
Ice Nucleation by Alcohols Arranged in Monolayers 
at the Surface of Water Drops 

Monolayers of aliphatic long-chain alcohols induced nucleation of ice at temperatures 
approaching O°C, in contrast with water-soluble alcohols, which are effective antifreeze 
agents. The corresponding fatty acids, or alcohols with bulky hydrophobic groups, 
induce freezing at temperatures as much as 12°C lower. The freezing point induced by 
the amphiphilic alcohols was sensitive not only to surface area per molecule but, for the 
aliphatic series (C,H,, + ,OH), to chain length and parity. The freezing point for 
chains with n odd reached an asymptotic temperature of 0°C for an upper value of 
n = 3 1; for n even the freezing point reached a plateau of - 8°C for n in the upper range 
of 22 to 30. The higher freezing point induced by the aliphatic alcohols is due to 
formation of ordered clusters in the uncompressed state as detected by grazing 
incidence synchrotron x-ray diffraction measurements. The diffraction data indicate a 
close lattice match with the ab layer of hexagonal ice. 

P URE WATER CAN BE SUPERCOOLED 

to temperatures of -20" to -40°C. 
Therefore the induction or inhibition 

of freezing of ice, in particular through the 
role of auxiliaries such as membranes or 
proteins, has far-reaching ramifications for 
the living and the nonliving world. Promo- 
tion of ice nucleation has been exploited in 
the induced precipitation of rain by silver 
iodide seeded in clouds (1, 2). On the other 
hand, it can result in wide scale damage to 
crops by frost bacteria (3, 4), which nucleate 
ice at -4°C. An intriguing example of inhi- 
bition involves the activity of antifreeze pro- 
teins in the blood serum of fish in polar seas; 
these proteins lower the freezing point by 
no more than TC,  but this small difference 
is vital for their survival (5 ) .  

Ice nucleation has been widely studied, 
yet the role played by auxiliaries involved in 
the promotion of ice nucleation is still ob- 
scure. Several mechanisms have been pro- 
posed, such as a lattice or structural match 
between the substrate and the nucleated ice 
crystal (6)  or an electric field present in the 
substrate that orients the water molecules to 
induce ice nucleation (7). In order to un- 
ravel the complexity of this process, we 
designed experiments where two such mech- 
anisms can be studied independently. We 
focus on the first effect and present the use 
of Langmuir monolayers for induced ice 
nucleation. 

Both compressed or uncompressed 
monolayers of amphiphiles can promote ori- 
ented crystal growth at the monolayer- 
solution interface. This induction was 
achieved by a structural fit or complemen- 
tarity between the attached face of the nu- 
cleated crystal and the hydrophilic head 
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groups of the monolayer (8 ,9) ,  the structure 
of which was independently determined by 
grazing-incidence x-ray diffraction (GMD) 
(10). The extent of oriented crystallization 
could be varied by using amphiphiles with 
different cross-sectional areas and thus 
change the degree of fit between the mono- 
layer and the nucleated crystal. 

The stable form of ice (Fig. 1) crystallized 
under atmospheric pressure is hexagonal, 
space group P6,lmmc, with axes a = b = 4.5, 
r = 7.3 A, y = 120" at -50°C (11). The 
crystal structure may be described, in terms 
of the 0 atoms, as composed of 0.9 thick 
bilayers parallel to the ab plane separated by 
2.75 A along the c axis. Each 0 atom 
participates in three 0 - H . - 0  hydrogen 
bonds within the bilayer and a fourth 
O-H-0  bond of 2.75 A interlinking the 
neighboring close-packed bilayers. The area 
per water molecule within a layer is a2sin 
120" = 17.5 A2. 

The crystalline structure of the com- 
pressed monolayer of the alcohol 
C2,H4,0H on water has recently been char- 
acterized by GIXD by Dutta, Rice, and 
co-workers (12). The unit cell of the crystal- 
line monolayer at temperatures just above 
0°C is distorted hexagonal, (Fig. 2A) with 
axes a = b = 4.5 A, y = 113", and area per 
molecule a2sin y = 18.6 A2. It may be more 
properly characterized as centered rectangu- 
lar, a' = 7.42 and b' = 5.00 A. The mo- 
lecular chain of C2,H4,0H appears to be 
slightly tilted with respect to the normal to 
the water surface. Thus the arrangement of 
its O H  head groups at the water surface 
would appear to mimic or complement a 
hexagonal layer of ice. The proposed struc- 
tural match between the monolayer and a 
layer of ice in the ab plane suggested that 
such monolayers should be efficient nuclea- 
tors of ice (Fig. 2B). 

