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STUDIES OF SURFACE PROPERTIES OF ICE USING NUCLEAR MAGNETIC RESONANCE 

Y. MIZUNO and N. HANAFUSA 

I n s t i t u t e  o f  Low Temperature Sc iences ,  HoWraido Un ive r s i t y ,  
Sapporo 060, Japan 

R 6 s d  - Des e e r i e n c e s  de rdsonance magndtique nucldaixe pul&e ont dt6 fai tes  
sur des pet i tes  particules de glace ayant un grand rapport surface/volume pour 
dtudier l a  couche quasi liquide (Q.L.L.) 2 l a  surface de l a  glace. La &pendance 
avec l a  t d r a t u r e  des caract6ristiques IWN e t  l e s  propridtds dynamiques te l les  que 
l e  temps de co r rd l a t i on  pour l e  mouvement de r o t a t i o n  e t  l e  c o e f f i c i e n t  
d'auto-diffusion de l a  Q.L.L. on t  6td ddcr i tes .  La frdquence du mouvement 
moldcaaire rotationnel dans l e  Q.L.L. e t  l e  coefficient d'autc-diffusion sont plus 
grands respectivement de 5 et 2 ordres de grandeur que dans l a  glace en volume. 

Abstract - Pulsed nuclear mgnetic resonance studies were carried out on small ice  
particles with large surface to volume ratios to investigate the so-called quasi- 
liquid layer (Q.L.L.) on an ice surface. The temperature dependence of features of 
the NMR spectra and dynamical properties such as the correlation time for rota- 
tional m t ion  and the self diffusion coefficient of the Q.L.L. were described. The 
frequency of the rotational mlecular mt ion  and the self diffusion coefficient 
were larger than those of bulk ice by about five orders and by two orders, respec- 
tively. 

I. In t roduc t ion  

It i s  gene ra l l y  accepted t h a t  a  mobile phase,  t he  so-ca l led  quasi-  
l i q u i d  l a y e r  ( Q . L . L . )  on an i c e  su r f ace ,  p l a y s  an important  r o l e  i n  
some phenomena which occur  a t  temperatures  nea r  below the  mel t ing  
p o i n t ,  such a s  snow metamorphism, s i n t e r i n g ,  adhesion,  a c c r e t i o n  and 
c r y s t a l  growth. Many s t u d i e s  r e l a t e d  t o  t he  Q . L . L .  have been c a r r i e d  
ou t  i n  t h e  p a s t  30 y e a r s  t o  c l a r i f y  i ts  ex i s t ence  and t he  d i s t i n c t i v e  
su r f ace  p r o p e r t i e s  of i c e .  

Nakaya (1) and Weyl ( 2 )  have i n t e r p r e t e d  t he  adhesion observed be- 
tween i c e  spheres  and r e g e l a t i o n  i n  terms o f  mobile I l l iquid-l ike" sur -  
face  s t r u c t u r e s .  J e l l i n e k  (3 )  emphasized t h e  ex i s t ence  of t he  mobile 
phase based on ex t ens ive  s t u d i e s  on i c e  adhesion and reviewed the  sur -  
f ace  p r o p e r t i e s  of i c e .  

On t h e  o t h e r  hand, F l e t che r  ( 4 )  has  shown t h e o r e t i c a l l y  the  ex is -  
tence o f  the  proper  su r f ace  s t r u c t u r e  and concluded t h a t  a t  tempera- 
t u r e s  above about - 5 ' ~  the  s u r f a c e  of i c e  is covered by t he  Q.L.L., 
whose t h i cknes s  i n c r e a s e s  a s  t he  temperature approaches O°C. 

D i r ec t  evidence of the  e x i s t e n c e  of t h e  Q .L .L .  on i c e  su r f ace s  has 
been presen ted  by many i n v e s t i g a t o r s  us ing  va r ious  experimental  tech- 
niques:  Photoemission by Nason and F l e t che r  (51,  p ro ton  channel l ing  by 
Golecki and Jaccard  ( 6 )  and n u c l e a r  magnetic resonance by Kvlividze e t  
a l .  (71, Anderson ( 8 ) ,  Bel l  e t  a 1 . ( 9 )  and Ocampo and Klinger  ( 1 0 ) .  

