Res. Lett. 24, 1251
(1997).

[12] J. S. Wettlaufer, Phys. Rev. Lett. 82, 2516 (1999).

[13] http://www.aist.go.jp/MEL/soshiki/tokatsu/News-t-1998/
NEWS1998-12-inada/NEWS1998-12-inada.html

[14] J. S. Langer, Rev. Mod. Phys. 52, 1 (1980).
[15] M. G. Worster and J. S. Wettlaufer, J. Phys. Chem. B 101, 6132 (1997).

[16) L. W.00OD0OO0O0,0000,0000,0000,0000,000000,000
000000 0000000000000000000(@00000000000
0oooo, 2002).

17 D0OoO0OO0O0O0OO0O0o0oOoooQ
http://www.asahi-net.or. jp/"qx7j-fkd/diary/2001Jun.html#20Jun
OO0oDOooooooog
http://www.asahi-net.or. jp/"qx7j-fkd/diary/2001Jun.html#22Jun
OO0oooooooon

http://www.asahi-net.or. jp/"qx7j-fkd/diary/2001Jun.html#28Jun

18