Fig. 1.  Crystal structure of hexagonal ice. The 
oxygen atoms of each water molecule are denoted 
by a ball and the dsordered O-H.-0 hydrogen 
bonds by rods. The hexagonal a and c axes are 
specified. 

The freezing point measurements were 
carried out on-&o water drops of the same 
size (ranging from 10 to 40 ~ 1 )  placed on a 
cooling stage in a box purged by cooled 
nitrogen gas. One drop was completely cov- 
ered with a monolayer of the amphiphilic 
chain alcohol and the other with a reference 
material (13). As reference we used the 
corresponding long-chain fatty acid or the 
alcohol C3,H6,0H. In this way the effect of 
factors responsible for induction of nucle- 
ation, other than a difference in structural 
match, were eliminated. 

The freezing point measurements (Fig. 3) 
showed that aliphatic chain alcohols nucle- 
ate ice at higher temperatures, and with 
greater reproducibility than the analogous 
carboxylic acids. The freezing point of drops 
of pure water, by way of comparison, 
ranged from -20" to -25°C. " 

It is striking that the freezing point is 
sensitive to the length and parity of the 
chain of CnH2, + ,OH. The freezing point 
curve for the n-odd series increases a&mp- 
totically with chain length, approaching 0°C 
for n = 3 1. The n-even series behaves differ- 
ently; the freezing point curve reaches a 
plateau of about -8°C for n in the range of 
22 to 30. This trend suggests that just prior 
to ice nucleation, the orientation of the O H  
groups in the odd and even analogs are not 
the same, the former having a structural fit 
closer to the ab layer of ice (14). 

We recentlv uerformed GIXD measure- , L 

ments on the liquid surface diffractormeter 
at the synchrotron beamline D 4  at Hasylab 
on monolayers of C2,H4,0H, C3,H6,0H, 
C3,H6,0H, and C2,H,,C02H over pure 
water at 5°C (15). The measurements were 
made on monolayers in an uncompressed 
state at approximately 70% surface- cover- 
age. Diffraction peaks were observed for all 
four monolayers yielding coherence lengths 
(that is, the crystalline domain size) in the 
range of 300 to 1000 A that indicated 
pronounced crystalline self-aggregation 
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Table 1. Cell constants (unit cell dimensions ,I 

and 11 and the angle y, \vhere the area is a h  siny) of 
uncornpressed monolayers o\.er pure water at 
jot. 

indcates that the hydrocarbon alcohol 
forms well-ordered cnstalline clusters 
amidst a sea of Huorocarbo~l molecules ( 17). 

This study demonstrates rhat alcohols 
may act not only as antifreeze agents when 
present in solution but. when constrained to 
the water surface. fomm self-assembled clus- 
ters that are highly efficient ice nucleators by 
v i m ~ e  of a structural fit with that of ice. This 
n p e  of dichotomy has been obsemed previ- 
ously for a-amino acids i 8 )  and proteins 
invoked in biomineralization ( 1 8 ) .  The rel- 
atively high freezing point of pure lvater 
induced by some of the alcohols opens 
possibilities for the design of efficient auxil- 
iaries for cloud seeding. The results obtained 
also suggest that induced ice nucleation in 
biological systems such as frost bacteria (2. 
4 .  19) may involve a structural match or a 
deviation therefrom, but does not exclude 
other types of freezing mechanisms. 

A = /J Y ,111 sin-y 
Monolaver ( A )  (degrees) (A') 

Fig. 2. (A)  Distorted hexagonal lattice of a conl- 
pressed aliphatic alcohol monolayer on wrater. (B) 
The lattice of hexagonal ice as viewed along the c 
axis. The owgsn  atoms of nvo layers separated by 
0.9 A are depicted as one full and one dotted. 