A r ecen t  e l l i p s o m e t r i c a l  s t udy  by Furukawa e t  a l . ( l l )  provided de- 
t a i l e d  information on t he  t h i cknes s  and r e f r a c t i v e  index  of t he  l a y e r  
and i ts  dependence on t he  c r y s t a l l o g r a p h i c  su r f ace .  The i r  r e s u l t s  on 
t he  c r y s t a l l o g r a p h i c  su r f ace  suppor t  t he  t h e o r e t i c a l  t rea tment  of t he  
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growth k i n e t i c s  of  i c e  from t h e  vapor phase presented  by Kuroda and 
Lacmann ( 12 ) . 

Information on the  dynamical p r o p e r t i e s  of  t he  Q.L.L.,  i ts d i f f e r -  
erence from bulk i c e  o r  its " l i qu id - l i kev  f e a t u r e ,  is important t o  un- 
ders tand  the  above-mentioned snow and i c e  phenomena which a r e  c l o s e l y  
r e l a t e d  t o  the  su r f ace  p r o p e r t i e s  of  i c e .  

. I n  t h i s  connect ion,  t h i s  paper  desc r ibes  t h e  dynamical p r o p e r t i e s  
of t h e  Q.L.L., t he  c o r r e l a t i o n  time f o r  r o t a t i o n a l  molecular motion and 
the s e l f  d i f fu s ion  c o e f f i c i e n t  i n  the  Q.L.L. us ing  pulsed  nuc l ea r  mag- 
ne t i c  resonance. 

11. Experimental Procedures 

I n  order  t o  ob t a in  t he  NMR s i g n a l  due t o  i c e  s u r f a c e s ,  small  i c e  
p a r t i c l e s  of  l e s s  than 150 pm i n  diameter were prepared at -30°C by 
f r eez ing  supercooled water d r o p l e t s  sprayed ou t  from an atomizer on a 
c lean  t e f l o n  shee t .  The p a r t i c l e s  were pu t  i n t o  a g l a s s  c e l l  f o r  t h e  
NMR spectroscopy.  To prevent  s i n t e r i n g  between i c e  p a r t i c l e s ,  the  
g l a s s  c e l l  was s t o r e d  i n  a c o l d  chamber whose temperature was kept  
below -80°C. 

The NMR measurements were made us ing  a JEOL FXlOONMR spectroscope 
eqyipped with a s p i n  locking u n i t  and a temperature c o n t r o l l i n g  u n i t  
and opera ted  a t  100 MHz. The temperature of  a sample was c o n t r o l l e d  
with an accuracy of  * O.l°C, and f o r  thermal equi l ibr ium,  every mea- 
surement performed a t  a c e r t a i n  temperature w a s  s t a r t e d  a f t e r  keeping 
the  sample f o r  more than 30 minutes a t  t h a t  temperature. 

To ob ta in  t h e  temperature dependence on both t h e  i n t e n s i t y  and the  
l i n e  wid th ,  most of t h e  measurements were made i n  t h e  process of  t h e  
temperature r i s i n g  from - 1 0 O 0 C  t o  -5°C. 

Spin l a t t i c e  r e l axa t ion  time TI and t h a t  i n  a r o t a t i n g  frame T I P  
were measured by the  invers ion  recovery and the  sp in  locking methods, 
r e spec t ive ly .  

111. Resu l t s  

1. NMR s i g n a l  due t o  sur face  mobile phase Figure 1 shows NMR s p e c t r a  
f o r  t h e  sur face  mobile phase accumulated 200 times a t  t he  var ious  tem- 
p e r a t u r e s  observed a t  99.5 MHz, the  broad s i g n a l  due t o  c r y s t a l l i n e  i c e  
is no t  seen wi th in  t h e  range of  observa t iona l  frequency of  20 kHz. 

The narrow s i g n a l  was no t  de tec ted  a t  any temperature when only 
bulk i c e  was used,  and the  s i g n a l s  appearing i n  Fig. 1 were thought t o  
be caused by a mobile phase a t  an i n t e r f a c e  between a i r  and c r y s t a l -  
l i n e  i c e  and/or a t  g r a i n  boundaries. 

A s  i s  obvious i n  t h e  f i g u r e ,  the l i n e  width and the  i n t e n s i t y  vary 
with temperature. It should be noted t h a t  t h e  l i n e  width of t h e  spec- 
trum at  -lO°C is about 7 t imes t h a t  of  ord inary  water at +5OC, which is 
shown f o r  comparison on the  l e f t  hand s i d e .  The i n t e n s i t y  of  t he  
spectrum is  propor t iona l  t o  t h e  number of the  mobile molecules. The 
r e l a t i v e  i n t e n s i t y ,  which is  normalized with t he  i n t e n s i t y  a t  -5"C, and 
t h e  l i n e  width v a r i a t i o n  with temperature a r e  shown i n  Fig. 2 .  A s  t he  
sur face  a r e a  was reduced by s i n t e r i n g  i n  our  experiment, the  i n t e n s i t y ,  
e s p e c i a l l y  at -5OC, is expected t o  be l a r g e r .  Although the r e l a t i v e  
i n t e n s i t y  l a rge ly  changed between -5OC and -lO°C, l i n e  width v a r i a t i o n  
was q u i t e  s m a l l .  

2. S p i n - l a t t i c e  r e l a x a t i o n  time(T1) The sp in  l a t t i c e  r e l axa t ion  t ime,  
TI, was measured by the  i nve r s ion  recovery method a t  var ious  tempera- 
t u r e s .  Figure 3 shows the  r e l a t i o n s  between TI and the  temperature 
f o r  powder i c e  p a r t i c l e s  and a re f rozen  i c e ,  where each poin t  i s  an av- 



erage of  t h r ee  times measurements i n  both ca se s .  The re f rozen  i c e  was 
made by melt ing the  powder i c e  s l i g h t l y  w i th in  t he  c e l l  and t h e r e a f t e r  
f r e e z i n g  i t  r ap id ly  a t  below - 3 0 ' ~ .  Microscopical observa t ion  reveal-  
ed t h a t  a  l a rge  number of t i n y  bubbles s e v e r a l  10 pm i n  diameter were 
d i spe r sed  uniformly i n  t he  sample. 

Figure 1. NMR spectra of the Q.L.L.  ob- 
served a t  99.5 MHz. Signal of liquid 
water was taken a t  +5OC. Notice the dif- 
ference in the line wid th  between liquid 
water and the Q.L.L. 

Figure 2. Intensity(so1id line) and 
line width  variation(dotted line) 
w i t h  temperature 

The var iance  i n  TI between t he  two samples r e f l e c t s  some of  t he  dy- 
namical d i f f e r ences  expected t o  be caused mainly by water  vapor pres-  
su r e  around the  i nne r  and t he  o u t e r  su r f ace s .  However, T I  minimum 
appeared around -35OC i n  both samples. 

The sp in  l a t t i c e  r e l a x a t i o n  time T I  f o r  proton is  expressed i n  t he  
fo l lowing  form ( 1 3 ) ,  

where, w, = F  Ho is  the  resonant  f requency,  7f is  the  gyromagnetic r a t i o ,  
r is  the  sp in  t o  s p i n  d i s t ance  and Z i s  the  c o r r e l a t i o n  time f o r  ro ta -  
t i o n a l  molecular  motion. The c o r r e l a t i o n  time a t  - 35O~  was eva lua ted  
t o  be 9 . 6 x 1 0 - ~ ~ s e c  from the  cond i t i on  t h a t  T i  i s  minimum f o r  woZ is 
about 0.6. Using t h i s  c o r r e l a t i o n  t ime,  t he  s p i n  t o  s p i n  d i s t a n c e , r ,  
was eva lua ted  t o  be about 1 . 6 6 ~ 1 0 - l o  m and 1 . 4 1 ~ 1 0 - ~ ~  m f o r  powder and 
re f rozen  i c e ,  r e spec t i ve ly .  Assuming r does no t  change with tempera- 
t u r e , ~  a t  each temperature can be ob ta ined  by s u b s t i t u t i n g  t he  cor re -  
sponding T1 i n t o  eq. (1). I n  t h i s  c a se ,  woz<< 1 is  reasonably consid- 
e r ed  a t  h ighe r  temperatures  and wof;) 1 at lower temperatures  compared 
t o  t h e  minimum po in t  given i n  Fig.  3. 