(15). The dffraction spectrum of 
C,,H,,OH is sho\vn in Fig. 4. The unit 
cells of the uncompressed monolayers are 
given in Table 1. There is a good fit benveen 
the ~ i h  lattice of hexagonal ice and the ab  
lattices of three alcohols but not with that of 
the acid monolayer, in keeping with the 
freezing point measurements. We note the 
minor differences in cell dimensions of the 
C,, (tl-even) and C,, (ti-odd) monolayers. 
The intensity distribution of their Bragg rod 
diffraction data, which shall be analyzed 
elsewhere (14, indcates a difference in 
chain tilt angle of about 3" with an average 

R E F E R E N C E S  A N D  KOTES 

Fig. 4. Part ot a GIXD spectrum of an uncom- 
pressed monolaver ot C,,H,,OH o\er  pure \\ ater 
at 5°C n ~ t h  a n a~elength of 1 3875 a ( 19 
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value of about 10" from the normal water 
surface. Whether there is a closer match of 
the monolayer lattice to  that of ice at the 
freezing point must await further GIXD 
measurements. 

The effect of increasing the cross-sectional 
area of the alcohol was also monitored. 
Introduction of an amide function in the 

R. C. Schncll and C .  \'A. lor i i r t  263. 163 (1972); 
S. E. Lindolv. I) C .kin, C. I). Upper. P l ~ y r , ~ p , ~ -  
iliolop~' 68. .523 I 19 78 I .  
L.  R. h f k ~ .  E L Galyon, .\I. C h a i g  Chicn. D. I<. 
Col\\cll. . ippl . i f iLrohi(~i 28, 456 t 1974). 

L.  I)c\ 'r~cs, P l i i l , ~ ~  T ~ , I ~ I >  R .S(m 1.~m1~ioti Scr R  
3 M .  575 (19841: R E Fccnc!, T S. Burcham. Y. 
Tch. .if111 Rcl,  Rio,f~iiy,. B! ( lph) ,  C / ! E I ~ I .  15. 59 
t 1986). I). S.  C .  Yang. h f .  S a .  A Chdkrabat-q. C .  
L .  H e \ \ ,  S,~r i i r t  333. 232 (19881. 
K. Y. Fletcher, T h e  Clirrniu~l Pl iy , i~ i  ( ~ i l ~ r .  (Cam-  
brldgc L'niv, Press. (:minbrldgc. 19701, pp. 73-103. 
H. R Prappachcr, Z. .-\,(qcri, .\latii Piiyi 14. 590 
(19631 
E .\I Landau. h f .  L c l m o n .  L.  Lclscro\ritz. .\I. 
Lahal .  J Sag~v .  .\;~riirr. 318, 353 I 198.5) 
I tVc~ssbuch. G Bcrko \~c .  L Lcl \cronl tr .  hi. La- 
ha\ ,  -/ . i m  Cl ic~t i  SOL 112. 5874 t 1990). F, hi. 
Landau. R. Popovlt/-Rlro. h1. Lc\a ion .  L .  Lciscr- 
o ~ i v .  .\I. Lahav. .i1,11 C v , r  Li.1 C t y ~ r  134. 323 
i 19861: E h f .  Landau r.r oi . Piirr. 4ppi  Clictli 6. 673 
t 19891. E. .\I. Landau cr a1 . -/ .it71 Clictti SoL 111, 
1436 t 19891: S .  hfann. B Hc~?vood .  S Rajam. J 
I). Birchall. Soiiirr. 334. 692 ,1988) 

chain to  form the alcohol C,,H,,CONH- 
C,,H,,OH imposes a minor increase in 
molecular area from 20 to 24  A2 together 
with an increase in length of one of the axes 
from 4.5 to  4.9 A to enable N-H-0 
(amide) hydrogen bonding. This am- 
phiphile induces freezing at about - 12"C, 
distinctly lower than that of the ali~hatic 
alcohol of a similar length, as expected. 
Perfluorododecanol and cholesterol. which 
have molecular areas (28 and 38 A2, respec- 
t~vely) that are decidelv greater than the ah 
~ m ~ t  cell area of ice (17.5 A'), were poor ice 
nucleators. 