Figure 4 i l l u s t r a t e s  the  c o r r e l a t i o n  time a t  va r ious  temperatures ,  
where t he  va lue  a t  O°C was c a l c u l a t e d  by us ing  T i  a t  o0C, which was 
ob ta ined  by e x t r a p o l a t i n g  s e v e r a l  p o i n t s  a t  lower temperatures .  
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a: powder ice(o) 
b: refrozen ice(.) 

C 0 

0 
activation energy 
a: 28.0 k~.mol.' 

Figure 3 .  Spin la t t ice  relaxation time, Figure 4. Correlation time for rotation- 
T I ,  VS. inverse temperature a l  motion, Z , vs. inverse temperature 

The d i f f e r ence  i n  T f o r  powder and r e f rozen  i c e  is  cons iderab ly  
l a rge  nea r  t he  mel t ing  p o i n t ;  however, i t  decreases  a s  temperature 
f a l l e s ,  and below -15OC, both samples become almost equa l .  The a c t i -  
va t i on  energy f o r  r o t a t i o n a l  motion was 28.0 kJ/mol f o r  powder i c e  and 
59.7 kJ/mol f o r  re f rozen  i c e  i n  the  temperature range of  0  t o  -50°C 
and 0  t o  -15OC, r e spec t i ve ly .  

A s  i s  shown i n  Fig.  4 ,  t he  c o r r e l a t i o n  time of t he  Q.L.L.is i n  t he  
order  of  10 -I0 s e c ,  which is  much c l o s e r  t o  t h a t  of water  of 10-l2 s ec  
(14)  than  t h a t  of i c e  c r y s t a l  of s e c ( l 5 ) .  A s  compared wi th  
the  c o r r e l a t i o n  time of t he  Q . L . L .  a t  O°C and t h a t  o f  o rd ina ry  water ,  
the  Q.L.L. i s  movable wi th  a  frequency of about 1/25 of t h a t  i n  ord i -  
nary water  a t  O°C. 

3. Di f fus ion  c o e f f i c i e n t  For pro ton ,  whose nucleus possesses  s p i n  
1 /2 ,  t he  sp in  l a t t i c e  r e l a x a t i o n  time i n  a  r o t a t i n g  frame, T l p  , is 
r e l a t e d  t o  wl ,  t he  r ad io  frequency,  and D ,  t he  s e l f  d i f f u s i o n  c o e f f i -  
c i e n t ,  a s  fol lows ( 1 6 ) :  

where N is the  number dens i t y  of  resonant  n u c l e i .  A s  is  obvious i n  
eq. (21 ,  i n  p l o t t i n g  l / T l p  v s .  ~ $ 1 2 ,  t he  s l ope  g ives  a  s e l f  d i f f u s i o n  
c o e f f i c i e n t ,  D.  A t y p i c a l  r e s u l t  a t  -lO°C is  shown i n  Fig. 5. We 
obta ined  t he  s e l f  d i f f u s i o n  c o e f f i c i e n t  a t  temperatures  between -1.5"C 
and-20°C.  T h e r e s u l t s a r e l i s t e d i n T a b l e  1 ,  w h e r e e v e r y v a l u e i s  
an  average of t h r e e  measurements a t  each temperature.  

Ac t iva t i on  energy f o r  d i f f u s i o n  by t r a n s l a t i o n a l  motion was evalu- 
a t ed  t o  be 2 3 . 5  kJ/mol a s  i s  shown i n  Fig.6.  For comparison, t h e  d i f -  
f u s ion  c o e f f i c i e n t  i n  a  s i n g l e  c r y s t a l  by I t a g a k i ( l 7 ) ,  i n  po lyc rys t a l -  
l i n e  i c e  by Kuhn and Thiirkauf( l8)  and i n  w a t e r ( l 4 )  a r e  a l s o  shown i n  
t he  same f i g u r e .  

The abso lu t e  va lue  of t h e  d i f f u s i o n  c o e f f i c i e n t  of t h e  Q.L.L. i s  
about  fou r  o rde r s  of magnitude smal le r  than  t h a t  of water  ; however, i t  
i s  remarkable t h a t  t h i s  va lue  i s  l a r g e r  than t h a t  of a  s i n g l e  c r y s t a l  o f  
i c e  by two o rde r s .  I n  regard  t o  t h e  a c t i v a t i o n  energy f o r  d i f f u s i o n ,  t h a t  



of t h e  Q.L.L. i s  s l i g h t l y  l a r g e r  than t h a t  of l i q u i d  water  bu t  i s  only 
about  a  t h i r d  of a  s i n g l e  c r y s t a l  of i c e .  

Table 1 
Temperature Diffusion c o e f f i c i e n t  

Figure 5. Tlpvariation with radio fre- 
quency at -lO°C; plotted 1/Tlp vs. w:/* 

*rat*, (5-2O.C) 
D - Z ~ ~ O - *  rnlsec" 

18.9 rJ. moi' 

'., single crystd(ref.17) '. 63.1 kI.mol1 '., (065eV) 

Figure 6. Diffusion coefficient of the 
Q.L.L. vs. inverse temperature 

I V .  Discussion and Conclusion 

The i n t e n s i t y  of  the  NMR s i g n a l  was l a r g e l y  dependent on the  p a r t i -  
c l e  s i z e .  I n  f a c t ,  i n  our  experiment us ing  i c e  p a r t i c l e s  l a r g e r  than 
200 pm i n  diameter ,  t he  s ingna l  was small and f a i n t  even a t  -lO°C. 
However, the  s i z e  of an i nd iv idua l  c r y s t a l  i n  an i c e  p a r t i c l e  was most- 
l y  independent of t h e  p a r t i c l e s  between 50 and 500 pm i n  diameter .  
Therefore the  NMR s i g n a l  is  considered t o  be due mainly t o  i nne r  o r  
o u t e r  f r e e  su r f aces  and the  con t r ibu t ion  from gra in .boundar ies  seems t o  
be s m a l l  i n  t h i s  case .  Undoubtedly, t he  ex is tence  of the  mobile water 
phase a t  g r a in  boundaries a t  very  c lo se  t o  t he  melt ing poin t  has been 
shown by Ohtomo and Wakahama(l9). Fur ther  s t u d i e s  a r e  needed t o  c l a r -  
i f y  the  d i f f e r ence  between the  dynamical p r o p e r t i e s  of a  f r e e  sur face  
and of a  g r a i n  boundary, because molecules a t  the g r a i n  boundary a r e  
expected t o  have a  h igher  c r y s t a l l i n i t y  than those i n  a  f r e e  sur face .  

A s  t he  surface a r e a  decreases  due t o  s i n t e r i n g  between i c e  par- 
t i c l e s ,  t h e i n t e n s i t y  v a r i a t i o n w i t h  temperature does n o t  correspond t o  
the  th ickness  v a r i a t i o n  of  t he  Q.L.L. wi th  temperature.  Regardless of  
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the l a r g e  v a r i a t i o n  of  t he  i n t e n s i t y  between -5OC and -lO°C, t he  l i n e  
width does not  change very much. This f a c t  sugges ts  t h a t  t he  thick-  
ness  of  t h e  Q.L.L. changes l a r g e l y  w i th in  t h i s  temperature range ; 
however, very small changes occur i n  t he  dynamical p r o p e r t i e s .  

I n  our  experiment, the  NMR s igna l  due t o  t he  mobile molecules at 
the su r f ace  was observed even a t  a temperature of a s  low a s  - l O O ° C .  
This f i nd ing  i n d i c a t e s  t h a t  some sur face  molecules can r o t a t e  a t  a 
much h igher  frequency than i n  bulk i c e  even a t  - l O O e C ,  however, i t  
should no t  be considered t h a t  t he  Q.L.L.  s t i l l  remains a t  such a low 
temperature. 