The effect on the freezing point by the 
extent of monolayer coverage on the water 
drop was also examined A series of mea- 
surements for C,,H,,OH shours that for 
coverage of 75% the nucleation temperature 
fell bv 2"C, as compared to 100% coverage 
For 50% coverage there was a drop In 
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Fig. 3. Freezing points of drops of supercooled 
water covered by monolayers of alcohols 
C"H,,+!OH, (n  even, and n odd, a) and 
carboxyhc ac~ds C"H,,+,CO,H (0). Freezing 
point curves are drawn separately for alcohols 
with n odd and n even. The error bars (+SD) for 
each point were derived from 10 t o  20  freezing 
point measurements. All materials, except for 
alcohols n = 23, 29, and 31  were purchased from 
Sigma and were specified 9 8  to 99% pure by 
capillar). gas chromatography. The alcohols 
n = 23, 29, and 31 were synthesi~x-d by reducing 
the corresponding methyl esters with L i W ,  and 
purified by colunln chromatography on silica gel 
using CH,Cl, as eluent. 

freezing point by about 8°C. In another set 
of measurements the monolavers were pre- 
pared from mixed amphiphilic solutions 
composed of C2,H4,0H and 
C,,F2,H40H. The pressure-area isotherms 
of this mixture showed that it does not form 
a solid solution but segregates into two 
phases. The freezing point stayed the same 
for mixtures with a molar fraction of the 
hydrocarbon alcohol down to -75%. Re- 
low this value till -25% the freezing point 
dropped by about 2°C. The first set of 
experiments suggest a reduced crystallinity 
of the monolayer due t o  incomplete cover- 
age ( I @ ,  whereas the second set of results 
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Chiral Symmetry Breaking in Sodium Chlorate 
Crystallization 

Sodium chlorate (NaC10,) crystals are optically active although the molecules of the 
compound are not chiral. When crystallized from an aqueous solution while the 
solution is not stirred, statistically equal numbers of levo (L) and dextro (D) NaCIO, 
crystals were found. When the solution was stirred, however, almost all of the NaC10, 
crystals (99.7 percent) in a particular sample had the same chirality, either lev0 or 
dextro. This result represents an experimental demonstration of chiral symmetry 
breaking or total spontaneous resolution on a macroscopic level brought about by 
autocatalysis and competition between L- and D-crystals. 

I N  N A T U R E  U T E  FIND STATES  O F  B R O K E N  

chiral synmetry at all levels, from ele- 
mentary particles to  the biosphere (1). 

Processes that lead to  trdnsitions from a 
chirally symmetric state to  a totally asym- 
metric state are thus of general interest. 
,.Uthough many mechanisms that produce 
totally asymmetric n~acroscopic states exist 
in theon  (2-4), none have been experillen- 
tally realized. The difficulty has been that 
these models require both autocatalysis and 
competition between the left- and the right- 
handed products. Here we report how so 
simple a process as constant stirring of the 
solution generates both autocatalysis and 
competition and thus cdn produce totally 
asymmetric macroscopic states of crystals 
that all have the same handeclness. 

The nucleation of achiral NaCIO, mole- 
cules to  form an optically active chiral crystal 
is an example of symmetry breaking, but at a 
microscopic level. In a npical crystallization, 
however, the chiral s y n m e t n  is restored, in 
that statistically equal numbers of L- dnd 
u-crystals are obtained, as \vas shown by the 
experiments of Kipping dnd Pope almost 
100 years ago (5). 

More recently, Pincock rt  a l .  ( 6 8 )  per- 
formed a careful statistical study on  1 , l ' -  
binaphthyl. For the proportion of molec~~les 
that crystallized in one of the two enantio- 
meric forms, they obtained a distribution 
that is close to a Gaussidn lvith a mean of 
50%. These experiments clearly showed that 
the nvo en~ntiomorphs will be found in 

Dcpartn>cnt ofChcnustn.. Box 7486. W'akc Forot  Unl 
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equal proportion, anv de\ iatlon from chiral 
sLrmmetn is a result of statistical fluctuation 
As Pincock et a1 note, "From t h ~ s  distr~bu- 
t ~ o n  ~t is apparent that obta~ning binaphthvl 
with An optical Purim abo\e 90 percent bv 
t h ~ s  method nould be a \ enr  exceptional 
e\ent (obsenable about one in 150 tr~es)" 
(6, p 1019) In order to  produce total 
asynmetrv of close to  100% In the product 
crstals in even. tnr ,  autocatahrs~s dnd com- 
petition between the L- and the D-cn stals 
are needed. 