The number of mobile molecules is dependent not  only on the  tem- 
pera ture  but  a l s o  on the  degree of the pe r f ec t ion  and t h e  c rys t a l l og -  
raphic o r i e n t a t i o n  of  the  su r f ace .  Our r e s u l t  d i f f e r s  l a r g e l y  from 
the e l l i p s o m e t r i c a l  observa t ion  (11) of the  temperature a t  which the  
mobile phase appears .  The d i f f e r ence  i s  caused mainly by the  d i f f e r -  
ence i n  t he  power of de t ec t ion  of each experimental method than by the  
d i f f e r ence  i n  t he  sample. The ques t ion  "how many mobile molecules 
make the  sur face  very l i qu id - l i ke  ?I1 can not  be answered from the  re-  
s u l t s  of  our  experiment using NMR; however, t h i s  method does provide 
information on the  su r f ace  molecule motion. 

It was found t h a t  the  molecules a t  t he  su r f ace  r o t a t e  a t  a f r e -  
quency of  about f i v e  orders  l a r g e r  than t h a t  of  c r y s t a l l i n e  i c e  a t  
temperatures between 0 t o  -20°C, and t h i s  frequency corresponds t o  
only about 1/25 of t h a t  of a molecule i n  l i q u i d  water .  

Regarding d i f f u s i o n  by the  t r a n s l a t i o n a l  motion, t h e  sur face  mole- 
cu le  d i f f u s e s  at a r a t e  of about two o rde r s  l a r g e r  than t h a t  i n  bulk 
i ce .  I t  can be concluded t h a t  the su r f ace  molecule possesses  some 
p r o p e r t i e s  which a r e  much c l o s e r  t o  those of l i q u i d  water  than t o  
those of c r y s t a l l i n e  i c e ,  bu t  they a r e  apparent ly  d i f f e r e n t  from those  
of l i q u i d  water even a t  temperatures  very  c lo se  t o  t he  melt ing po in t .  

The a c t i v a t i o n  energy both f o r  the  r o t a t i o n a l  and t h e  t r ans l a -  
t i o n a l  motion of  t he  sur face  molecule appear t o  be l oca t ed  between 
those of  l i q u i d  water  and c r y s t a l l i n e  i c e .  
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COMMENTS 

E. OFFENBACHER 

Can you estimate the thickness of the Q.L.L. from the relative intensity of your 
signals and your sample parameters ? 

Answer : 

Yes I can estimate the thickness of the Q.L.L. by assuming the specific surface 
area, but in our experiment, especially at higher temperature (-5OC and -lO°C), the 
surface area reduces by sintering during experiment and further correction is 
required. 

P. PISSIS 

I think, it is important for such measurements to have a large surface/volume ratio. 
I wonder, in this connection, why you don't use emulsified water droplets where you 
can easily get droplets of a fewrm in diameter. Is any reason for not using such 
systems ? 

Answer : 

To obtain the MNR signal due to ice surface, the sample with the larger 
surface/volume ratio is the better. However the purpose of our study is to know the 
properties of the quasi-liquid layer between air and crystalline ice. 
So we used rather large ice particle but with free outer surface. 

P.L.M. PLUMMER 

I am very pleased to see your very nice results. My interpretation of your results 
suggest that since the rotational times of the quasi liquid layer are very similar 
to those of liquid water but the diffusion times are between those of liquid and 
solid suggest the layer can also be described as quasi-solid amorphous layer with a 
high concentration of defects, no long range order and a high degree of rotational 
freedom. Do you agree and could you amplify on your opinion of the structure of this 
layer implied by your data ? 

Answer : 

Yes. I agree with you basically. We assume that diffusion takes place with molecular 
unit and we evaluated the spin to spin distance to be about 4 8, so some crystalline 
structure is expected to be remained in the quasi-liquid layer. 

Remark of J.W. GLEN : 

Relative to Dr PLUMMERrs comment, the values of D at 10-l2 m2 s'l from this paper 
are about half way between those of water (N 10-9 m2 s-l) and ice ( N  10-l5 m2 s-'1, 
and the activation energy is more like that of water. 