Lye note that 111 cnstallization experl 
ments unequal numbers of L- and ~ - c ~ ' s t a l s  
are often encountered due to the presellce of 
inlpurities (9, 10). O n  the other hand, nu- 
merous studies [see, for exatnple, ( 1 1- I.?), 
dnd references therein] have investigated 
enantioselective crystallization induced by 
the presence of opticallv actne compounds, 
seeds, or other asvmmetric ~nfluences. In 
these cases, the predotninance of one ch~ral- 
15 is not due to  an intrlnslc mechan~sm of 
svmmetn. brealung and ~t does not occur 
spontaneously. 

F17e first performed the crystallizat~on 
w~thout  stlrring and found results s~milar to 
those found bf Kipping and Pope (5l: in a 
total of 1000 crystals obtained from 1 7  
diferent crystallizations, 525 \vere found to 
be levo and 475 \vere dextro. Of the 1 7  
cry~allizations, 8 produced slightly more L- 

than D-crystals because of statistical fluctua- 
tlOtlS 

The a b o ~ e  crvstallizations \\ere per- 
formed as follons. A solution of NaCIO, 
was prepared bv dissol\ ~ n g  - 100 g of Na- 
CIO, (of 99  9% pur~ty)  ~n -120 rnl of 

-25 ml of this  solution were transferred to  
se\,eral petri dishes and left for crystals to 
growr. The initial concentration was such 
that cooling alone did not produce any 
cnrstals; evaporation of the solution was 
necessan'. Temperature was not controlled, 
and it varied about 5 3°C. After 4 to 5 days, 
the cn~stals that arere large and opt~cally 
trdnsparent enough for the detect~on of op- 
tical rotation \i ere separated The smallest of 
these cnrstals n ere - 1 mm in sue  F17e used 
a pair of polarizers to  separate and count the 
L- and D-cnrstals LVhen arh~te l ~ g h t  is used, 
the c n  stals appear blue when the po la r~~crs  
are crossed and turn red on  rotating the 
analvzer clock\vise o r  ~nticlockwise depend- 
ing on the cnstal's handedness. For a i - n m  
c n  stal, the chdnge ~n color from blue to red 
occurs for a rotatlon of about 7" 

We found that constdnt stirring of the 
solution has a drarrlatic effect on the enanti- 
omorphic ratio of the NaCIO, crystals: in 
each satnple the crystals are almost all 
dextro- o r  all le\o-rotaton, T h ~ s  process 
occurred lv~thout  the need for careful con- 
trol of temperature o r  other cond_ltions. 

Samples of the NaCIO, solution (25 ml) 
prepared as descr~bed above \vere trdns- 
ferred to  several 100-ml beakers and stirred 
c o n s t ~ n t l ~  w ~ t h  a magnetic stirrer and a 12 
mm b\r 4 n m  by 4 I& Teflon stirbar. The 
beakers mere covered \v~th  tlssue paper to  
prevent dust part~cles from entering the 
system and to slolv the rate of evaporauon 
All of the stirrer speeds arere set at the same 
levcl (-100 rpm) As before, L- and 
u-cnrstals \vex separated and counted. 
These cnstals arere ~n general smaller and 
more numerous than those found In un- 
stirred experiments; they \vere also more 
rounded. 

In a total of 32 different cnstallizations, 
18 were predom~nantlv dextro arh~le 14 
were predom~nantly levo. No sample that 
produced crystals was discarded. In Table 
1 the cnrstal counts are shown for each 
of the 32 cn.stallizat~ons. Stirrers, ~71th filed 
direction of stirring, produced both L- and 
D-dom~natcd cn.stall~zat~ons in d~fferent 
nms A total of 11,829 cnrstals nere 
counted As can be seen trom the data, 
a n ~ ~ d s t  predom~nantlv L-cnstals a small 
number of D-cn stals grew and \ice \ ersa 
S~milar asynmmetric c n  stallization \vas also 
obta~ned when an overhead stlrrer nas  
uscd. 

In the 18 D-dominated crystallizations in 
Tablc 1, the fraction of n-crystals is found to 
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